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We study the strong interactions of theL51 orbitally excited baryons with one heavy quark in the frame-
work of the heavy hadron chiral perturbation theory. To leading order in the heavy mass expansion, the
interaction Lagrangian describing the couplings of these states among themselves and with the ground state
heavy baryons contains 45 unknown couplings. We derive sum rules analogous to the Adler-Weisberger sum
rule which constrain these couplings and relate them to the couplings of thes-wave heavy baryons. Using a
spin-3/2 baryon as a target, we find a sum rule expressing the deviation from the quark model prediction for
pion couplings tos-wave states in terms of couplings of thep-wave states. In the constituent quark model these
couplings are related and can be expressed in terms of only six reduced matrix elements. Using recent CLEO
data onSc* andLc1

1 strong decays, we determine some of the unknown couplings in the chiral Lagrangian and
two of the six quark model reduced matrix elements. Specific predictions are made for the decay properties of
a few otherL51 charmed baryons.@S0556-2821~97!01521-X#

PACS number~s!: 11.55.Hx, 12.39.Fe, 13.30.Eg

I. INTRODUCTION

Baryons containing one heavy quark offer an important
testing ground for the ideas and predictions of heavy quark
spin-flavor SU~4! and light flavor SU~3! symmetries. These
symmetries become manifest in QCD in the limits of infinite
heavy quark massesmb ,mc→` and identical light quark
massesmu5md5ms . Although implications of these sym-
metries for the spectroscopy and decay properties of the
heavy baryons are well known~for a review see, e.g.,@1#!, so
far very few predictions, if any, can be compared with ex-
periments due to lack of both data and theoretical knowledge
of the unknown parameters.

This is the first of a series of papers in which we will
study the properties of the excited heavy baryons, focusing
on the first orbital excitations, thep-wave baryons with one
heavy quark. In a sequel we will consider the radiative de-
cays of these states.

The spectroscopy of these states is reviewed in Sec. II in
the language of the constituent quark model. The constraints
imposed by heavy quark symmetry on the possible structure
of these couplings can be automatically incorporated by de-
scribing them in the framework of heavy hadron chiral per-
turbation theory@2,3#. The resulting chiral Lagrangian is pre-
sented in Sec. III. We include all possible strong interaction
couplings among and betweens-wave andp-wave baryons
to leading order in 1/mQ and chiral expansion. There are a
total of 45 independent coupling constants up to and includ-
ing D-wave interactions, which, in principle, have to be ex-
tracted from experiment. Recent data from Fermilab@5,7#
and CLEO @6# make it possible to test and constrain the
parameters of the theory.

We derive in Sec. IV model-independent sum rules which
constrain these couplings and relate them to properties of the

lowest-lying baryons. For the strong decay amplitudes these
sum rules can be derived in analogy with the Adler-
Weisberger~AW! sum rule familiar from current algebra.
With a spin-3/2 baryon as a target, the two spin projections
3/2 and 1/2 along the incident pion’s momentum give rise to
two sum rules. One of these can be used to parametrize the
deviation from the quark model relation among the two pion
couplingsg1 ,g2 to thes-wave heavy baryons, expressing it
in terms of the pion couplings of thep-wave baryons.

In Sec. V we derive predictions for the strong couplings
of thep-wave baryons in the constituent quark model. Many
of these coupling constants can be computed in the quark
model whereas others can be related in a simple way. In fact
all but six of the 45 coupling constants are determined in the
quark model. Furthermore, four of these six couplings are
constrained to satisfy an AW sum rule.

In Sec. VI we discuss a few phenomenological applica-
tions of our results. We extract one of the pion couplings to
the s-wave baryonsg2 from recent CLEO measurements on
the Sc* width. The extracted value forg2 is consistent with
the quark model prediction. This is used in turn to determine
the S-wave andD-wave couplings of twop-wave charmed
baryonsLc1

1 from their two-pion widths. Taken together with
the quark model relations in Sec. V, these couplings can be
used to estimate the strong couplings of some of the other
p-wave charmed baryons. A few specific predictions are pre-
sented for some decay modes of these states. We conclude
with some comments in Sec. VII.

II. SPECTROSCOPY OF HEAVY BARYONS

The heavy baryons fall into the3̄ and6 representations of
flavor SU~3!, into which the product3^ 3 5 3̄% 6 is decom-
posed, corresponding to the two light quarks in the baryon.
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The lowest-lying states transform as an3̄ and can be repre-
sented either as an antisymmetric matrixB 3̄ @3# or as a vec-
tor T @8#:

Ti5
11v”

2
~Jc

02Jc
1Lc

1! i5
1

2
e i jk~B 3̄ ! jk . ~2.1!

We have taken as a heavy quark a charm quark. This mul-
tiplet contains an isospin doublet (Jc

02Jc
1) and a singlet

Lc
1 . In the heavy quark limit, the angular momentum and

parity of the light constituents in a heavy baryon become
good quantum numbers and the multiplet~2.1! hass

l

p l 501.

Above this multiplet lie others-wave states withs
l

p l 511

which transform as a6 under light SU~3!. When combining
the spin 1 of the light degrees of freedom with the heavy
quark spin 1/2, one almost degenerate doublet is obtained,
with total spinsJ51/2,3/2. Both these states can be grouped
together into one superfield as@8#

Sm
i j 5

1

A3
~gm1vm!g5

11v”
2

B6
i j 1

11v”
2

B6m*
i j . ~2.2!

The matricesB6 andB6m* are defined in@3#

~B6! i j 5S Sc
11 1

A2
Sc

1
1

A2
Jc

18

1

A2
Sc

1 Sc
0 1

A2
Jc

08

1

A2
Jc

18
1

A2
Jc

08 Vc
0

D
i j

~2.3!

and analogously for the sextet of spin-3/2 Rarita-Schwinger
baryon fieldsB6m* .

The spectroscopy of thep-wave heavy baryons is more
complex. There are altogether eight heavy quark symmetry
multiplets ofp-wave baryons, represented in Table I together

with their quantum numbers.1 They can be classified into two
distinct groups, corresponding in the constituent quark model
to symmetric and antisymmetric orbital wave functions, re-
spectively, under a permutation of the two light quarks
@9,10#. We will refer to them as symmetric and antisymmet-
ric states. Potential models@9,11# indicate that the former lie
about 150 MeV below the latter.

The lowest-lyingp-wave states arise from combining the
heavy quark spin with light constituents in ans

l

p l 512 sym-
metric state. The corresponding heavy baryon states have
spin and parityJP51/22,3/22. The I 50 members of these
multiplets have been observed experimentally@4–7# and are
known asLc1

(1/2,3/2). Their fields can be combined again
into a superfield as@12#

Rm
i 5

1

A3
~gm1vm!g5Ri1Rm*

i ~2.4!

with

Ri5
11v”

2
~Jc1

0 2Jc1

1 Lc1

1 ! i ,

Rm*
i5

11v”
2

~Jc1m* 0 2Jc1m* 1Lc1m* 1! i . ~2.5!

Above these states lie three otherp-wave 6 symmetric
multiplets with quantum numbers of the light degrees of
freedoms

l

p l 502,12,22. Their I 51 members will be de-

noted asSc0( 1
2),Sc1( 1

2,
3
2) and Sc2( 3

2,
5
2). The s

l

p l 502 mul-
tiplet will be represented as a symmetric matrix (U) i j de-
fined as in Eq.~2.3! and the s

l

p l 512 multiplet will be
represented as a superfield similar to Eq.~2.4! but with a
symmetric matrixVm

i j :

Vm
i j 5

1

A3
~gm1vm!g5Vi j 1Vm*

i j . ~2.6!

The superfield corresponding to thes
l

p l 522 baryons is con-
structed as@13#

Xmn
i j 5Xmn* i j 1

1

A10
$~gm1vm!g5gna1~gn1vn!g5gma%Xa

i j

~2.7!

with Xmn* i j a spin-5/2 Rarita-Schwinger field andXa
i j its spin-

3/2 heavy quark symmetry partner.
The antisymmetricp-wave states are constructed in com-

plete analogy to the symmetric ones. There is a sextet

Sc18 ( 1
2,

3
2) with quantum numberss

l

p l 512, which will be rep-
resented again by a superfieldRm8

i j constructed in analogy to
Eq. ~2.2!. In addition to this, there are three antitriplets,
whoseI 50 members are denoted byLc08

1 ,Lc18
1 ,Lc28

1 . Their
superfields will be denoted asUi8 ,Vm8

i ,Xmn8 i .

1The terminology adopted here is particularly suggestive, with the
subscript labeling the angular momentum of the light degrees of
freedom.

TABLE I. The p-wave charmed baryons and their quantum
numbers.S ~the total spin of the two light quarks! is a good quan-
tum number only in the constituent quark model. In the quark
model, the first~last! four multiplets have even~odd! orbital wave
functions under a permutation of the two light quarks.

SU~3! S s
l

p l

Lc1( 1
2 , 3

2 ) 3̄ 0 12

Sc0( 1
2 ) 6 1 02

Sc1( 1
2 , 3

2 ) 6 1 12

Sc2( 3
2 , 5

2 ) 6 1 22

Sc18 ( 1
2 , 3

2 ) 6 0 12

Lc08 ( 1
2 ) 3̄ 1 02

Lc18 ( 1
2 , 3

2 ) 3̄ 1 12

Lc28 ( 3
2 , 5

2 ) 3̄ 1 22
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III. STRONG COUPLINGS OF THE HEAVY BARYONS

The couplings of the heavy baryons to the Goldstone bosons are described most compactly when expressed in terms of their
superfields~2.2!, ~2.4!, ~2.6!. The leading terms describeP-wave couplings among thes-wave baryons andS-wave couplings
between thes-wave andp-wave baryons:

Lint5
3

2
ig1emnsltr~ S̄mvnAsSl!2A3g2tr~ B̄ 3̄AmSm1 S̄mAmB 3̄ !1h2$e i jk R̄m

i vnAjl
n Sm

kl1e i jk S̄m
klvnAl j

n Rm
i %1h3tr~ B̄ 3̄vmAmU

1ŪvmAmB 3̄ !1h4tr$V̄mvnAnSm1 S̄mvnAnVm%1h5tr~ R̄m8 vnAnSm1 S̄mvnAnRm8 !1h6~ T̄ ivnAji
n U j81Ū i8vnAji

n Tj !

1h7$e i jk V̄m8
ivnAjl

n Skl
m 1e i jk S̄kl

m vnAl j
n Vm8

i%. ~3.1!

The Goldstone bosons couple to the matter fields through the nonlinear axial fieldAm defined as

Am5
i

2
~j†]mj2j]mj†!, ~3.2!

with j5exp(iM /fp), M5(1/A2)pala, and f p5132 MeV @2,3#.
The couplingsg1 ,g2 are defined2 as in@3# and the coupling of the3̄ p-wave baryonsh2 is chosen as in@12#. We introduced

new constantsh32h7 describing all theS-wave pion couplings of thep-wave to thes-wave baryons which are allowed by
heavy quark symmetry.

The D-wave couplings of thep-wave baryons tos-wave baryons are described by dimension-five terms in the effective
Lagrangian

LD5 ih8e i jk S̄m
klSDmAn1DnAm1

2

3
gmn~v•D!~v•A! D

l j

Rn
i 1 ih9tr H S̄mSDmAn1DnAm1

2

3
gmn~v•D!~v•A! DVnJ

1 ih10e i jk T̄ i~DmAn1DnAm! j l Xkl
mn1h11emnsltr $ S̄m~DnAa1DaAn!Xas%vl

1 ih12tr H S̄mSDmAn1DnAm1
2

3
gmn~v•D!~v•A! DRn8J 1 ih13e i jk S̄m

klSDmAn1DnAm1
2

3
gmn~v•D!~v•A! D

l j

Vn8
i

1 ih14T̄ i~DmAn1DnAm! j i Xmn8 j 1h15emnsle i jk S̄m
kl~DnAa1DaAn! l j Xas8 i vl . ~3.3!

The covariant derivative of the axial fieldAm is defined asDmAn5]mAn1@Vm ,An# with

Vm5
1

2
~j†]mj1j]mj†!, ~3.4!

and satisfies the relationDmAn2DnAm50. The structureDmAn1DnAm1 2
3 gmn(v•D)(v•A) appearing in theS̄R and S̄V

couplings projects out a pureD wave.
In addition to the couplings described by the Lagrangians~3.1!, and ~3.3!, the p-wave baryons can couple also among

themselves and to the Goldstone bosons. The most general Lagrangian allowed by heavy quark symmetry describing the
P-wave couplings of the symmetricp-wave states has the form

Lppp5 i f 1emnslR̄m
i vnAs

j i Rl
j 1 i f 2emnsltr~ V̄mvnAsVl!1 i f 3emnsltr~ X̄mavnAsXal!1 f 4e i jk R̄imAm

j l Ukl

1 i f 5emnsle i jk R̄imvnAs
j l Vl

kl1 f 6e i jk~ R̄imAn j l 1R̄inAm j l !Xmn
kl 1 f 7tr~ŪAmVm!1 f 8tr@~ V̄mAn1 V̄nAm!Xmn#1H.c.

~3.5!

We note that the Goldstone bosons do not couple to the fieldU alone, as the only possible coupling tr(Ūv•AU) does not
conserve parity.

The couplings of the antisymmetricp-wave states to the Goldstone bosons are described by a Lagrangian similar to Eq.
~3.5!:

2The couplings in@8# are related to the ones in Eq.~3.1! by (g2)Cho53/2g1 and (g3)Cho52A3g2.
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Lp8p8p5 i f 18e
mnsltr~ R̄m8 vnAsRl8 !1 i f 28e

mnslV̄m8
ivnAs

j i Vl8
j1 i f 38e

mnslX̄ma8 i vnAs
j i Xal8 j 1 f 48e i jk R̄8klmAm

l j U8 i

1 i f 58e
mnsle i jk R̄8klmvnAs

l j Vl8
i1 f 68e i jk~ R̄8klmAn l j 1R̄8klnAm l j !Xmn8 i 1 f 78Ū

8 iAji mVm8
j1 f 88~ V̄m8

iAn
j i 1 V̄n8

iAm
j i !Xmn8 j 1H.c.

~3.6!

Finally, the couplings of the symmetric to antisymmetricp-wave states are given by a Lagrangian containing 13 additional
couplings:

Lpp8p5 i f 19emnsle i jk R̄m
i vnAs

l j Rl8
kl1 f 29tr~ŪAmRm8 !1 i f 39emnsltr~ V̄mvnAsRl8 !1 f 49tr@ X̄mn~AmRn81AnRm8 !#1 f 59R̄m

i Am
j i U8 j

1 f 69e i jk V̄m
klAm

l j U8 i1 i f 79emnslR̄m
i vnAs

j i Vl8
j1 f 89e i jk ŪklAm

l j Vm8
i1 i f 99emnsle i jk V̄m

klvnAs
l j Vl8

i1 f 109 e i jk X̄mn
kl ~An

l j Vm8
i1Am

l j Vn8
i !

1 f 119 ~ R̄m
i An

j i 1R̄n
i Am

j i !Xmn8 j 1 f 129 e i jk~ V̄m
klAn

l j 1 V̄n
klAm

l j !Xmn8 i 1 i f 139 e i jkemablX̄mn
kl vaAb

l j Xnl8
i . ~3.7!

We neglected in Eqs.~3.5!–~3.7! interaction terms describingF-wave couplings, as they are expected to be highly suppressed
on dimensional grounds.

The Lagrangian~3.1! gives the following typical decay widths:

G~Sc
11→p1Lc

1!5
g2

2

2p f p
2

ML
c
1

MS
c
11

upW pu3, G~Sc
11*→p1Sc

1!5
g1

2

16p f p
2

MS
c
1

MS
c
11*

upW pu3,

GFLc1

1 S 1

2D→p1Sc
0G5

h2
2

2p f p
2

MS
c
0

ML
c1
1

Ep
2 upW pu, GFSc0

11S 1

2D→p1Lc
1G5

h3
2

2p f p
2

ML
c
1

MS
c0
11

Ep
2 upW pu,

GFSc1
11S 1

2D→p1Sc
1G5

h4
2

4p f p
2

MS
c
1

MS
c1
11

Ep
2 upW pu, GFSc18

11S 1

2D→p1Sc
1G5

h5
2

4p f p
2

MS
c
1

MS
c18

11

Ep
2 upW pu, ~3.8!

GFJc08
0S 1

2D→p2Jc
1G5

h6
2

2p f p
2

MJ
c
1

MJ
c08

0
Ep

2 upW pu, GFLc18
1S 1

2D→p1Sc
0G5

h7
2

2p f p
2

MS
c
0

ML
c18

1

Ep
2 upW pu.

IV. ADLER-WEISBERGER SUM RULES FOR HEAVY BARYONS

A. Narrow width sum rules

One can derive an analog of the Adler-Weisberger sum rule involving the couplingg2 by considering a dispersion relation
for pion scattering on ans-wave 3̄ baryon~similar sum rules have been discussed in@14–18# for the heavy meson case!. One
possible derivation, which will prove most convenient in the following, is based on the use of the forward~spin-averaged!
matrix element of the retarded commutator:3

F ji
ab~n!5 i E d4xeiq•xu~x0!^Pj u@Da~x!,Db~0!#uPi&

5F ~1 !~n!
1

2
$ta,tb% j i 1F ~2 !~n!

1

2
@ta,tb# j i , ~4.1!

whereDa5]m@ q̄gm(ta/2)q# andn5q0 is the pion energy in the baryon rest frame. Usual manipulations with current density
commutators give the relation@19#

]

]n
F ~2 !~n!uq505I 3 ~4.2!

with I 3 the isospin of the target. The states in Eq.~4.1! are normalized according tôPi uPj&5(Ei /m)(2p)3d(PW i2PW j ).
Inserting a complete set of states in Eq.~4.1! gives

3The derivation presented here is a slightly modified version of the one given in@19#.
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F ji
ab~n!5~2p!3(

G
E dm~G!

^Pj uDa~0!uG&^GuDb~0!uPi&
2n2E1EG2 i e

d~qW 1PW 2PW G!

2~2p!3(
G8

E dm~G8!
^Pj uDb~0!uG8&^G8uDa~0!uPi&

2n1E2EG82 i e
d~qW 2PW 1PW G8!. ~4.3!

Assuming that the target has isospinI 3511/2, the isospin-odd componentF (2)(n) can be extracted as
F (2)(n)51/4@F11 i2,12 i2(n)2F12 i2,11 i2(n)#. Furthermore, noting from Eq.~4.3! thatFab(n) has no singularities in the upper
half-planen, the Cauchy theorem can be applied on a closed contour extending along the real axis and closed in the upper
half-plane. This gives the dispersion relation,4 assumed to require no subtraction

ReF ~2 !~n!5
2n

p
PE

0

`

dz
ImF ~2 !~z !

z22n2
. ~4.4!

By adding the imaginary part ofF (2)(n) to both sides, Eq.~4.4! can be rewritten as

F ~2 !~n!5
2n

p E
0

`

dz
ImF ~2 !~z !

z22n2
, ~4.5!

wheren is understood to have a small positive imaginary part.
The imaginary part ofF (2)(n) can be obtained from Eq.~4.3!. For n.0 only the first term will contribute~because the

target is the lowest-lying state! and the result can be expressed in terms of inclusive cross sections forp scattering on an
antitriplet baryon as

ImF ~2 !~n!5
1

8
~2p!4(

G
E dm~G!u^PuD11 i2uG&u2d~q1P2PG!2

1

8
~2p!4(

G8
E dm~G8!u^PuD12 i2uG8&u2d~q1P2PG8!

5
f p

2 n

4
@s0~p2Jc

1→X!2s0~p1Jc
1→X!#. ~4.6!

The cross sectionss0 correspond to off-shell incident pions of momentumq with q250. This value ofq2 is needed in order
to be able to make use of relation~4.2! on the left-hand side~LHS! of the fixed-q2 dispersion relation~4.5!.

Inserting Eqs.~4.5! and ~4.6! into ~4.2! one obtains the well-known result for the Adler-Weisberger sum rule on an
antitriplet baryon target

15
f p

2

p E
mp

` dn

n
@s0~p2Jc

1→X!2s0~p1Jc
1→X!#. ~4.7!

Let us assume in the following that the resonances dominate the integral in Eq.~4.7!, that is, the contribution of the
continuum states can be neglected. We will estimate the error induced by this approximation later in this section. Then
s0(p1Jc

1→X) vanishes as this state has isospin 3/2 and there are no heavy baryons with this quantum number. Furthermore,
the remaining cross section in Eq.~4.7! can be expressed in terms of the pionic width~into off-shell pions withq250) of the
respective excited state as

s0~p2Jc
1→X!52p2(

res
~2J11!

G0~Xres→p2Jc
1!

n2
d~n2dMexc!. ~4.8!

Thus, the Adler-Weisberger sum rule on a3̄ baryon target reads, when only resonances are retained,

~4.9!

4We used here the relationF (2)(2n)52F (2)* (n) which can be obtained from a simple examination of Eq.~4.3!.
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where we have accounted explicitly for the contribution of the sextets-wave baryons and of thep-wave baryons. The ellipsis
stands for contributions from higher states which can decay to the ground state3̄ baryons with emission of one pion. The pion
momenta in Eq.~4.9! are independent of the heavy quark mass in the infinite mass limit, so the sum rule holds for any species
of heavy quark.

In a completely analogous way one can derive a sum rule involving the couplingg1 from the scattering amplitude of pions
off a sextet baryon. We define the corresponding retarded commutator averaged over the baryon spin as in Eq.~4.1! and take
the baryon to be a member of an isospin doublet withI 351/2 and spin 1/2. There is, however, a difference when compared
with the previous case, due to the fact that now there exist states lighter than the target: thes-wave 3̄ baryons. As a result the
two cuts of the functionF (2)(n) along the real axis touch each other and partly overlap. However, the dispersion relation~4.5!
remains valid, due to our deliberate choice of working with the retarded commutator instead of the more usual time-ordered
product~see, e.g.@20#!. In the case of the time-ordered product, the left-hand cut@due to the second term in Eq.~4.3!# sits
above the real axis. This is no problem as long as the two cuts do not touch, as the contour can be taken to run above and
below the cuts and close on a circle in the upper and lower half-planes. When the cuts touch and overlap, such a choice of the
contour is not possible anymore. The method adopted here avoids these complications, as the cuts are always under the real
axis and they never get to pinch the contour.

Because of the presence of states lighter than the target, the second term in Eq.~4.3! starts to contribute to ImF (2)(n) for
positiven. For this case, relation~4.6! is modified and reads~for n.0)

ImF ~2 !~n!5
1

8
~2p!4(

G
E dm~G!$u^PuD11 i2uG.&u2d~q1P2PG.

!1u^PuD11 i2uG,&u2d~q2P1PG,
!%

2
1

8
~2p!4(

G8
E dm~G8!$u^PuD12 i2uG.8 &u2d~q1P2PG8.!1u^PuD12 i2uG,8 &u2d~q2P1PG,

!%. ~4.10!

We denoted here byG. (G,) the states lying above~below! the target mass. The sum overG. can be expressed as before in
terms of inclusive cross sections forp scattering, and the one overG, can be computed in terms of the decay width for the
process ‘‘target→G,p ’’ ~summed over the spin ofG, sr)

G0~T→G,p1!5
1

2p(
sG

nu^p1G,uT&u2. ~4.11!

The contribution of the statesG which are degenerate with the target will be extracted explicitly. There are two such states, the
6 baryons with spins 1/2 and 3/2~for the sum rule on a3̄ baryon this contribution vanished as pions do not couple to the3̄
states!. Their contributions on the left-hand side of Eq.~4.2! can be obtained from Eq.~4.3! and are

]

]n
Fpole

~2 !~n!un505
g1

2

8
1

g1
2

16
5

3g1
2

16
. ~4.12!

The total contribution of all states which are not degenerate with the target to Eq.~4.10! can be written as

ImF ~2 !~n!5
1

2
f p

2 p2(
G,

$G0~T→p1G!2G0~T→p2G!%
1

n
d~mT2n2mG!1

f p
2 n

4
@s0~p2T→G!2s0~p1T→G!#.

~4.13!

Keeping, as before, just the one-body states as intermediate states, one has~taking into account the fact that we have chosen
the targetT to haveI 3511/2) thatG(T→p2G)50 ands(p1T→G)50. Inserting Eqs.~4.13! and~4.5! into Eq. ~4.2! and
keeping explicitly the contributions of thes-wave 3̄ and p-wave baryons, one obtains the following form for the Adler-
Weisberger sum rule on a target6 baryon:

~4.14!
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The ellipses stand again for contributions from higher excited states which can decay to the6 baryons with emission of a single
pion.

Taking as target a polarized spin-3/2 sextet baryon gives new sum rules. For spin projectionmz511/2 along the incident
pion direction we obtain

~4.15!

and formz513/2

~4.16!

In fact only one of these sum rules is new: by taking their
average the unpolarized sum rule~4.14! is recovered. We
will take as the new independent sum rule the difference of
Eqs.~4.15! and ~4.16! written as

3g1
2

8
2g2

25
4

9
h8

2upW pu21
2

9
h9

2upW pu22
1

3
h11

2 upW pu21
2

9
h12

2 upW pu2

1
4

9
h13

2 upW pu22
2

3
h15

2 upW pu21•••. ~4.17!

One can see that the contributions of theS-wave couplings
have canceled out in taking the difference. The phenomeno-
logical consequences of this sum rule will be discussed in
Sec. VI.

B. Continuum contributions

We have neglected in the above considerations the contri-
butions to the sum rule from continuum states. This is likely
to be a good approximation in nature, where the heavy bary-
ons are seen as narrow states with widths much smaller than
their mass separation. A similar approximation has been jus-
tified in the meson case@17# by using large-Nc arguments:
the contribution of two-body states to the sum rule is sup-
pressed relative to the one of the resonances by 1/Nc . The
situation in the baryon case is, however, completely differ-
ent. In the following we will enumerate the contributions of
a few intermediate states to the sum rule in the large-Nc
limit, following @21,22#.

The coupling of ans-wave heavy baryon to the Goldstone
bosons scales asANc, which can be understood by recalling
that the pion can couple to each of theNc21 light quarks in

the baryon~the factor of 1/f p gives an additional suppression
of 1/ANc). This gives thatg1 andg2 scale asNc . The simi-
lar s-wave top-wave couplings are however only of order 1,
because the Goldstone boson can only couple to the quark in
a p-wave state. This implies that the couplings of thep-wave
stateshi scale likeANc.

On the other hand, the amplitude for the process pion1
s-wave baryon→ pion 1 s-wave baryon is also of order 1
@21,22#. This means that the two-body states (p, s-wave
baryon! contribute to the sum rule at the same order in 1/Nc
as the one-body states withp-wave baryons. This fact could
potentially upset the resonance saturation approximation of
the sum rules made above. Therefore an estimate of the con-
tinuum contribution is necessary.

We will restrict ourselves to the study of the continuum

contributions to the sum rule on a3̄ baryon~4.9!. Even with-
out an explicit calculation it can be argued, as in the heavy
meson case@17#, that the continuum contribution must be
positive since there are more states containing one heavy
quark with isospin 1/2 than 3/2. Our explicit calculations will
confirm this conjecture, at least for the low-energy region
where we can compute the continuum contribution. This im-
plies that the sum rules~4.9! and~4.14!–~4.17! should in fact
be considered as inequalities.

In the absence of experimental data, the only reliable in-
formation we have about the continuum contribution comes
from chiral perturbation theory~xPT!. Unfortunately its va-
lidity is restricted to the low-energy region in the vicinity of
the threshold forp2 3̄ scattering. In this subsection we com-
pute the continuum contribution from threshold up to the
cutoff L5345 MeV, which will be shown to mark the limit
of validity of xPT in this system. In the next section~IV C!
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we go beyondxPT and use unitarity to bound the total con-
tributions of theS-wave andP-wave channels to the AW
sum rule.

The contribution of the (p, s-wave baryon! continuum to

the AW sum rule on a3̄ baryon~4.9! is expressed in terms of
the cross sections appearing in Eq.~4.7!. In accordance with
our previous discussion we keep only the contributions of the
following channels:

s2~n!5s0„p2Jc
1→~p 3̄!1/2…1s0„p2Jc

1→~p 3̄!3/2…

1s0„p2Jc
1→~p6!1/2…1s0„p2Jc

1→~p6!3/2…,

~4.18!

s1~n!5s0„p1Jc
1→~p 3̄!3/2…1s0„p1Jc

1→~p6!3/2….

~4.19!

We have separated ins2(n) the contributions of the con-
tinuum states with isospinsI 51/2 and 3/2. The correspond-
ing amplitudes are given by the usual rules for isospin addi-
tion as

M„p2Jc
1→~p 3̄!1/2…5

1

A3
M~p2Jc

1→p0Jc
0!

2A2

3
M~p2Jc

1→p2Jc
1!,

~4.20!

M„p2Jc
1→~p 3̄!3/2…5A2

3
M~p2Jc

1→p0Jc
0!

1
1

A3
M~p2Jc

1→p2Jc
1!. ~4.21!

The evaluation of the diagrams shown in Fig. 1 gives

M„p2Jc
1→~p 3̄!1/2…52

i

2
A3

2

1

f p
2

ū~v,s8!H 8

3
v•q1g2

2@~v•q!22p•q#S 1

2v•q2D1 iG6* /2

2
3

v•q2D1 iG6* /2
D J u~v,s!, ~4.22!

M„p2Jc
1→~p 3̄!3/2…52

iA3

2 f p
2

ū~v,s8!H 2

3
v•q1g2

2 ~v•q!22p•q

2v•q2D1 iG6* /2
J u~v,s!, ~4.23!

M„p1Jc
1→~p 3̄!3/2…52

i

2 f p
2

ū~v,s8!H 2v•q13g2
2 ~v•q!22p•q

2v•q2D1 iG6/2J u~v,s!. ~4.24!

Note that, as explained above, the incoming pion hasq250; however, the final one is on the mass shellp25mp
2 . We have

denoted hereD5M62M 3̄ , the mass splitting between the3̄ and6 multiplets. The widths in the denominators include both the
charged and neutral pion channels and correspond to on-shell final pions. In the heavy mass limit they are equal and are given
by

G65G6* 5
3g2

2

8p f p
2 ~D22mp

2 !3/2. ~4.25!

The amplitudes~4.22!–~4.24! give, after squaring and integrating over the phase space of the final pion, the following cross
sections:

s0„p2Jc
1→~p 3̄!1/2…5

3

64p f p
4 H 128

9
EpupW pu1

2

3
g2

4EpupW pu3U 1

2Ep2D1 iG6* /2
2

3

Ep2D1 iG6* /2
U2J , ~4.26!

FIG. 1. Feynman diagrams for the continuum contribution to the

AW sum rule on a3̄ baryon.
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s0„p2Jc
1→~p 3̄!3/2…5

3

32p f p
4 H 8

9
EpupW pu1

2

3
g2

4EpupW pu3
1

~Ep1D!21G6*
2 /4J , ~4.27!

s0„p1Jc
1→~p 3̄!3/2…5

1

32p f p
4 H 8EpupW pu16g2

4EpupW pu3
1

~Ep1D!21G6
2/4

J . ~4.28!

An important point which must be taken into account is that expression~4.26! contains a resonant piece. Upon insertion in
the AW sum rule~4.7!, it reproduces, in the narrow width approximation, the contribution of the one-body states with a sextet
baryon shown in Eq.~4.9!. Therefore, to avoid double counting of this term, the true continuum contribution to the sum rule
is obtained by explicitly subtracting it. To see this explicitly, we insert the resonant term in Eq.~4.26! into the integral on the
right-hand side~RHS! of the AW sum rule. We obtain in the narrow width approximation

I AW5
f p

2

p E dn

n
s2

res~n!5
9g2

4

32p2f p
2 E dn

~n22mp
2 !3/2

~n2D!21G6
2/4
→

3

2
g2

2 ~4.29!

asG→0. In the last step we used the well-known representation of thed function

G

2p

1

~n2D!21G2/4
→d~n2D! ~G→0!. ~4.30!

The remaining cross sections needed for the continuum corrections to the sum rule~4.9! correspond to final states with a
sextet baryon of spin 1/2 and 3/2 plus one pion. They can be computed analogously with the result

s0~p2Jc
1→p6!5

g1
2g2

2

128p f p
4

Ep~Ep8
22mp

2 !3/2U 1

2Ep8 2D1 iG6/2
1

3

Ep2D1 iG6/2U
2

1
g1

2g2
2

64p f p
4

Ep~Ep8
22mp

2 !3/2

~Ep8 1D!21G6
2/4

,

Ep8 5Ep2D, ~4.31!

s0~p1Jc
1→p6!5

3g1
2g2

2

64p f p
4

Ep~Ep8
22mp

2 !3/2

~Ep8 1D!21G6
2/4

, ~4.32!

s0~p2Jc
1→p6* !52s0~p2Jc

1→p6!, ~4.33!

s0~p1Jc
1→p6* !52s0~p1Jc

1→p6!. ~4.34!

The first ~second! term in Eq. ~4.31! corresponds to final
states with isospin 1/2~3/2!.

These cross sections are inserted in the AW sum rule~4.7!
and the integration is done numerically. We included also the
first term in the elastic cross section~4.26! although it is
formally of higher order in 1/Nc than the contributions we
are interested in. In fact it will be seen to dominate the con-
tinuum contribution. The mass splitting between the3̄ and6
multiplets will be takenD5225 MeV, corresponding to the

charmed baryons’ case. The quark model values~5.1! for the
couplingsg1 andg2 will be used~with gA50.75). We obtain
for the continuum contribution to the AW sum rule~4.9! for
a few values of the upper limit of integration the numbers
shown in Table II. Especially for larger values of the upper
cutoff, these corrections appear as being significant when
compared with the one-body sextet contribution to the sum
rule 3/2g2

250.562.
In reality we will see that these large contributions are

simply an effect of the limited applicability of chiral pertur-
bation theory for the particular process of pion scattering on
a static heavy baryon. It will be shown in the following sec-
tion that unitarity gives an upper bound on the elastic pion
scattering cross sections, which is exceeded in theL50,
I 51/2 channel already aboveEp5345 MeV. Therefore the
only trustworthy values in Table II are those corresponding
to the lowest value of the cutoff.

TABLE II. Continuum contributions to the AW sum rule on a3̄ baryon corresponding to different partial waves.

Cutoff energy~MeV!

345 370 395 420 445 470 495

( 3̄1p)S
0.117 0.141 0.167 0.195 0.225 0.257 0.290

( 3̄1p)P
0.020 0.033 0.045 0.057 0.068 0.078 0.089

(61p)P 0.000 0.000 0.000 0.001 0.001 0.002 0.003
Total 0.137 0.174 0.213 0.253 0.294 0.337 0.382
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C. Unitarity constraints

The amplitude for elastic pion scatteringpaTi→pbTj on
a static targetT with isospin 1/2 can be written as in Eq.
~4.1! in terms of two functionsT(6)

Tji
ba5T~1 !d i j dab1T~2 !

1

2
@ta,tb# j i . ~4.35!

Each of these functions can be expressed in terms of two
amplitudesf (6) andg(6), corresponding to spin-nonflip and,
respectively, spin-flip transitions, defined by

T~6 !~Ep,cosu!5u†~v,s8!@ f ~6 !~Ep,cosu!1 ig ~6 !~Ep ,cosu!

3sW •~ q̂83q̂!#u~v,s!. ~4.36!

We denoted here byEp and cosu the pion energy and scat-
tering angle in the rest frame of the target.q̂,q̂8 are unit
vectors along the directions of the initial and final pions and
u(v,s) are nonrelativistic two-spinors in the rest frame ofT.

The functionsf (6) andg(6) have partial wave expansions
of the form ~see, e.g.,@23#!

f ~6 !~Ep ,cosu!5(
l 50

`

@~ l 11! f l 1
~6 !~Ep!1 l f l 2

~6 !~Ep!#

3Pl~cosu!, ~4.37!

g~6 !~Ep ,cosu!5(
l 51

`

@ f l 2
~6 !~Ep!2 f l 1

~6 !~Ep!#Pl8~cosu!.

~4.38!

From a physical point of view it is more transparent to
work instead of the amplitudesT(6) with amplitudes of well-
defined isospin, given by

T~1/2!5T~1 !22T~2 !, ~4.39!

T~3/2!5T~1 !1T~2 !. ~4.40!

These amplitudes have partial-wave expansions similar to
those in Eqs.~4.37! and ~4.38!. The corresponding ampli-
tudes will be called f l 6

(I )(Ep), with I 51/2,3/2 and have
physical interpretation of scattering amplitudes in channels

with total angular momentumj 5 l 6 1
2, parity 2(21)l and

isospinI .
Unitarity imposes a well-known constraint on the partial

wave amplitudes

Imf l 6
~ I !>

upW pu
4p

u f l 6
~ I !u2. ~4.41!

For small energies where only elastic scattering is allowed,
the inequality turns into an equality. The partial wave ampli-
tudes are usually parametrized in this region in terms of
phase shiftsd l 6

(I ) as

f l 6
~ I !5

4p

upW pu
sind l 6

~ I !eid l 6
~ I !

. ~4.42!

From Eq. ~4.41! one can derive an upper bound on the
partial wave amplitudes, valid both in the elastic and inelas-
tic cases:

u f l 6
~ I !u<

4p

upW pu
. ~4.43!

We will use unitarity to derive an upper bound on the
inclusive cross sections into all possible final states. The
method makes use of the optical theorem which expresses an
inclusive cross section in terms of the imaginary part of a
forward scattering amplitude. Explicitly this gives the fol-
lowing expressions for the inclusive cross sections for pions
incident on theI 3511/2 member of an isospin doublet:

s~p2T→X!5
1

upW pu
ImM~p2T→p2T!

5
1

3upW pu
Im@T~3/2!~Ep,1!12T~1/2!~Ep,1!#,

~4.44!

s~p1T→X!5
1

upW pu
ImM~p1T→p1T!

5
1

upW pu
ImT~3/2!~Ep,1!. ~4.45!

Inserting here the partial wave expansions~4.37! and ~4.38!
gives

s~p2T→X!5
1

3upW pu
(
l 50

`

@~ l 11!Im~ f l 1
~3/2!12 f l 1

~1/2!!

1 l Im~ f l 2
~3/2!12 f l 2

~1/2!!#, ~4.46!

s~p1T→X!5
1

upW pu
(
l 50

`

@~ l 11!Imf l 1
~3/2!1 l Imf l 2

~3/2!#.

~4.47!

Taking the difference we obtain

s~p2T→X!2s~p1T→X!

5
2

3upW pu
(
l 50

`

@~ l 11!Im~ f l 1
~1/2!2 f l 1

~3/2!!

1 l Im~ f l 2
~1/2!2 f l 2

~3/2!!#. ~4.48!

From Eq. ~4.41! one can see that Imf l 6
(I ) is positive and

bounded from above by Eq.~4.43!. Therefore our strategy in
the following will be to set an absolute upper bound on the
difference~4.48! by using Eq.~4.43! for Imf l 6

(1/2) and taking
Imf l 6

(3/2)50 everywhere outside the domain of applicability
of chiral perturbation theory.

Strictly speaking the cross sections appearing in the AW
sum rule are not the physical on-shell cross sections~4.44!
and~4.45! but rather, cross sections with a massless incident
pion. Let us explicitly write the dependence of the partial
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wave amplitudesf l 6
(I )(Ep ;mp f ,mp i) on the masses of the

initial and final pions. Then the correct amplitudes to be used
in Eq. ~4.48! would be f l 6

(I )(Ep ;0,0). Unfortunately, no uni-
tarity bound can be written for the absolute value of this
amplitude. To see this, we write the inequality~4.41! keep-
ing explicit the pion mass dependence:

Imf l 6
~ I !~Ep ;0,0!>

upW pu
4p

u f l 6
~ I !~Ep ;mp,0!u2. ~4.49!

The quantities on the two sides of this inequality are differ-
ent and thus no useful information can be extracted about
them. We will use nevertheless the physical on-shell partial
waves in Eq.~4.48!, as the pion mass effects can be expected
to be less important in the high-energy region where this
relation will be applied.

At low energies we will use the lowest order chiral per-
turbation theory result obtained from an evaluation of the
graphs in Fig. 1. Performing a partial wave decomposition
we find that only thel 50,1 waves are present at this order.
Furthermore, there is no spin-flip, which givesf l 15 f l 25 f l .
We obtain

f 0
~1/2!~Ep!5

2

f p
2

Ep , ~4.50!

f 1
~1/2!~Ep!5

g2
2

4 f p
2

upW pu2S 1

2Ep2D1 iG6/2
2

3

Ep2D1 iG6/2D ,

~4.51!

f 0
~3/2!~Ep!52

1

f p
2

Ep , ~4.52!

f 1
~3/2!~Ep!52

g2
2

2 f p
2

upW pu2
1

2Ep2D1 iG6/2
. ~4.53!

From these expressions one can compute the pion energy
(Ep)max5L l

(I ) at which the unitarity bound~4.43! is reached
in each channel. We obtainLS

(1/2)5345 MeV, LP
(1/2)5449

MeV, LS
(3/2)5477.8 MeV, andLP

(3/2)51189.5 MeV. We
used in Eqs.~4.51! and~4.53! the same values forD andg2
as in our previous estimates. We will consider in the follow-
ing these values as marking the limits of validity of chiral
perturbation theory in each channel.

We can compute now the contributions to the right-hand
side of the AW sum rule for each channel, following the
prescription outlined above.

~a! I 51/2, S wave. Below the unitarity limitLS
(1/2) we

insert thexPT results for the cross sections~4.26! and~4.31!
into the AW sum rule. We obtain

I S1

~1/2!5
f p

2

p E
mp

LS
~1/2!dn

n
s0@p2T→~pT!1/2#S50.156.

~4.54!

Above LS
(1/2) we use the unitarity limit~4.43!

I S2

~1/2!<
f p

2

p E
LS

~1/2!

` dn

n

8p

3~n22mp
2 !

50.212. ~4.55!

Adding these two contributions we obtain an upper limit on
the contribution of this channel to the AW sum rule:

I S
~1/2!5I S1

~1/2!1I S2

~1/2!<0.368. ~4.56!

~b! I 51/2, P wave. The contribution of this channel to
the AW sum rule can be split up as in the previous case into
two terms. The low-energy part contains contributions from
the both possible final states (p 3̄) and (p6):

I P1

~1/2!5
f p

2

p E
mp

LP
~1/2!dn

n
$s0@p2T→~pT!1/2#P

1s0@p2T→~pS!1/2#P%

5
3

2
g2

210.07210.001

5
3

2
g2

210.073. ~4.57!

The contribution of the one-body state with a sextets-wave
baryon has been extracted explicitly, as discussed above@see
the paragraph following Eq.~4.28!#. Above Ep5LP

(1/2) we
use again the unitarity limit

I P2

~1/2!<
f p

2

p E
LP

~1/2!

` dn

n
3

8p

3~n22mp
2 !

50.362. ~4.58!

Taking the sum gives

I P
~1/2!5I P1

~1/2!1I P2

~1/2!<
3

2
g2

210.435 . ~4.59!

~c! I 53/2, S wave. For theI 53/2 channel we include, as
discussed above, only the contribution of the low-energy re-
gion, so as to maximize the integral appearing in the AW
sum rule. TheS-wave contributes

I S
~3/2!52

f p
2

p E
mp

LS
~3/2!dn

n
$s0@p2T→~pT!3/2#S

2s0@p1T→~pT!3/2#S%

520.089. ~4.60!

~d! I 53/2, P wave. This channel receives significant con-
tributions only from the (p 3̄) final states:

I P
~3/2!52

f p
2

p E
mp

LP
~3/2!dn

n
$s0@p2T→~pT!3/2#P

2s0@p1T→~pT!3/2#P%

520.039. ~4.61!

The states (p6) give a very small contribution of20.0004.
The quantity on the LHS of the bound~4.56! includes,

just as in Eq.~4.57!, also contributions from one-body states.
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These states are heavy baryons which can decay to the
s-wave 3̄ baryon byS-wave pion emission. Their contribu-
tion to the sum rule has been given in Eq.~4.9!. Combining
Eq. ~4.9! with the limit ~4.56! gives the constraint

1

2
h3

21h6
21~S wave, I 51/2 continuum!<0.368.

~4.62!

Taken alone, this inequality tells us absolutely nothing
about the couplingsh3 andh6. To do so, it must be supple-
mented with additional information about the continuum. For
example, assuming that the continuum contribution is posi-
tive, Eq. ~4.62! gives an upper bound on these couplings.5

Experience with the lowest orderx PT results shows that this
is very likely the case.

A similar prediction can be made about theP-wave
I 51/2 channel. Relation~4.59! limits the contribution of this
channel to the sum rule:

I P
~1/2!<

3

2
g2

210.396. ~4.63!

The only bound states~besides thes-wave 6 whose contri-
bution is made explicit! contributing in this channel are ra-
dial excitations ofs-wave baryons. Expression~4.63! gives
an upper bound on their contribution plus continuum to the
sum rule. Note, however, that in contrast to the bound~4.62!
which is parameter-free, the numerical bound in Eq.~4.63!
has been obtained with the quark model value forg2.

Unfortunately, not much can be said with the help of
these methods about theD-wave contributions to the sum
rule. We do not have any control over the low-energy behav-
ior of these partial waves, which would require a next-to-
leading calculation in chiral perturbation theory. Also, the
use of unitarity for the high-energy region gives an upper
bound which is too large to be useful.

V. CONSTITUENT QUARK MODEL PREDICTIONS
FOR STRONG DECAYS OF HEAVY BARYONS

So far everything has been completely general and the
sum rules~4.9! and ~4.14!–~4.17! are model independent.
We specialize now to the case of the constituent quark
model, where some of the couplings are related. For ex-
ample, the couplings of thes-wave baryons are given in the
quark model by@3#

g152
4

3
gA , ug2u5A2

3
gA ~5.1!

with gA.0.75 the constituent pion-quark coupling. The
strong and electromagnetic decays of the charmed baryons
have been also studied in the quark model with SU~6! sym-
metry in @24#.

We will show in the following that theS-wave couplings
of thep-wave baryons are also related in the quark model as

uh3u
uh4u

5
A3

2
,

uh2u
uh4u

5
1

2
,

uh5u
uh6u

5
2

A3
,

uh5u
uh7u

51. ~5.2!

One possible way of deriving these relations is by com-
paring the matrix elements of the axial current between
s-wave andp-wave baryons computed in two different ways.
First, the axial vector current in the effective theory is given
by the Noether theorem. To the lowest order in the pion field,
it is given by the coefficient of2(A2/ f p)]mpa in the inter-
action Lagrangian. For Eq.~3.1! this gives

Jm
a 5h2e i jk S̄n

klvmt l j
a Rn

i 1h3tr~ B̄ 3̄vmtaU !1h4tr~ S̄nvmtaVn!

1h5tr~ S̄nvmtaRn8!1h6T̄ ivmt j i
a U j81h7e i jk S̄kl

n vmt l j
a Vn8

i

1pion terms. ~5.3!

We denoted hereta5la/2, the generators of the diagonal
flavor SU~3! group. One can see that only the matrix ele-
ments of them50 component are nonvanishing in the had-
ron rest frame.

On the other hand, the matrix elements ofJ0
a can be com-

puted between the corresponding constituent quark model
states. In the nonrelativistic limit, the matrix element ofJ0

a

can be written as

^ f u q̄g0g5taqu i &5K fU(
q51

2 S sW •pW

2mu
1

sW •pW 8

2md
D

q

tq
aU i L ,

~5.4!

wheremu ,md are the constituent quark masses, assumed for
simplicity equal in the following. Theq summation runs
over the two light quarks in the baryon. The structure of this
matrix element in the quark model is different for symmetric
and antisymmetricp-wave statesu i &. Writing explicitly the
dependence on spatial@f(rW1 ,rW2)# and spin-flavor@x(1,2)#
variables of the wave function, the matrix element~5.4! is
given by

K fS~rW1 ,rW2!xS~1,2!U(
q51

2 S sW •pW

2mu
1

sW •pW 8

2md
D

q

tq
aUfP~rW1 ,rW2!xP~1,2!L 5^xS~1,2!u~sW 1•aW !t1

a6~sW 2•aW !t2
auxP~1,2!&. ~5.5!

5A similar reasoning applied to pion-heavy meson scattering gives the inequalityh2 1 (S wave, I 51/2 continuum! <0.368 ~with the
notations of@17#!. In this case however we can invoke large-Nc arguments to argue that the continuum is suppressed.
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The upper~lower! sign on the RHS corresponds to a sym-
metric ~antisymmetric! decaying p-wave state@for which
fP(rW2 ,rW1)51(2)fP(rW1 ,rW2)#. The spatial part of the matrix
element is encoded into the constant vectoraW , defined by

aW 5K fS~rW1 ,rW2!US pW

2mu
1

pW 8

2md
D

1

UfP~rW1 ,rW2!L . ~5.6!

Although the notation used in Eq.~5.5! does not make this
apparent, one must keep in mind thataW is in general different
for symmetric and antisymmetric states.

The first two relations in Eq.~5.2! are obtained by con-
sidering the following matrix elements in the limitq→0:

K Sc
0↑U d̄g0g5uULc1

1 S 1

2D ↑ L 52h2 , ~5.7!

K Lc
1↑U d̄g0g5uUSc0

11S 1

2D ↑ L 5h3 , ~5.8!

K Sc
1↑U d̄g0g5uUSc1

11S 1

2D ↑ L 52
1

A2
h4 . ~5.9!

One expects the matrix elements~5.7!–~5.9! to be related
in the quark model, as the baryon states on the LHS have the
same orbital wave function~as do the baryons on the RHS!.
The flavor-spin wave functions of the baryon states shown
are given in the Appendix. Thep-wave states are represented
as linear combinations of basis vectors
uc(mQ)L(ml )q(m1)q(m2)& with mQ the z projection of the
heavy quark spin,ml the projection of the total orbital an-
gular momentum, andm1,2 the projections of the light
quarks’ spins. The operators in Eq.~5.5! can be written in
terms of spin-raising, spin-lowering operators ands3 as

sW •aW 5A2s1a22A2s2a11s3az , ~5.10!

where (a2 ,az ,a1) form the components of aJ51 spherical
tensor. The matrix element~5.5! can be then simply evalu-
ated with the help of the Wigner-Eckart theorem. Using the
wave functions~A1!–~A5! one obtains

K Sc
0↑UsW •aWULc1

1 S 1

2D ↑ L 52A2

3
I S , ~5.11!

K Lc
1↑UsW •aWUSc0

11S 1

2D ↑ L 52A2I S, ~5.12!

K Sc
1↑UsW •aWUSc1

11S 1

2D ↑ L 52
2

A3
I S , ~5.13!

with I S an unknown reduced matrix element. Comparing
these relations with Eqs.~5.7!–~5.9! gives immediately the
first two relations~5.2!.

The other relations in Eq.~5.2! can be obtained in an
analogous way by starting with the matrix elements

K Sc
1↑U d̄g0g5uUSc18

11S 1

2D ↑ L 52
1

A2
h5 , ~5.14!

K Jc
0↑U d̄g0g5uUJc08

1S 1

2D ↑ L 52h6 , ~5.15!

K Sc
0↑U d̄g0g5uULc18

1S 1

2D ↑ L 52h7 . ~5.16!

They can be also computed in the quark model with the help
of Eq. ~5.5!. Picking the lower sign in this relation we obtain
for the quark model counterparts of these matrix elements

K Sc
1↑UsW •aW 8USc18

11S 1

2D ↑ L 52A2

3
I S8 , ~5.17!

K Jc
0↑UsW •aW 8UJc08

1S 1

2D ↑ L 5I S8 , ~5.18!

K Sc
0↑UsW •aW 8ULc18

1S 1

2D ↑ L 52
2

A3
I S8 , ~5.19!

with I S8 another reduced matrix element. Comparison with
Eqs.~5.14!–~5.16! gives the last two coupling constant ratios
~5.2!.

Similar relations can be derived in the quark model
among theD-wave amplitudes produced by the interaction
Lagrangian~3.3!, for which we obtain

uh8u5uh9u5uh10u,
uh11u
uh10u

5A2,
uh12u
uh13u

52 ,

uh14u
uh13u

51,
uh15u
uh14u

5A2. ~5.20!

The derivation proceeds analogously as in the case of Eq.
~5.2!. The Noether axial current associated with the terms
~3.3! in the chiral Lagrangian is given by~up to terms con-
taining pion fields!
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Jm
a 52 ih8e i jk H ]a@ S̄m

klt l j
a Ra

i #1]a@ S̄a
klt l j

a Rm
i #1

2

3
vmv•]@ S̄a

klt l j
a Ra

i #J 2 ih9trH ]a@ S̄mtaVa#1]a@ S̄ataVm#1
2

3
vmv•]@ S̄ataVa#J

22ih10e i jk]n@ T̄ i t j l
a Xmn

kl #2h11$e
amsl]ntr@ S̄ataXns#vl1eansl]ntr@ S̄ataXms#vl%

2 ih12trH ]a@ S̄mtaRa8 #1]a@ S̄ataRm8 #1
2

3
vmv•]@ S̄ataRa8 #J

2 ih13e i jk H ]a@ S̄m
klt l j

a Va8
i #1]a@ S̄a

klt l j
a Vm8

i #1
2

3
vmv•]@ S̄a

klt l j
a Va8

i #J 22ih14]n@ T̄ i t j i
a Xmn8 j #

2h15e i jk$eamsl]n@ S̄a
klt l j

a Xns8
i #vl1eansl]n@ S̄a

klt l j
a Xms8 i #vl%. ~5.21!

For this case it is the matrix elements of the space components ofJm
a which are nonvanishing. In the quark model they can be

expressed as

^ f u q̄g ig5taqu i &→^ f us i taeiqW •rWu i &5^ f us i tau i &1
i

2 K fUS s i~qW •rW !1r i~qW •sW !2
2

3
qi~sW •rW ! D taU i L 1higher multipoles,

~5.22!

whereqW denotes the momentum of the current. The first term vanishes asi and f have different orbital angular momenta. The
second one is nonvanishing and will produce the terms proportional to theD-wave couplings in Eq.~5.21!. Separating again
the contributions from the spatial and spin-flavor components of the wave function, this matrix element can be written as

K fS~rW1 ,rW2!xS~1,2!U(
q51

2 S s i~qW •rW !1r i~qW •sW !2
2

3
qi~sW •rW ! D

q

tq
aUfP~rW1 ,rW2!xP~1,2!L

5K xS~1,2!U(
q51

2

~6 !12qS s i~qW •aW !1ai~qW •sW !2
2

3
qi~sW •aW ! D

q

tq
aUxP~1,2!L . ~5.23!

The upper~lower! sign on the RHS corresponds again to symmetric~antisymmetric! initial p-wave states. We denoted here
with aW the constant vector

aW 5^fS~rW1 ,rW2!urW1ufP~rW1 ,rW2!&. ~5.24!

From Eq.~5.21! we read off the following expressions for a few typical matrix elements:

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2ULc1

1 S 3

2D ,1
1

2L 5
A2

3
h8~q1

21q2
222q3

2!, ~5.25!

K Sc
1S 1

2D ,1
1

2UqmJm
12 i2USc1

11S 3

2D ,1
1

2L 5
1

3
h9~q1

21q2
222q3

2!, ~5.26!

K Lc
1S 1

2D ,1
1

2UqmJm
12 i2USc2

11S 3

2D ,1
1

2L 52
2

A15
h10~q1

21q2
222q3

2!, ~5.27!

K Sc
1S 1

2D ,1
1

2UqmJm
12 i2USc2

11S 3

2D ,1
1

2L 5
1

A10
h11~q1

21q2
222q3

2!. ~5.28!

The quark model counterpart of these matrix elements can be computed with the help of Eqs.~5.22! and~5.23! and using
the wave functions in the Appendix. We obtain

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2ULc1

1 S 3

2D ,1
1

2L 5
1

3
I D~q1

21q2
222q3

2!, ~5.29!

K Sc
1S 1

2D ,1
1

2UqmJm
12 i2USc1

11S 3

2D ,1
1

2L 52
1

3A2
I D~q1

21q2
222q3

2!, ~5.30!
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K Lc
1S 1

2D ,1
1

2UqmJm
12 i2USc2

11S 3

2D ,1
1

2L 52
2

A30
I D~q1

21q2
222q3

2!, ~5.31!

K Sc
1S 1

2D ,1
1

2UqmJm
12 i2USc2

11S 3

2D ,1
1

2L 52
1

A10
I D~q1

21q2
222q3

2!. ~5.32!

I D is the reduced matrix element of theJ51 spherical tensor (a2 ,a3 ,a1). Comparing Eqs.~5.25!–~5.28! with Eqs.~5.29!–
~5.32! gives relations~5.20! among theD-wave couplingsh82h11.

The ratios among the couplings of the antisymmetric states~5.20! can be computed in a similar way by considering the
matrix elements

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2USc18

1S 3

2D ,1
1

2L 5
1

3
h12~q1

21q2
222q3

2!, ~5.33!

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2ULc18

1S 3

2D ,1
1

2L 5
A2

3
h13~q1

21q2
222q3

2!, ~5.34!

K Jc
0S 1

2D ,1
1

2UqmJm
12 i2UJc28

1S 3

2D ,1
1

2L 52
2

A15
h14~q1

21q2
222q3

2!, ~5.35!

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2ULc28

1S 3

2D ,1
1

2L 5
1

A5
h15~q1

21q2
222q3

2!. ~5.36!

The same matrix elements can also be computed in the quark model in terms of a new common reduced matrix elementI D8 :

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2USc18

1S 3

2D ,1
1

2L 5
1

3A3
I D8 ~q1

21q2
222q3

2!, ~5.37!

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2ULc18

1S 3

2D ,1
1

2L 52
1

3A6
I D8 ~q1

21q2
222q3

2!, ~5.38!

K Jc
0S 1

2D ,1
1

2 UqmJm
12 i2UJc28

1S 3

2D ,1
1

2L 5
1

3A5
I D8 ~q1

21q2
222q3

2!, ~5.39!

K Sc
0S 1

2D ,1
1

2UqmJm
12 i2ULc28

1S 3

2D ,1
1

2L 52
1

A30
I D8 ~q1

21q2
222q3

2!. ~5.40!

Comparing these expressions with Eqs.~5.33!–~5.36! gives the remaining relations in Eq.~5.20! among the couplings
h122h15.6

The coupling constants of the symmetricp-wave baryons among themselves appearing in the Lagrangian~3.5! can be also
estimated in the constituent quark model. We obtain~in units of gA)

f 150, f 2521, f 352, u f 4u5A2

3
,

~5.41!

u f 5u51, u f 6u5
1

A2
, u f 7u52A2

3
, u f 8u5

1

A2
.

The values taken by the couplings of the antisymmetricp-wave states~3.6! in the constituent quark model are~also in units
of gA)

f 1850, f 2852
1

2
, f 3851, u f 48u5A2

3
,

~5.42!

6Similar relations among pion couplings in the quark model have been obtained in@25#.
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u f 58u51, u f 68u5
1

A2
, u f 78u5A2

3
, u f 88u5

1

2A2
.

The couplings of the symmetric to antisymmetricp-wave states contained in the interaction Lagrangian~3.7! can be
computed also by considering the matrix elements of the space component of the axial currentq̄g i taq. In the quark model, the
matrix elements of this operator are given by a nonrelativistic expansion

^ f u q̄g i taqu i &5K fU(
q

sq
i tq

aU i L 1^ f u(
q

S pW 21pW 82

8m2
s i1

~sW •pW 8!s i~sW •pW !

4m2 D
q

tq
au i &1O~p4/m4!→K fU(

q
sq

i tq
aU i L

1K fU(
q

pi~sW •pW !

2m2
taU i L 1O~p4/m4!, ~pW 8→pW !. ~5.43!

The first term in this expansion vanishes as a consequence of the orthogonality of the spatial wave functions of the two
different types ofp-wave states. Therefore the leading contribution to these couplings arises from the next term and is formally
of orderpW 2/m2.

Writing explicitly the dependence of the wave functions on the orbital and spin-flavor degrees of freedom, the matrix
element~5.43! can be expressed as

^ f u q̄g i taqu i &5K fP~rW1 ,rW2!xP~1,2!U(
q

pi~sW •pW !

2m2
taUfP8~rW1 ,rW2!xP8~1,2!L

5^xP~1,2!u~Ti j s1
j t1

a1k0s1
i t1

a!2~Ti j s2
j t2

a1k0s2
i t2

a!uxP8~1,2!&, ~5.44!

where

Ti j 5K fP~rW1 ,rW2!U 1

2m2S pipj2
1

3
d i j pW

2D
1
UfP8~rW1 ,rW2!L ,

~5.45!

k05K fP~rW1 ,rW2!U pW 1
2

6m2UfP8~rW1 ,rW2!L . ~5.46!

The tensorTi j and the scalark0 parametrize the orbital part
of the matrix element and correspond to the two irreducible
tensors withJ52,0 into which the operatorpipj can be de-
composed. It is a simple matter to compute the remaining
matrix elements over the spin-flavor coordinates, using the
wave functions in the Appendix. As a result, all 13 couplings

f i8 can be expressed in terms of two reduced matrix elements
k0 ,k2:

f 1950, ~5.47a!

f 2952
2

3
A5k21

2

A3
k0 , ~5.47b!

f 395A5

6
k21A2k0 , ~5.47c!

f 495
1

2A15
k22k0 , ~5.47d!

f 595
A5

3
k22

1

A3
k0 , ~5.47e!

f 6952
A5

3
k22

2

A3
k0 , ~5.47f!

f 7952
1

2
A5

6
k22

1

A2
k0 , ~5.47g!

f 8952
A5

3
k22

2

A3
k0 , ~5.47h!

f 995A5

6
k22

1

A2
k0 , ~5.47i!

f 109 5
1

A15
k22

1

2
k0 , ~5.47j!

f 119 52
1

4A15
k21

1

2
k0 , ~5.47k!

f 129 5
1

A15
k22

1

2
k0 , ~5.47l!

f 139 52A 2

15
k22A2k0 . ~5.47m!
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To summarize, in the constituent quark model, the 45 cou-
pling constants introduced in Sec. III can be expressed in
terms of seven reduced matrix elements. Among these,gA is
of order unity,I S , I S8 , I D , and I D8 are of order~formally!

O(upW u/m), andk2 , k0 are of order~formally! O(pW 2/m2).

VI. PHENOMENOLOGICAL APPLICATIONS

The sum rules presented in this paper can be used to pro-
vide model-independent constraints on the pion couplings of
the heavy baryons which will have to be satisfied by model
computations or phenomenological determinations. For ex-
ample, the sum rule~4.9! gives the upper bound

g2
2<

2

3
. ~6.1!

This inequality is satisfied by the SU~2! Skyrme model cal-
culation of @26# who find

ug2u5
1

A2
GA2

1

3A2
g50.71720.813 ~6.2!

with GA51.25 the nucleon axial charge andg the BB* p
coupling. The numerical values shown correspond to the ex-
perimental bounds forg given in @27#, g250.0920.5 ~at
90% confidence limit!. The constituent quark model predic-
tion ~5.1! @3# for g250.612~with gA50.75) also satisfies Eq.
~6.1!, saturating it in the limitgA→1.

One can also derive an upper bound on the couplingg1
from the AW sum rule~4.14!. It can be made stronger by
assuming thatg2 is known

g1
2<

8

3
2

4

3
g2

2 . ~6.3!

The calculation of@26# gives

ug1u5GA2
1

3
g51.01421.150 ~6.4!

which satisfies Eq.~6.3!. The constituent quark model with
gA50.75 predicts a somewhat smaller valueug1u51 ~5.1!.

The CLEO Collaboration recently measured the masses
and widths of theSc*

11 andSc*
0 baryons@28# ~for an earlier

measurement of the masses of these states see@29#!. They
find

DS
c*

115MS
c*

112ML
c
15234.561.36 MeV,

G~Sc*
11!517.925.1

15.5 MeV, ~6.5!

DS
c*

05MS
c*

02ML
c
15232.661.28 MeV,

G~Sc*
0!513.025.0

15.45 MeV. ~6.6!

The mass ofLc
1 is given by the Particle Data Group@31# to

be

ML
c
152284.960.6 MeV. ~6.7!

Neglecting the radiative decay width associated with the de-
caysSc*→Scg, the total width of these states is given by

G~Sc*
11!5

g2
2

2p f p
2 S ML

c
1

MS
c*

11
D upW pu35g2

2~47.97121.22
11.24! MeV,

~6.8!

G~Sc*
0!5

g2
2

2p f p
2 S ML

c
1

MS
c*

0
D upW pu35g2

2~46.26821.13
11.14! MeV.

~6.9!

The CLEO data~6.5! and ~6.6! thus offer the possibility of
extracting the couplingg2. From Eq. ~6.8! we obtain the
value ug2u50.61120.101

10.097 and from Eq. ~6.9!
ug2u50.53020.119

10.109. Averaging these two values we obtain our
final result

ug2u50.57020.159
10.137, ~6.10!

which @especially the one following from Eq.~6.8!# is in
good agreement with the constituent quark model prediction
ug2u50.612. Similar determinations ofg2 have been pre-
sented recently in@32,33#. Our result comes closer to the one
in @33#.

One can use Eq.~6.10! to predict the widths of theSc
baryons. The fit of@31# gives the mass values

DS115MS
c
112ML

c
15167.9560.25 MeV, ~6.11!

DS05MS
c
02ML

c
15167.260.4 MeV. ~6.12!

The Sc widths are

G~Sc
11!5

g2
2

2p f p
2 S ML

c
1

MS
c
11

D upW pu35g2
2~6.23220.088

10.089! MeV

52.02520.987
11.134 MeV, ~6.13!

G~Sc
0!5

g2
2

2p f p
2 S ML

c
1

MS
c
0
D upW pu35g2

2~5.96920.139
10.140! MeV

51.93920.954
11.114 MeV. ~6.14!

These states are significantly narrower than their spin-3/2
counterparts, which explains why their widths have not been
yet measured.

We also present predictions for theI 51/2 spin-3/2
charmed baryonsJc*

0 and Jc*
1 . The latter has only been

recently discovered@34#. Their measured parameters are

MJ
c*

05MJ
c
11~178.261.1! MeV,

G~Jc*
0!,5.5 MeV @35#, ~6.15!

MJ
c*

15MJ
c
01~174.361.1! MeV,

G~Jc*
1!,3.1 MeV @34#. ~6.16!
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The masses of the ground stateI 51/2 baryons are
MJ

c
152465.661.4 MeV andMJ

c
052470.361.8 MeV @31#.

We shall neglect the small admixture of SU~3! sextet into the
ground states as the corresponding mixing angle is small, of
the order of a few degrees@36,37,32#. Including both the
charged and neutral pion channels we obtain

G~Jc*
0!5g2

2~7.71260.436! MeV51.23024.074 MeV,
~6.17!

G~Jc*
1!5g2

2~7.49660.446! MeV51.19123.971 MeV,
~6.18!

which are consistent with the bounds~6.15! and ~6.16!.
It is interesting to note that the difference of couplings on

the LHS of the polarized AW sum rule~4.17! vanishes when
the constituent quark model relations~5.1! are used; so does
the RHS of Eq.~4.17! when the constituent quark model
relations ~5.20! are inserted in this relation. If the quark
model relations~5.20! are not used, the sum rule~4.17! can
be employed to give a model-independent proof of the con-
stituent quark model relations~5.1! in the large-Nc limit.
Recalling the scaling relations of the couplings discussed in
Sec. IV B one can see that in the large-Nc limit the RHS is
suppressed by one power of 1/Nc relative to the LHS.

It is, of course, a well-known fact that the predictions of
the constituent quark model for low-lyings-wave baryon
states become exact in the large-Nc limit @38#. What is new
here is that the relation~4.17! also gives the corrections to
this result, expressed in terms of couplings of the higher
states.

As a matter of fact, the sum rule~4.17! suggests that the
quark model relations~5.1! might work better than one
would expect from large-Nc alone. First, onlyD-wave cou-
plings appear in Eq.~4.17!, whose contributions are sup-
pressed by factors ofD2/Lx

2 , with D the excitation energies
of the p-wave states andLx.1 GeV the chiral symmetry
breaking scale. An explicit calculation using the upper limit
on h8 determined below~6.44! shows that the contribution of
theh8

2 term on the RHS of the sum rule~4.17! is under 0.06.
Second, the alternating signs of the terms on the RHS of Eq.
~4.17! could enhance further the above-mentioned suppres-
sion.

We can expect therefore the quark model relation between
g1 and g2 to be valid at the order of 10% or better. We
obtain in this way the following prediction forg1:

ug1u52A2

3
ug2u50.93120.26020.093

10.22410.093. ~6.19!

The possibility of determiningg1 in this way is particularly
welcome as the decaySc*→Scp is kinematically forbidden,
making a direct extraction ofg1 impossible~for an alterna-
tive method see@33,39#!.

In contrast tog1 and g2, the couplings of thep-wave
baryons are not completely predicted by the simple constitu-
ent quark model. To do so, it must be supplemented with
additional dynamical assumptions, which in turn will have to
be used to determine the wave function of the constituent
quarks. The AW sum rules discussed in this paper could be
used to set constraints on the parameters of the quark model
calculation. Inserting the quark model relations~5.1!, ~5.2!,
and ~5.20! into the sum rules~4.9! and ~4.14! one common
relation is obtained

15gA
21

3

8
h4

21h6
21

4

3
h10

2 upW pu21
8

3
h14

2 upW pu21•••.

~6.20!

This result demonstrates the consistency of the constituent
quark model with the AW sum rules~4.9! and ~4.14!.

In the following we present an extraction of the couplings
h2 andh8 of the lowest-lyingp-wave baryons from experi-
mental data. These will be subsequently used, together with
the quark model relations~5.2! and ~5.20!, to predict the
couplings of all the other symmetricp-wave baryons.

We will determine the allowed range of values forh2 and
h8 by using two different measurements. The first is the
CLEO measurement of theLc1

1 (2593) width@6#

G„Lc1

1 ~2593!…53.921.6
12.4 MeV. ~6.21!

The stateLc1

1 (2593) is theJP51/22 member of the

s
l

p l 512 p-wave heavy quark doublet. Its general properties
have been discussed already by Cho@12# ~see also@30#!. It is
known that it decays predominantly in the two-pion mode,
which is enhanced by resonant effects due to the proximity
of theSc pole. These theoretical expectations have been con-
firmed by experiment@6,7#.

The decay rate for the processLc1

1 (2593)→Lc
1p1p2

has been computed in@12#. To lowest order in chiral pertur-
bation theory and in the heavy mass limit it is given by

dG„Lc1
1 ~2593!→Lc

1p1~E1!p2~E2!…

dE1dE2
5

g2
2

16p3f p
4

ML
c
1$pW 2

2uAu21pW 1
2uBu212@E1E22p1•p2#Re~AB* !% ~6.22!

with

A~E1 ,E2!5
h2E1

DR2DS
c
02E11 iGS

c
0/2

2

2
3 h8pW 1

2

DR2DS
c*

02E11 iGS
c*

0/2
1

2h8@E1E22p1•p2#

DR2DS
c*

112E21 iGS
c*

11/2
, ~6.23!

B~E1 ,E2 ;DS
c
~* !0,DS

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

c
~* !11,DS

c
~* !0!. ~6.24!

The boundaries of the Dalitz plot for these decays are given by
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~E1!min5mp ,

~E1!max5

M
L

c1
1

2
22ML

c
1mp2M

L
c
1

2

2ML
c1
1

,

~E2!min,max

5

~E12ML
c1
1 !~M

L
c1
1

2
12mp

2 22ML
c1
1 E12M

L
c
1

2
!6AD

2~2ML
c1
1 E12M

L
c1
1

2
2mp

2 !
,

~6.25!

with

D5~E1
22mp

2 !@~M
L

c1
1

2
22ML

c1
1 E12M

L
c
1

2
!224M

L
c
1

2
mp

2 #.

~6.26!

The boundaries of the Dalitz plots for the two-pion decays of
the Lc1

1 states are shown in Fig. 2. In the limit when the
energy releaseDR is much smaller than the mass of the de-

caying baryonML
c1
1 the phase space degenerates to the line

E11E25DR and the decay rate reduces to the expression
originally derived in@12# ~we included here also the contri-
bution of theD-wave couplings which was neglected in@12#!

dG„Lc1
1 ~2593!→Lc

1p1~E1!p2~E2!…

dE1
5

g2
2

8p3f p
4 S ML

c
1

ML
c1

1
D A~E1

22mp
2 !~E2

22mp
2 !H h2

2S E1
2~E2

22mp
2 !

~DR2DS
c
02E1!21 1

4 G
S

c
0

2

1
E2

2~E1
22mp

2 !

~DR2DS
c
112E2!21 1

4 G
S

c
11

2 D 1
8

9
h8

2~E1
22mp

2 !~E2
22mp

2 !

3S E2
22mp

2

~DR2DS
c*

112E2!21 1
4 G

S
c*

11
2 1

E1
22mp

2

~DR2DS
c*

02E1!21 1
4 G

S
c*

0
2 D J . ~6.27!

We denoted byD i the excitation energies of the respective states with respect toLc
1 . We will use in our analysis below the

value @31#

DR5ML
c1

1 2ML
c
15308.660.8 MeV. ~6.28!

The widths in the propagator denominators are given by

GS
c
~* !5

g2
2

2p f p
2

ML
c
1

MS
c
~* !

upW pu3. ~6.29!

The rate forLc1

1 (2593)→Lc
1p0p0 is given by formulas identical to Eqs.~6.22! and~6.27! with an additional factor of 1/2

due to the identity of the pions in the final state. In addition, the substitutions

DS
c
~* !11,DS

c
~* !0→DS

c
~* !1 ~6.30!

have to be made. We will use in our calculations the numerical values

DS
c
15MS

c
12ML

c
15168.560.7 MeV @31#, ~6.31!

DS
c*

15MS
c*

12ML
c
15233.522.2

12.4 MeV. ~6.32!

FIG. 2. Boundaries of the Dalitz plots for the decays
Lc1

1 (2593)→Lc1
1 pp ~lower! and Lc1

1 (2625)→Lc1
1 pp ~upper!.

The continuous lines correspond to charged pions and dashed lines
to neutral pions in the final state, respectively.
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The stateSc*
1 has not yet been observed so we will use for its mass the average of its two isospin partners~6.5! and ~6.6!.

The second experimental input we will use is an upper bound on the width ofLc1
1 (2625) also obtained by CLEO@6#:

G„Lc1

1 ~2625!…,1.9 MeV. ~6.33!

Lc1

1 (2625) is the spin-3/2 heavy quark symmetry partner ofLc1

1 (2593). To leading order in the heavy mass expansion, the

two-pion decay rate of this state is given by

dG„Lc1
1 ~2625!→Lc

1p1~E1!p2~E2!…

dE1dE2
5

g2
2

16p3f p
4

ML
c
1$pW 1

2uCu21pW 2
2uEu212@E1E22p1•p2#Re~CE* !

1@pW 1
2pW 2

22~E1E22p1•p2!2#@pW 1
2uDu21pW 2

2uFu22Re~CF* !1Re~DE* !

12~E1E22p1•p2!Re~DF* !#% ~6.34!

with

C~E1 ,E2!5S h2E22
2

3
h8pW 2

2D 1

DR* 2DS
c*

112E21 iGS
c*

11/2
1

2

3
h8~E1E22p1•p2!S 1

DR* 2DS
c
02E11 iGS

c
0/2

1
2

DR* 2DS
c*

02E11 iGS
c*

0/2D , ~6.35!

D~E1 ,E2!5
2

3
h8S 2

1

DR* 2DS
c
02E11 iGS

c
0/2

1
1

DR* 2DS
c*

02E11 iGS
c*

0/2D , ~6.36!

E~E1 ,E2 ;DS
c
~* !0,DS

c
~* !11!5C~E2 ,E1 ;DS

c
~* !11,DS

c
~* !0!, ~6.37!

F~E1 ,E2 ;DS
c
~* !0,DS

c
~* !11!52D~E2 ,E1 ;DS

c
~* !11,DS

c
~* !0!. ~6.38!

In analogy to the previous case, this decay rate simplifies in the heavy mass limit and is given by

dG„Lc1

1 ~2625!→Lc
1p1~E1!p2~E2!…

dE1
5

g2
2

8p3f p
4 S ML

c
1

ML
c1

1
D upW 1uupW 2uH h2

2S E1
2pW 2

2

~DR* 2DS
c*

02E1!21 1
4 G

S
c*

0
2

1
E2

2pW 1
2

~DR* 2DS
c*

112E2!21 1
4 G

S
c*

11
2 D 1

4

9
h8

2pW 1
2pW 2

2F pW 1
2S 1

~DR* 2DS
c
02E1!21 1

4 G
S

c
0

2

1
1

~DR* 2DS
c*

02E1!21 1
4 G

S
c*

0
2 D 1pW 2

2S 1

~DR* 2DS
c
112E2!21 1

4 G
S

c
11

2

1
1

~DR* 2DS
c*

112E2!21 1
4 G

S
c*

11
2 D G J . ~6.39!
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The rate for the neutral pions channel can again be obtained
by adding a symmetry factor 1/2 and making the substitu-
tions ~6.30! in this formula. The excitation energy of this
state is@31#

DR* 5ML
c1

1 ~3/2!2ML
c
15341.560.8 MeV. ~6.40!

We will assume the widths of the twoLc1
1 baryons to be

dominated by their two-pion decay modes and neglect the
contribution of the multipion and radiativeLc1

1→Lc
1g

modes. The latter approximation is supported by model com-
putations of the partial width for this mode@40# which gave
the small valuesG„Lc1

1 (2593)→Lc
1g…50.016 MeV and

G„Lc1

1 (2625)→Lc
1g…50.021 MeV.

The total widths of theLc1
1 states obtained by integrating

Eqs.~6.22! and~6.34! ~including also thep0p0 channel! can
be represented, for giveng2, as two ellipses in the (h2 ,h8)
plane. For example, the decay widths of the twoLc1

1 states
are given, for the central values ofg2 and hadron masses, by

G„Lc1
1 ~2593!…511.902h2

2113.817h8
220.042h2h8 ~MeV!,

~6.41!

G„Lc1
1 ~2625!…50.518h2

21~0.1483106!h8
2

25.229h2h8 ~MeV!. ~6.42!

The constraints on (h2 ,h8) are plotted in Fig. 3 for the
interval of values forg2 ~6.10!. At the scale of the plot the
two ellipses appear very elongated, the vertical lines corre-
sponding to the limits onG„Lc1

1 (2593)… in Eq. ~6.21! and the

horizontal line giving an upper bound onuh8u arising from
Eq. ~6.33!. From Fig. 3 we read off the following values:

uh2u50.57220.197
10.322, ~6.43!

uh8u<~3.5023.68!3 1023 MeV21. ~6.44!

The errors shown are mainly due to the uncertainties in the
masses~as the resonant decayLc1

1→Scp takes place very

close to threshold! and in the total widths ofLc1
1 (2593) and

Lc1
1 (2625). The error due to the unknown relative sign ofh2

andh8 arising from the last terms in Eqs.~6.41! and~6.42! is
negligible. The upper bound on the ratioh8 /h2<1022

MeV 21 is one order of magnitude above the naive dimen-
sional analysis estimateh8 /h2.1/Lx. 1023 MeV 21. The
analogous couplings in the strange hyperons’ system have
been used in@30# to obtain an estimate for the charm case.
Their resultsuh2u50.54, uh8u50.55/Lx are compatible with
the values~6.43! and~6.44! and suggest that the upper bound
~6.44! on h8 overestimates the real value of this coupling by
a factor of 10. For illustration we quote also the values of the
couplings obtained when the simplified formulas~6.27! and
~6.39! are used instead of Eqs.~6.22! and ~6.34!:
h250.55320.191

10.310, uh8u,3.6331023 MeV 21.
Our results show that the width of theLc1

1 (2625) state is
possibly dominated by theD-wave term proportional toh8

2

which can become resonant. TheS-wave contribution to the
width proportional toh2

2 accounts for 0.096–0.250 MeV of
the total.

In Fig. 4 we show the allowed region for the couplings in
the (g2 ,h2) plane, together with the constraints imposed by
the model-independent AW sum rule~4.15!

1>g2
21

1

2
h2

2 ~6.45!

and the constituent quark model version~6.20! of the AW
sum rule

1>
3

2
g2

21
3

2
h2

2 . ~6.46!

We neglected the contribution of theD-wave couplings on
the RHS of these sum rules.

The inequality ~6.45! is satisfied for all values of the
(g2 ,h2) parameters following from the constraint on the

FIG. 3. Constraints on the pion couplings of theLc1
1 p-wave

baryonsh2, h8 from data on their decay widths. The continuous
lines give central values and the dashed lines show 1s deviations.

FIG. 4. Allowed region for the couplings (g2 ,h2) from the de-
cay width ofLc1(2593) and the Adler-Weisberger sum rule~6.30!
~curveA). The dash-dotted lineB shows the constraint imposed by
the constituent quark model AW sum rule~6.31!.
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width of Lc1
1 (2593). On the other hand the constituent quark

sum rule~6.46! is more restrictive. It favors smaller values
for h2: uh2u50.37520.705.

We can use the extracted values forh2 andh8 ~6.43! and
~6.44! to compute the resonant branching ratios of the
Lc1

1 (2593) baryon. These quantities have been measured by
the CLEO and E687 Collaborations@6,7,41#. The CLEO re-
sults are

f S
c
115

B„Lc1

1 ~2593!→Sc
11p2

…

B„Lc1

1 ~2593!→Lc
1p1p2

…

50.3660.13,

~6.47!

f S
c
05

B„Lc1

1 ~2593!→Sc
0p2

…

B„Lc1

1 ~2593!→Lc
1p1p2

…

50.4260.13,

~6.48!

whereas the E687 Collaboration@7,41# only quotes the total
resonant branching ratio cummulated over the type ofSc

B„Lc1

1 ~2593!→Scp
6

…

B„Lc1

1 ~2593!→Lc
1p1p2

…

50.9060.25

~.51% at the 90% confidence level!. ~6.49!

The experimental procedure for determining the resonant
branching fractions~6.47! and ~6.48! is based on measuring
the ratio

f Sc
5

B„Lc1

1 ~2593!→Scp
6

…

B„Lc1

1 ~2593!→Lc
1p1p2

…

5
YScregion2Ysideband

Ytotal
.

~6.50!

HereYScregion is the number of events for which the invariant

mass of a pion and theLc
1 is within 64 MeV from the mass

of the correspondingSc state. Ysideband is the number of
events for whichE1 ~the energy of the positively charged
pion! is contained in the sidebands (150.7, 155.1) MeV for a
Sc

0 and (153.7, 158.1) MeV for aSc
11 ~for the E687 experi-

ment@7,41#!. These sidebands are introduced to eliminate the
background and have been chosen such that Eq.~6.50! van-
ishes for a completely nonresonant process.

We do not know the sideband parameters for the CLEO
experiment@6# so we will neglectYsidebandin Eq. ~6.50!. We
obtain, with the help of the theoretical expression~6.27!,

f S
c
1150.37220.074

10.055, f S
c
050.51220.061

10.054 ~6.51!

for the individual branching fractions. For the cumulated
branching fraction we use the E687 sideband parameters
quoted above to obtain

f Sc
50.86020.086

10.085. ~6.52!

These values~except f S
c
0 which is off by 1s) are in good

agreement with the experimental data~6.47!–~6.49!. The er-
rors in ~6.51! and ~6.52! depend almost exclusively ong2
and the hadron masses and are insensitive to the precise
value ofh2. This is due to the negligibly small contribution
made by the term proportional toh8

2 to the total rate of
Lc1

1 (2593).
The CLEO Collaboration recently reported evidence for

another p-wave charmed baryon which decays into
Jc

1p2p1 via an intermediateJc*
0 @42#. The measured ex-

citation energy of this state, which is identified with the
strangec@s,u# JP5 3

2
2 counterpart of theLc1

1 , is

MJ
c1
1 2MJ

c
15349.460.761.0 MeV. ~6.53!

There exists at present only an upper bound on the decay
width of this stateG(Jc1*

1),2.4 MeV ~90% confidence
level! @42#. The dominant decay modes for this state are
expected to be, as in the case of theLc1

1 , into Jc plus two
pions. In addition, the single pion modeJc1

1→Jcp with the
pion emitted in aD wave is also allowed at order 1/mQ in
the heavy mass expansion. However, this mode can be ex-
pected to be very much suppressed and will be neglected in
the following.

Assuming SU~3! symmetry we can make some predic-
tions for the decay properties of this state. The decay rates
are given by

dG„Jc1
~* !1→Jc

1p1~E1!p2~E2!…

dE1dE2
5

g2
2h2

2

64p3f p
4 MJ

c
1

E1
2pW 2

2

~DR~* !12DS~* !02E1!21 1
4 G

S~* !0
2 , ~6.54!

dG„Jc1
~* !1→Jc

0p1~E1!p0~E2!…

dE1dE2

5
g2

2h2
2

128p3f p
4 MJ

c
0H E1

2pW 2
2

~DR~* !12DS~* !02E1!21 1
4 G

S~* !0
2 1

E2
2pW 1

2

~DR~* !12DS~* !12E2!21 1
4 G

S~* !1

2

12E1E2~E1E22p1•p2!
~DR~* !12DS~* !02E1!~DR~* !12DS~* !12E2!1 1

4 GS~* !0GS~* !1

@~DR~* !12DS~* !02E1!21 1
4 G

S~* !0
0

#@~DR~* !12DS~* !12E2!21 1
4 G

S~* !1

2
#
J ,

~6.55!
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dG„Jc1
~* !1→Jc

1p0~E1!p0~E2!…

dE1dE2

5
g2

2h2
2

256p3f p
4 MJ

c
1H E1

2pW 2
2

~DR~* !12DS~* !12E1!21 1
4 G

S~* !1

2 1~1↔2!12E1E2~E1E22p1•p2!

3
~DR~* !12DS~* !12E1!~DR~* !12DS~* !12E2!1 1

4 G
S~* !1

2

@~DR~* !12DS~* !12E1!21 1
4 G

S~* !1

2
#@~DR~* !12DS~* !12E2!21 1

4 G
S~* !1

2
#
J . ~6.56!

We neglected in these expressions the contributions of the
D-wave coupling. This is justified in this case as theS-wave
contribution can become resonant for both possible initial

statesJc1
(* )1 and is thus dominant.

Numerical integration of the rate formulas~6.54!–~6.56!
gives @after adding a factor of 1/2 to the decay rate of

G(Jc1
(* )1→Jc

1p0p0) due to the identity of the pions#

G~Jc1*
1→Jc

1p1p2!5~7.94820.454
10.448!h2

2 MeV, ~6.57!

G~Jc1*
1→Jc

0p1p0!5~7.30120.413
10.408!h2

2 MeV, ~6.58!

G~Jc1*
1→Jc

1p0p0!5~2.55020.137
10.132!h2

2 MeV, ~6.59!

so that we obtain for the total decay rateG(Jc1*
1)

5(16.79218.77)h2
2 MeV5~2.37215.00! MeV. This re-

sult is marginally compatible with the upper limit quoted by
CLEO @42# G(Jc1*

1),2.4 MeV. The finite width of theJc*
in the intermediate state suppresses the decay rate by about
10% compared to its value in the narrow-width approxima-
tion.

As mentioned previously, our results~6.43! and ~6.44!
can be used in conjunction with the quark model relations
~5.2! and ~5.20! to predict the couplings of all symmetric
p-wave baryons. Unfortunately, except for model calcula-
tions @9,11#, the masses of these states are not yet known.
Eventually they will be measured experimentally. For the

time being we will limit ourselves to illustrating this appli-
cation by using the results of the model calculation@9# for
the baryon masses.

The next excitations aboveLc1
1 are expected to be the

Sc0( 1
2) baryons, which have the light degrees of freedom in a

s
l

p l 502 state. Their excitation energy is estimated to be@9#

DU5MS
c0
112ML

c
1.500 MeV. ~6.60!

This state can decay directly toLc
1p1 in an S-wave with a

width

G~Sc0
11!5

h3
2

2p f p
2

ML
c
1

MS
c0
11

Ep
2 upW pu. ~6.61!

Using the quark model relationuh3u5A3uh2u ~5.2! together
with the value~6.43! for h2 we obtain7

G~Sc0
11!.h2

2~2.066! GeV50.67620.385
10.975 GeV. ~6.62!

This state is so broad that it might be very difficult to ob-
serve it.

The next symmetric baryons areSc1, represented by the
superfieldV in Eq. ~3.1!. Their dominant decay mode is ex-
pected to be, as in the case ofLc1

1 , into two pions. The

decay rate of theSc1
11( 1

2 ) is

dG„Sc1
11~ 1

2 !→Lc
1p1~E1!p0~E2!…

dE1dE2
5

g2
2

32p3f p
4

ML
c
1$pW 2

2uAu21pW 1
2uBu212@E1E22p1•p2#Re~AB* !% ~6.63!

with

A~E1 ,E2!5
h4E1

DV2DS
c
12E11 iGS

c
1/2

2

2
3 h9pW 1

2

DV2DS
c*

12E11 iGS
c*

1/2
2

2h9@E1E22p1•p2#

DV2DS
c*

112E21 iGS
c*

11/2
, ~6.64!

B~E1 ,E2 ;DS
c
~* !1,DS

c
~* !11!52A~E2 ,E1 ;DS

c
~* !11,DS

c
~* !1!. ~6.65!

7This estimate forh3 is compatible, within its error bounds, with the unitarity bound~4.62! uh3u<0.858.
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The decay rates for the isospin partners ofSc1
11 are related asG(Sc1

(* )11,0→Lc
1p0p6)5G(Sc1

(* )1→Lc
1p1p2). The decay

Sc1
(* )1→Lc

1p0p0 is forbidden in the limit of exact isospin symmetry, due to the fact that the two neutral pions cannot have
isospin 1.

The decay rate of theSc1
11( 3

2) state is given by a formula analogous to Eq.~6.34!:

dG„Sc1
11→Lc

1p1~E1!p0~E2!…

dE1dE2
5

g2
2

32p3f p
4

ML
c
1$pW 1

2uCu21pW 2
2uEu212@E1E22p1•p2#Re~CE* !

1@pW 1
2pW 2

22~E1E22p1•p2!2#@pW 1
2uDu21pW 2

2uFu22Re~CF* !1Re~DE* !

12~E1E22p1•p2!Re~DF* !#% ~6.66!

with

C~E1 ,E2!52S h4E22
2

3
h9pW 2

2D 1

DV* 2DS
c*

112E21 iGS
c*

11/2
1

2

3
h9~E1E22p1•p2!S 1

DV* 2DS
c
12E11 iGS

c
1/2

1
2

DV* 2DS
c*

12E11 iGS
c*

1/2D , ~6.67!

D~E1 ,E2!5
2

3
h9S 2

1

DV* 2DS
c
12E11 iGS

c
1/2

1
1

DV* 2DS
c*

12E11 iGS
c*

1/2D , ~6.68!

E~E1 ,E2 ;DS
c
~* !1,DS

c
~* !11!52C~E2 ,E1 ;DS

c
~* !11,DS

c
~* !1!, ~6.69!

F~E1 ,E2 ;DS
c
~* !1,DS

c
~* !11!5D~E2 ,E1 ;DS

c
~* !11,DS

c
~* !1!. ~6.70!

In addition tos-wave sextet baryons, theSc0 can appear also in the intermediate state. The contribution of these diagrams
can be expected to be suppressed due to the large width of these states. Neglecting them we obtain~for the central values of
g2 andSc masses!

GS Sc1S 1

2D D581.3h4
21~1.43106!h9

2233.4h4h9 ~MeV!5106.4260.7
1153.5 MeV, ~6.71!

GS Sc1S 3

2D D572.3h4
21~2.53106!h9

21617.7h4h9 ~MeV!594.7254.0
1136.6 MeV ~6.72!

for DV(* )5465.1 MeV~corresponding toMSc1
52750 MeV! and

GS Sc1S 1

2D D565.5h4
21~5.13106!h9

2287.1h4h9 ~MeV!585.8248.9
1123.7 MeV, ~6.73!

GS Sc1S 3

2D D5132.5h4
21~4.73106!h9

211765.2h4h9 ~MeV!5173.4298.8
1250.1 MeV ~6.74!

for DV(* )5515.1 MeV~corresponding toMSc1
52800 MeV!, respectively@9#. In the last equality the quark model relations

uh4u52uh2u and uh9u5uh8u have been used together with Eqs.~6.43! and ~6.44!. The terms proportional toh9 have been
neglected, as they are of the order of a few MeV. These states appear to be considerably broader thanLc1

1 due to the larger
available phase space.

On the other hand, theSc2 baryons have onlyD-wave couplings. Their dominant decay mode is expected to be two-body
decay toLc

1p1

GS Sc2
11 S 3

2
,
5

2D→Lc
1p1D5

4h10
2

15p f p
2

ML
c
1

MS
c2
11

upW pu5.12 MeV, ~6.75!

where we usedMSc2
52800 MeV @9# and the naive dimensional analysis estimateuh10u50.431023 MeV 21. In addition to

this mode, theSc2 baryons can also decay toSc
(* )p. The corresponding partial widths are
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GS Sc2
11S 3

2D→Sc
1p1D1GS Sc2

11S 3

2D→Sc*
1p1D5

h11
2

10p f p
2

MS
c
1

MS
c2
11

upW pu51
h11

2

10p f p
2

MS
c*

1

MS
c2
11

upW pu5, ~6.76!

GS Sc2
11S 5

2D→Sc
1p1D1GS Sc2

11S 5

2D→Sc*
1p1D5

2h11
2

45p f p
2

MS
c
1

MS
c2
11

upW pu51
7h11

2

45p f p
2

MS
c*

1

MS
c2
11

upW pu5, ~6.77!

and identical formulas for theSc
(* )11p0 final states. Adding

together the contributions of all possible final states we ob-
tain

GS Sc2
11S 3

2D→Sc
~* !p D5~9.8631026!h11

2 .3.16 MeV,

~6.78!

GS Sc2
11S 5

2D→Sc
~* !p D5~6.8831026!h11

2 .2.20 MeV,

~6.79!

where we used the quark model relationh11
2 52h10

2 and the
above-mentioned dimensional analysis estimate forh10. It

must be mentioned that even a small mixing ofSc2( 3
2) with

the broaderSc1( 3
2 ) could enhance its decay width.

The strong couplings of the antisymmetricp-wave bary-
onsSc18 ,Lc08 ,Lc18 ,Lc28 cannot be related in the quark model
to h2 ,h8, as the corresponding reduced matrix elements are
different. Therefore we are not able, at this stage, to make
quantitative predictions about their decay properties. We
mention here only one possible effect of these states on our
predictions for symmetricp-wave baryons, connected with
the possible mixing among states with identical quantum
numbers. This could be an important effect with the close

pairs of states„Sc1( 1
2 ),Sc18 ( 1

2)… and„Sc1( 3
2),Sc18 ( 3

2 )…, which
can mix even in the heavy mass limit. On the other hand,
mixing between states belonging to heavy quark doublets
with different values for the quantum numbers of the light
degrees of freedoms

l

p l is a 1/mQ effect. Still, experimental
evidence of mixing in the system of charmedp-wave mesons
@31# shows that such 1/mQ effects can be significant in the
case of the charm heavy quark.

Another possible decay mode for the antisymmetric
p-wave baryons is to the channels@ND# and @ND* #. The
threshold for the first one is at 2810 MeV and for the second
one at 2950 MeV. Quark model calculations@9,11# suggest
that thep-wave baryons must be lighter than 3 GeV with
some of the states lying above these thresholds such that
these modes may well turn out to be significant. Unfortu-
nately, at the present time it is not possible to treat these
processes in a chiral perturbation theory framework, as done
in the pion decay case. There are, nevertheless, a few model-
independent predictions which can be made about these de-
cays, following@43#.

The dominant decays can be expected to be~if kinemati-
cally allowed!

Lc08 S 1

2D→@ND#S ,@ND* #S , ~6.80!

Sc18 S 1

2D ,Lc18 S 1

2D→@ND#S ,@ND* #S , ~6.81!

Sc18 S 3

2D ,Lc18 S 3

2D→@ND* #S , ~6.82!

which can proceed by S waves. The decay

Lc28 ( 3
2 )→@ND* #S , although allowed by angular momentum

and parity conservation, is forbidden in the heavy mass limit.
Heavy quark symmetry predicts the following typical de-

cay rate ratios:

GS Lc08 S 1

2D→@ND#SD :GS Lc08 S 1

2D→@ND* #SD51:3,

~6.83!

GS Lc18 S 1

2D→@ND#SD :GS Lc18 S 1

2D→@ND* #SD :GS Lc18 S 3

2D
→@ND#SD :GS Lc18 S 3

2D→@ND* #SD5
3

4
:
1

4
:0:1,

~6.84!

GS Lc18 S 1

2D→@ND#DD :GS Lc18 S 1

2D→@ND* #DD :GS Lc18 S 3

2D
→@ND#DD :GS Lc18 S 3

2D→@ND* #DD50:1:
3

8
:
5

8
,

~6.85!

GS Lc28 S 3

2D→@ND#DD :GS Lc28 S 3

2D→@ND* #DD :GS Lc28 S 5

2D
→@ND#DD :GS Lc28 S 5

2D→@ND* #DD5
5

8
:
11

8
:

5

12
:
19

12
.

~6.86!

Kinematical effects such as mass splittings within the heavy
quark symmetry doublets and mixings among different states
will certainly modify these results. After accounting for these
corrections, the width ratios~6.83!–~6.86! can be expected to
be useful in identifying the heavy quark symmetry assign-
ments of these states.
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VII. CONCLUSIONS

In this paper we have made a systematic study of the
strong interactions of thes- andp-wave baryons containing a
heavy quark. The dynamics of these baryons are very rich.
The richness is reflected by the large number of multiplets~2
for s wave and 8 forp wave!, and the large number of
coupling constants necessary to describe all the interactions.
We have found that the constituent quark model in conjunc-
tion with the Adler-Weisberger sum rules provides a power-
ful tool to handle the system. The quark model reduces the
number of coupling constants from 45 to 7 which are further
constrained by an AW sum rule. One of the seven parameters
is the axial vector couplinggA for the single quark transition
u→d. If we assume thatgA is independent of the light quark
environment, then its value is known to begA50.75 from
the nucleonb decay. The recent data on charmed baryons
from Fermilab and CLEO are consistent with this value of
gA and give strong constraints on two of the other four un-
knowns as discussed in Sec. VI.

Through the common value ofgA the single coupling con-
stant which is needed to describe thes-wave heavy mesons
is related to many of the coupling constants in the heavy
baryons. The choice ofgA50.75 gives a satisfactory rendi-
tion of the branching ratios ofD* @44# and the decay widths
of the charmed baryons as we have seen in the last Section.
However, this value ofgA implies a value for theDD* p
coupling constantg to be order of 0.7@33# which is much
larger than the values around 0.3 obtained by other ap-

proaches such as QCD sum rules~see the references cited in
@33#!. It is therefore of great importance to measure the width
of D* to give a direct measurement ofg. It will also confirm
or reject the hypothesis of environmental independence of
gA .

By heavy quark symmetry the bottom baryons are de-
scribed by the same interactions and the same coupling con-
stants as those studied in this paper. In fact, heavy quark
symmetry should work even better for the heavier bottom
baryons. With more forthcoming data on charmed baryons
from Fermilab~FOCUS! and CLEO and a wealth of data on
bottom baryons expected from the CERNe1e2 collider LEP
and theB factories under construction in a few years, we
hope that many of our predictions will be tested experimen-
tally in the near future.
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APPENDIX: QUARK MODEL WAVE FUNCTIONS FOR HEAVY BARYONS

s-wave:

uLc
1↑&5uc↑&

1

A2
~ u↑↓&2u↓↑&)

1

A2
~ uud&2udu&), ~A1!

uSc
1↑&5SA2

3
uc↓&u↑↑&2

1

A6
uc↑&~ u↑↓&1u↓↑&) D 1

A2
~ uud&1udu&). ~A2!

For thep-wave baryons our phase convention corresponds to combining the total spinS5s11s2 with the orbital momen-
tum L in the orderS^ L.

p wave (symmetric):

ULc1
1 S 1

2D ,1
1

2L 5SA2

3
uL~11!c↓&2

1

A3
uL~0!c↑& D 1

A2
~ u↑↓&2u↓↑&)

1

A2
~ uud&2udu&), ~A3!

ULc1
1 S 3

2D ,1
1

2L 5S 1

A3
uc↓L~11!&1A2

3
uc↑L~0!& D 1

A2
~ u↑↓&2u↓↑&)

1

A2
~ uud&2udu&), ~A4!

USc0
11S 1

2D ,1
1

2L 5
1

A3
uc↑&S uL~11!u↓u↓&2

1

A2
uL~0!u↑u↓&2

1

A2
uL~0!u↓u↑&1uL~21!u↑u↑& D , ~A5!

USc1
11S 1

2D ,1
1

2L 52
1

A6
uc↓L~11!&~ uu↑u↓&1uu↓u↑&)1

1

A3
uc↓L~0!u↑u↑&1

1

A6
uc↑L~11!u↓u↓&2

1

A6
uc↑L~21!u↑u↑&,

~A6!

5508 56DAN PIRJOL AND TUNG-MOW YAN



USc1
11S 3

2D ,1
1

2L 5
1

A6
uc↓&S uL~0!u↑u↑&2

1

A2
uL~11!&~ uu↑u↓&1uu↓u↑&) D 1

1

A3
uc↑&@ uL~21!u↑u↑&2uL~11!u↓u↓&],

~A7!

USc2
11S 3

2D ,1
1

2L 5uc↓&SA 3

10
uL~0!u↑u↑&1A 3

20
uL~11!&~ uu↑u↓&1uu↓u↑&) D 2

1

A15
uc↑&@ uL~21!u↑u↑&

1A2uL~0!&~ uu↑u↓&1uu↓u↑&)1uL~11!u↓u↓&], ~A8!

p wave (antisymmetric):

USc18
11S 1

2D ,1
1

2L 5SA2

3
uL~11!c↓&2

1

A3
uL~0!c↑& D 1

A2
~ uu↑u↓&2uu↓u↑&), ~A9!

USc18
11S 3

2D ,1
1

2L 5SA1

3
uL~11!c↓&1A2

3
uL~0!c↑& D 1

A2
~ uu↑u↓&2uu↓u↑&), ~A10!

UJc08
1S 1

2D ,1
1

2L 5
1

A6
uc↑&S uL~21!&~ uu↑s↑&2us↑u↑&)2

1

A2
uL~0!&~ uu↑s↓&2us↑u↓&1uu↓s↑&2us↓u↑&)

1uL~11!&~ uu↓s↓&2us↓u↓&) D , ~A11!

ULc18
1S 1

2D ,1
1

2L 5
1

A3
uc↓&S uL~0!↑↑&2

1

A2
uL~11!&~ u↑↓&1u↓↑&) D 1

A2
~ uud&2udu&)2

1

A6
uc↑&@ uL~21!↑↑&2uL~11!↓↓&]

3
1

A2
~ uud&2udu&), ~A12!

ULc18
1S 3

2D ,1
1

2L 5
1

A6
uc↓&S uL~0!↑↑&2

1

A2
uL~11!&~ u↑↓&1u↓↑&) D 1

A2
~ uud&2udu&)

1
1

A3
uc↑&@ uL~21!↑↑&2uL~11!↓↓&]

1

A2
~ uud&2udu&), ~A13!

UJc28
1S 3

2D ,1
1

2L 5A 3

10
uc↓&S uL~0!↑↑&1

1

A2
uL~11!&~ u↑↓&1u↓↑&) D 1

A2
~ uus&2usu&)2

1

A15
uc↑&

3@ uL~21!↑↑&1A2uL~0!&~ u↑↓&1u↓↑&)1uL~11!&u↓↓&]
1

A2
~ uus&2usu&). ~A14!
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