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Analysis of two-body decays of charmed baryons using the quark-diagram scheme
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We give a general formulation of the quark-diagram scheme for the nonleptonic weak decays of baryon
We apply it to all the decays of the antitriplet and sextet charmed baryons and express their decay amplitud
in terms of the quark-diagram amplitudes. We have also given parametrizations for the effects of final-sta
interactions. For SU~3! violation effects, we only parametrize those in the horizontalW-loop quark diagrams
whose contributions are solely due to SU~3!-violation effects. In the absence of all these effects, there are many
relations among various decay modes. Some of the relations are valid even in the presence of final-st
interactions when each decay amplitude in the relation contains only a single phase shift. All these relatio
provide useful frameworks to compare with future experiments and to find the effects of final-state interaction
and SU~3! symmetry violations.@S0556-2821~96!02013-9#

PACS number~s!: 14.20.Lq, 13.30.Eg
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I. INTRODUCTION

The study of charmed baryon physics is of current inter
@1#. Many nonleptonic weak decay modes of the charm
baryonsLc

1 , Jc
0A , andJc

1A have been measured@2# and
more data are expected in the near future. Apart from mo
calculations@3–5#, it is useful to study the nonleptonic wea
decays in a way which is as model independent as poss
The two-body nonleptonic decays of charmed baryons h
been analyzed in terms of SU~3!-irreducible-representation
@SU~3!IR# amplitudes @6,7#. However, the quark-diagram
scheme~i.e., analyzing the decays in terms of quark-diagra
amplitudes! has the advantage that it is more intuitive a
easier for implementing model calculations. It has been s
cessfully applied to the hadronic weak decays of charm
and bottom mesons@8,9#. It has provided a framework with
which we cannot only do the least model-dependent d
analysis and give predictions but also make evaluations
theoretical model calculations. In this paper we give a g
eral and unified formulation@always using the orthonorma
quark states and independent of SU~6! symmetry# of the
quark-diagram scheme for the nonleptonic weak decays
baryons, which can be useful for all baryon~charm and bot-
tom! nonleptonic decays. Here we apply it to all the tw
body hadronic decays~quark mixing allowed, suppressed
and doubly suppressed! of the antitriplet and sextet charme
baryons and express them in terms of the quark-diagram
plitudes. We find consistent comparisons with the SU~3!IR
results of Ref.@6#. In addition, the symmetry properties o
the initial and final baryon wave functions in conjunctio
with the Pati-Woo theorem@11# for weak decays enable us t
obtain more specific results than those from the SU~3!IR
scheme.

We have also given parametrizations for effects of fin
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state interactions. For SU~3! violations we indicate only
those arising in the horizontalW-loop quark diagrams whose
contributions are solely due to SU~3!-violation effects.~See
the more detailed discussion about this at the end of Sec
III A. ! In the absence of these effects, there are many rela
tions among various decay modes. Some of the relations a
valid even in the presence of final-state interactions when
each decay amplitude in the relation contains only a single
phase shift. It will be interesting to compare these relations
with future experimental data. They provide a useful frame-
work to find the effects of final-state interactions and SU~3!
violations.

Earlier, Kohara gave a quark-diagram formulation for the
quark-mixing-allowed decays of the antitriplet charmed
baryons@10#, with which our results agree. However, for the
decay products containing an octet baryon he used a basis
quark states which is not orthonormal~which is all right
though more complicated! and its choice seems to be based
upon exact SU~6! symmetry ~which is not all right since
SU~6! is not an exact symmetry!. The fact that our formula-
tion demonstrates that the quark-diagram results are indepe
dent of whether one uses exact SU~6! or not helps to clarify
this point for his formulation and explains why our results
can possibly agree.@For detailed comments see Sec. II after
Eq. ~28! and for exact relations between amplitudes see Eq
~63! in Sec. IV B.#

In the framework of the quark-diagram scheme, all non-
leptonic meson decays can be expressed in terms of s
quark-diagram amplitudes@8#: A, the externalW-emission
diagram; B, the internal W-emission diagram;C, the
W-exchange diagram;D, theW-annihilation diagram;E, the
horizontalW-loop diagram; andF, the verticalW-loop dia-
gram. These quark diagrams are specific and well-define
physical quantities. They are classified according to the to
pology of first-order weak interactions, with all QCD strong-
interaction effects included. It is important to emphasize tha
strong interactions do not alter the classification of these dia
grams. These quark diagrams have a one-to-one correspo

ni-
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54 2133ANALYSIS OF TWO-BODY DECAYS OF CHARMED BARYONS . . .
dence to those amplitudes classified according to SU~3! irre-
ducible representations.

For the baryon decays, we can easily show by diagr
drawing that theD andF types of amplitudes do not con
tribute. However, there are more possibilities in drawing t
C andE types of amplitudes. More importantly, baryons, b
ing made out of three quarks in contrast to two quarks for
mesons, bring along many essential complications. Tho
many textbooks@12# have discussed the baryon wave fun
tions, we need to carefully develop the proper formulati
suitable for the construction of the quark-diagram scheme
baryon decays. This is what we discuss in Sec. II, where
relations between the quark states and the baryon state
derived. We then apply these general results to the spe
decays of the charmed baryons. In Secs. III and IV we g
the quark-diagram formulation for the two-body decays
antitriplet charmed baryons into a pseudoscalar meson a
baryon~decuplet and octet!; first for the case without effects
of final-state interactions and SU~3! violations, and then for
the case with these effects. We discuss their experime
implications and comment on previous related theoreti
work. Section V is devoted to studying the nonleptonic we
decays of sextet charmed baryons. In Sec. VI we give a
concluding remarks.

II. QUARK STATES AND PARTICLE STATES

To develop a quark-diagram scheme we need to fully
derstand the relation between the quark states and the
ticle states. Baryons are made out of three1

2 -spin quarks. The
baryon states form irreducible representations of SU~3! fla-
vor and SU~2! spin from the tensor-product states of flav
and spin of three quarks which are written as the followi
orthonormalized states:
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uq1 ,S1z ;q2 ,S2z ;q3 ,S3z&5uq1q2q3&uS1zS2zS3z&. ~1!

There are 33333 5 27 flavor statesuq1q2q3& and
23232 5 8 spin statesuS1zS2zS3z&.

Let us first discuss the flavor irreducible representatio
states of the three quarks. The 27 triquark states can be d
composed into@8#A ,@8#S ,@1#A , and@10#St irreducible rep-
resentations, denoted by the orthonormalized states

uc~8!A&, uc~8!S&, uc~1!A&, anduc~10!St&. ~2!

The transformation between the two bases, Eqs.~1! and~2!,
can be written in a 27327 matrix which is block diagonal-
ized into the following submatrix transformations:

S uck~8!S&

uck~8!A&

uck~10!St&
D 5S 1/A6 1/A6 22/A6

1/A2 21/A2 0

1/A3 1/A3 1/A3
D

3S uqaqbqa&
uqbqaqa&
uqaqaqb&

D , ~3!

where k can be the proton, neutron,S1,S2,J0, andJ2

types, all of which have two identical quarks. There are six
of such 333 matrix equations totalling the transformations
of 18 states out of the 27. Note that the subscriptsA andS
signify the antisymmetry and symmetry, respectively, be
tween the first two quarks; the subscriptSt denotes the total
symmetry among the three quarks. Then there are the follow
ing transformations of the six states with all three quark
being different:
S ucS~8!S&

ucS~8!A&

ucL~8!S&

ucL~8!A&

ucL1~1!A&

ucS~10!St&

D 5S 1/A12 1/A12 1/A12 1/A12 22/A12 22/A12
21/2 1/2 21/2 1/2 0 0

1/2 1/2 21/2 21/2 0 0

1/A12 21/A12 21/A12 1/A12 22/A12 2/A12
1/A6 21/A6 1/A6 21/A6 1/A6 21/A6
1/A6 1/A6 1/A6 1/A6 1/A6 1/A6

D S usdu&
udsu&
usud&
uusd&
udus&
uuds&

D . ~4!
Finally, there are the three states with all three identic
quarks:

uD11&5uuuu&, ~5!

uD2&5uddd&, ~6!

uV2&5usss&. ~7!

They give three diagonal transformations. These 27 eq
tions, Eqs.~3! to ~7!, are actually equivalent to the following
27 equations:

uck~8!A&5 (
qi5u,s,d

uq1q2q3&^q1q2q3uck~8!A&, ~8!
al

ua-

uck~8!S&5 (
qi5u,s,d

uq1q2q3&^q1q2q3uck~8!S&, ~9!

uck~1!A&5 (
qi5u,s,d

uq1q2q3&^q1q2q3uck~1!A&, ~10!

uck~10!St&5 (
qi5u,s,d

uq1q2q3&^q1q2q3uck~10!St&, ~11!

where the superscriptk stands for the particles in the mul-
tiplets. These equations are obtained simply by multiplying
the left-hand side~LHS! of these equations by the identity
operator
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Î5 (
qi5u,d,s

uq1q2q3&^q1q2q3u, ~12!

which is the completeness of the orthonormaluq1q2q3& basis
in the triquark vector space. The^q1q2q3uck(•••)& numbers
in Eqs.~8! to ~11! are precisely those matrix elements in Eq
~3! to ~7!.

Since the transformations Eqs.~3! to ~7! are between two
sets of orthonormal bases, the transformation matrix form
by these elementŝq1q2q3uck(•••)& is orthogonal. We can
easily take the inverse of the transformation~i.e., take the
transpose of the matrix! and express the quark states in term
of the irreducible representation states, i.e., the parti
states. If the basis vectors are not orthonormal, not only w
such inverse be harder to find, but also the completen
equation will be more complicated than that given by E
~12!. Therefore, whenever possible, it is better to use t
orthonormal basis.

Alternatively, we can also use the basis composed of
quark states that are symmetric and antisymmetric in the fi
two quarks: i.e.,
s.

ed

s
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u$qaqb%qc&[
1

A2~12dab!12dab
~ uqaqbqc&1uqbqaqc&),

~13!

u@qaqb#qc&[
1

A2
~ uqaqbqc&2uqbqaqc&), ~14!

or, inversely,

uqaqbqc&5
A2~12dab!12dab

2
~ u$qaqb%qc&1u@qaqb#qc&).

~15!

In this basis, Eqs.~3! and ~4! become

S uck~8!S&

uck~8!A&

uck~10!St&
D 5S 1/A3 0 22/A6

0 1 0

A2/A3 0 1/A3
D S u$qaqb%qa&

u@qaqb#qa&
uqaqaqb&

D
~16!

and
S ucS~8!S&

ucS~8!A&

ucL~8!S&

ucL~8!A&

ucL1~1!A&

ucS~10!St&

D 5S 1/A6 0 1/A6 0 22/A6 0

0 21/A2 0 21/A2 0 0

1/A2 0 21/A2 0 0 0

0 1/A6 0 21/A6 0 22/A6
0 1/A3 0 1/A3 0 1/A3

1/A3 0 1/A3 0 1/A3 0

D S u$sd%u&

u@sd#u&

u$su%d&

u@su#d&

u$du%s&

u@du#s&

D . ~17!
rk

r-
k-

in
Likewise, in this basis the identity matrix becomes

Î5 (
qa ,qb ,qc

~ u$qaqb%qc&^$qaqb%qcu1u@qaqb#qc&^@qaqb#qcu!.

~18!

Then Eqs.~8!–~11! can be recast into the form

uck~8!A&5 (
qa ,qb ,qc

u@qaqb#qc&^@qaqb#qcuck~8!A&, ~19!

uck~8!S&5 (
qa ,qb ,qc

u$qaqb%qc&^$qaqb%qcuck~8!S&, ~20!

uck~1!A&5 (
qa ,qb ,qc

u@qaqb#qc&^@qaqb#qcuck~1!A&, ~21!

uck~10!St&5 (
qa ,qb ,qc

u$qaqb%qc&^$qaqb%qcuck~10!St&, ~22!

where we have used ^@qaqb#qcuck(8)S&50 and
^$qaqb%qcuck(8)A&50. The coefficients on the right-han
side~RHS! of Eqs.~19!–~22! are the matrix elements in Eqs
~16! and ~17!.

Here we would like to emphasize that it is conceptua
and practically simpler to consistently use the orthonorm
quark states as the basis so that the identity operator ha
d
.

lly
al

s the

simple expression of Eq.~12! or Eq. ~18!. They provide the
proper transformation from the particle states to the qua
states and vice versa as given by Eqs.~3! and~4!, or equiva-
lently by Eqs. ~8! to ~11!; or by Eqs. ~16! and ~17!, or
equivalently Eqs.~19! to ~22!. These are the crucial relations
we shall use in converting decay amplitudes in terms of pa
ticles to decay amplitudes in terms of quarks, i.e., the quar
diagram amplitudes.

Next we can form irreducible representations for the sp
part of the particle from the tri-12 -spin states,

S ux61/2~ 1
2 !S&

ux61/2~ 1
2 !A&

ux61/2~ 3
2 !St&

D 5S 1/A6 1/A6 22/A6
1/A2 21/A2 0

1/A3 1/A3 1/A3
D

3S u6 1
2 7 1

2 6 1
2 &

u7 1
2 6 1

2 6 1
2 &

u6 1
2 6 1

2 7 1
2 &
D , ~23!

giving six equations, and

ux63/2~ 3
2 !St&5u6 1

2 6 1
2 6 1

2 &, ~24!
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giving two diagonal ones, totaling eight equations. The
verse of these equations is also easy to write out.

The baryon states must be totally antisymmetric in int
changing the composing quarks. Since the color part~which
we do not discuss here; see e.g., Ref.@12#! is antisymmetric,
the product of the flavor and the spin parts must be symm
ric as the spatial wave function is symmetric for low-lyin
baryons. The decuplet baryons are made out of

uBm,k~10!&5uxm~ 3
2 !St&uc

k~10!St&,

m56
1

2
,6

3

2
, and k51 to 10. ~25!

The octet baryon is a combination of two parts:

uBm,k~8!&5auBA
m,k~8!&1buBS

m,k~8!&

5auxm~ 1
2 !A&uck~8!A&1buxm~ 1

2 !S&uck~8!S&, ~26!

where

uau21ubu251. ~27!

The precise values ofa andb are not known. Importantly,
our formalism does not need such information. We clea
show that the quark-diagram scheme is independent of
values ofa andb.

If one assumes the SU~6! symmetry, thena5b51/A2
and the octet baryon wave function can be rewritten as

uBm,k~8!&5
A2
3

@ uxA12
m ~ 1

2 !&ucA12~8!
k &1uxA13

m ~ 1
2 !&ucA13~8!

k &

1uxA23
m ~ 1

2 !&ucA23~8!
k &], ~28!

where the subscriptsi j to A andS indicate the pair that is
antisymmetric or symmetric. However, SU~6! is not an exact
symmetry. It is important to show that the quark-diagra
scheme does not depend on it. Our formulation indeed c
firms this requirement.

Earlier, Kohara gave a quark-diagram formulation for t
quark-mixing-allowed decays of the antitriplet charm
baryons@10#. ForBc(3̄)→B(8)1M (8) decays~of which he
in-

er-

et-
g

rly
the

m
on-

he
ed

considered only the quark-mixing-allowed decays!, it seems
that Kohara@10# was motivated by Eq.~28!, which is true
only if SU~6! symmetry is exact, and chose the octet bary
state to be an equal combination of two different pairs
quarks both antisymmetric in flavor and spin, i.e., two of th
terms in Eq.~28!. One can easily check that the two term
are not orthonormal and they are not the conventional way
making the octet baryon wave function. Choosing a nono
thonormal basis for the quark states, if done correctly, is
right though complicated.~Kohara’s paper did not provide
enough detailed information for us to check directly his ca
culations without redoing all his formulation in the non
orthonormal basis he used. However, we can compare
results with his for the part he had calculated. Indeed, o
results agree@see detailed comparisons given later by E
~63!#.! However, we would still like to emphasize that th
use of an orthonormal basis is much more convenient a
very importantly, that we have made sure that the qua
diagram scheme does not depend upon SU~6! symmetry at
all. For theBc(3̄)→B(10)1M (8) decays~of which Kohara
also only considered the mixing-matrix-allowed decays!, Ko-
hara used the same basis as we use and our results agre

In addition to theuBm,k(8)& states as given by Eq.~26!,
there are the states orthogonal to them, which are denoted

uB'
m,k~8!&5b* uxm~ 1

2 !A&uck~8!A&2a* uxm~ 1
2 !S&uck~8!S&

~29!

and ^B'
m,k(8)uBm,k(8)&50. Nature does not realize thes

states, but they are there in the formalism and hence mus
considered when completeness of these states is used.

Likewise, we can formulate the meson case, which
much simpler than the baryon case. We discuss it here
completeness and for comparison. Mesons are made ou
1
2 -spin quark-antiquarkq8q̄ pairs belonging to the flavor
@3#3@ 3̄# representation. They form flavor irreducible repre
sentations of 333̄ 5 9 5 8 1 1, i.e., the nine quark-
antiquark states can be decomposed into flavor@8# and @1#
irreducible states denoted byuf j (8)& and uf(1)&, respec-
tively, where the superscript ‘‘j ’’ denotes the eight particles
in the @8# irreducible representations.

The transformation between the two bases, the quark
sis and the irreducible-representation particle basis~both are
orthonormal!, can be written in a 939 orthogonal matrix
1
ufp1

&

ufK1
&

ufp2
&

ufK0&

ufK2
&

uf K̄0&

ufp0
&

ufh8&

ufh1&

2 51
1 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0

0 0 0 0 1 0 0 0 0

0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 1/A2 21/A2 0

0 0 0 0 0 0 1/A6 1/A6 22/A6
0 0 0 0 0 0 1/A3 1/A3 1/A3

2 1
uud̄&

uus̄&
udū&

uds̄&
usū&

usd̄&
uuū&

udd̄&

uss̄&

2 . ~30!
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The nine equations given by the matrix equation can also
written out as

uM j~8!&5 (
q̄ ,q8

uq̄q8&^q̄q8uM j~8!& ~31!

and

uM ~1!&5 (
q̄ ,q8

uq̄q8&^q̄q8uM ~1!&, ~32!

where the summation is forq̄5ū,d̄,s̄ andq85u,d,s. These
equations are obtained simply by multiplying the left-han
sides of~31! and ~32! by

Î5 (
q̄ ,q8

uq̄q8&^q̄q8u, ~33!

which is the completeness relation of the orthonorm
uq8q̄& basis in the quark-antiquark vector space.

The irreducible-representation states in spin are related
the spin-product space by

S ux1~1!&

ux2~1!&

ux0~1!&

ux~0!&

D 5S 1 0 0 0

0 1 0 0

0 0 1/A2 1/A2
0 0 1/A2 21/A2

D S u11/211/2&

u21/221/2&

u21/211/2&

u11/221/2&

D
~34!

and its inverse is trivially obtained~by using the transpose of
the matrix!:
be

d

al

to

S u11/211/2&

u21/221/2&

u21/211/2&

u11/221/2&

D 5S 1 0 0 0

0 1 0 0

0 0 1/A2 1/A2
0 0 1/A2 21/A2

D S ux1~1!&

ux2~1!&

ux0~1!&

ux~0!&

D .
~35!

For pseudoscalar mesons, the wave functions are simp
given by

uM ~1!&5ux~0!&uf~8!&,

uM j~8!&5ux~0!&uf j~8!&, ~36!

where the superscriptj indicates the eight different particles
given in Eq.~30!.

III. QUARK-DIAGRAM SCHEME
FOR Bc„3̄…˜B„10…1M „8…

The light quarks of the charmed baryons belong to eithe
a @ 3̄# or a @6# representation of the flavor SU~3!. TheLc

1 ,
Jc

1A , andJc
0A form a @ 3̄# representation. They all decay

weakly. TheVc
0 , Jc

1S , Jc
0S , Sc

11 , Sc
1 , andSc

0 form a @6#
representation; among them, however, onlyVc

0 decays
weakly ~the Sc

11,1,0 decay strongly to theLc
1 of the @ 3̄#

representation and theJc
1,0 decay electromagnetically!.

We shall first discuss the simpler case of the decuple
baryon being in the decay products.

A. Formalism

Consider a particular charmed baryonBc
m,i0 decaying into

an octet mesonM j 0(8) and a decuplet baryonBm,k0(10),
where the subscript ‘‘0’’ signifies that we are discussing a
specific baryon and a specific meson. The amplitude with th
spin projectionm,m8 summed over is
A~ i 0→ j 0k0![ (
m,m8

^Bc
m,i0uĤWuM j 0&uBm8,k0~10!& , using Eq.~25! for uBm,k0~10!&,

5 (
m,m8

^Bc
m,i0uĤWuM j 0~8!&uxm8~ 3

2 !St&uc
k0~10!St&, inserting Eq.~12!,

5 (
m,m8,qi

^Bc
m,i0uĤWuM j 0~8!&uxm8~ 3

2 !St&uq1q2q3&^q1q2q3uc
k0~10!St&, using Eq.~36! for M j 0~8!,

5 (
m,m8,qi

^Bc
m,i0uĤWux~0!&uf j 0~8!&ux~ 3

2 !St&uq1q2q3&^q1q2q3uc
k0~10!St&, inserting Eq.~33!,

5 (
m,m8, q̄ ,q8,qi

^Bc
m,i0uĤWux~0!&uxm8~ 3

2 !St&uq̄q8&uq1q2q3&^q̄q8uf j 0~8!&^q1q2q3uck0~10!St&

[ (
q̄ ,q8,qi

A~ i 0→q̄q8q1q2q3!^q̄q8uf j 0~8!&^q1q2q3uck0~10!St&, ~37!
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where

A~ i 0→q̄q8q1q2q3!

[ (
m,m8

^Bc
m,i0uĤWux~0!&uxm8~ 3

2 !St&uq̄q8q1q2q3&

~38!

are the quark-diagram amplitudes. Therefore Eq.~37! gives
the particle amplitudesA( i 0→ j 0k0) of Bc

i0 decaying into
particlesM j 0(8) andBk0(10) in terms of the quark ampli-
tudes A( i 0→q̄q8q1q2q3) of Bc

i0 decaying into quarks

q̄q8q1q2q3 . The coefficients ^q̄q8uf j 0(8)& and
^q1q2q3uck0(10)St&, each set of which forms elements of a
orthogonal matrix, are those given in Eq.~30! and Eqs.~3! to
~7!, respectively.

Using the orthonormality of the coefficients, we can ea
ily convert Eq.~37! to express the quark amplitudes in term
of the particle amplitudes

A~ i 0→q̄q8q1q2q3!5 (
j 0 ,k0

A~ i 0→ j 0k0!

3^f j 0~8!uq̄q8&^q1q2q3uck0~10!St&,

~39!

using the orthonormality condition of the coefficients, whi
is the result of the orthonormality of the states.

We can also formulate the relation~37! in the basis given
by Eqs. ~13! and ~14!, which is also more convenient to
apply sinceuck0(10)St& is totally symmetric. Replacing ‘‘in-
serting Eq.~12!’’ by ‘‘inserting Eq. ~18!’’ in Eq. ~37!, we
obtain

A~ i 0→ j 0k0![ (
q̄ ,q8,qi

A~ i 0→q̄q8$qaqb%qc!

3^q8q̄uf j 0~8!&^$qaqb%qcuck0~10!St&,

~40!

where

A~ i 0→q̄q8,$qaqb%qc!

[ (
m,m8

^Bc
m,i0uĤWux~0!&uxm8~ 3

2 !St&uq̄q8,$qaqb%qc&.

~41!

Let us look more carefully at the amplitudes. Forqa5qb ,

A~ i 0→q̄q8,$qaqb%qc!5A~ i 0→q̄q8,qaqaqc!

[AS@Bc~ 3̄!→B~10!M ~8!#,

~42!

and forqaÞqb ,
n

s-
s

h

A~ i 0→q̄q8,$qaqb%qc!5
1

A2
@A~ i 0→q̄q8,qaqbqc!

1A~ i 0→q̄q8,qbqaqc!#

[A2AS@Bc~ 3̄!→B~10!M ~8!#,

~43!

where we have used

A~ i 0→q̄q8,qaqbqc!5
1

2
@A~ i 0→q̄q8,qaqbqc!

1A~ i 0→q̄q8,qbqaqc!#qaÞqb

[AS@Bc~ 3̄!→B~10!M ~8!#. ~44!

We shall see later that this assumption gives results consis
tent with those using the SU~3!IR amplitudes. Equations~42!
and ~43! can be combined into one equation:

A~ i 0→q̄q8,$qaqb%qc!5@A2~12dqaqb!1dqaqb#

3AS@Bc~ 3̄!→B~10!M ~8!#,

which we substitute into Eq.~40! and obtain

A~ i 0→ j 0k0![ (
q̄ ,q8,qi

@A2~12dqaqb!1dqaqb#

3AS@Bc~ 3̄!→B~10!M ~8!#

3^q8q̄uf j 0~8!&^$qaqb%qcuck0~10!St&.

~45!

Here in Eq.~37! and in Eq.~45! we see the important use of
Eq. ~12! and of Eq.~18! to convert particle amplitudes to
quark amplitudes.

One can easily show by diagram drawing that the
Bc(3̄)→B(10)1M (8) decays have contributions only from
theW-exchange and the horizontalW-loop diagrams, i.e., the
C andE types of amplitudes. In theA andB amplitudes, the
two spectator quarks that are antisymmetrized in the initial
charmed baryon state remain antisymmetrized after the
weak-interaction decay and cannot contribute to make a
B(10) whose wave function is totally symmetric. In theC
andE types of amplitudes, an appropriate quark pairq̄0q0 is
created so that theq̄0 will combine with one of the quarks
originating from the initial quark to form the mesonj 0 . De-
pending upon where the pairq̄0q0 can be inserted in the
diagrams, we have different typesCS andES of amplitudes:
C1S for q̄0 forming a meson with a spectator quark@which
does not contribute in this case ofB(10) in the final state#;
C2S for q̄0 forming a meson with the weak-interacting nonc-
harmed quark;CS8 for q̄0 forming a meson with the quark
decayed from the charmed quark;ES for q̄0 forming a meson
with a spectator quark; andES8 for q̄0 forming a meson with
the quark decayed from the charmed quark~see Fig. 1!. The
quarkq0 from the pair creation will combine with the other
two quarks to become the final baryonk0 . Thus in Eq.~45!
only q1 andq2 are summed over and Eq.~45! becomes
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A~ i 0→ j 0k0!5C2S@Bc~ 3̄!→B~10!M ~8!#@A2~12dq1q3!

1dq1q3#^q̄0q28uf
j 0~8!&^$q1q3%q0uck0~10!St&

1CS8@Bc~ 3̄!→B~10!M ~8!#

3@A2~12dq1q28!1dq1q28#

3^q̄0q3uf j 0~8!&^$q1q28%q0uc
k0~10!St&

1ES@Bc~ 3̄!→B~10!M ~8!#@A2~12dq3q1!

1dq3q1#^q̄0q2uf
j 0~8!&^$q3q1%q0uck0~10!St&.

~46!

Using ~46! for Bc(3̄)→B(10)1M (8) decays, we obtain
column 2 of Tables Ia, Ib, and Ic.@In these tables we have
dropped the parentheses that specify the decay

FIG. 1. Quark diagrams for the decayBc(3̄)→B(10)1M (8).
of

Bc(3̄)→B(10)M (8).# We see that allBc(3̄)→B(10)M (8)
decays, 55 of them, can be expressed in terms of the three
unknown amplitudesC2S ,CS8 , andES . Therefore we obtain
many relations among the particle decay amplitudes as
shown in the next section.

Next we make an attempt to include and parametrize the
effects of final-state interactions and SU~3! symmetry break-
ing. For final-state interactions we introduce an explicit fac-
tor eid to each isospin partial-wave amplitude. These phase
shifts d in general have both real and imaginary parts; the
imaginary component indicates the inelastic effect. SU~3!-
violation effects can manifest themselves in several places.
For example, the quark diagrams withss̄ insertion area
priori different from those arising fromuū or dd̄ insertion.
However, for simplicity of the presentation of the tables in
the present paper, we parametrize SU~3! symmetry breaking
only in the E type of quark diagrams whose presence~i.e.,
contributions to the quark-mixing-singly-suppressed decay
modes! is solely due to SU~3!-violation effects.

B. Results and tables

In the absence of effects from SU~3! breaking and final-
state interactions, the following relations can be obtained
from the second column of Tables Ia to Ic, namely,

uA~Lc
1→S*1h8!u25uA~J0A→J* 0h8!u2,

uA~Jc
0A→V2K1!u253uA~Jc

0A→J*2p1!u2

53uLc
1→J* 0K1)u2

56uA~Jc
0A→J* 0p0!u2

56uA~Lc
1→S*1p0!u2

56uA~Lc
1→S* 0p1!u2, ~47!

uA~Lc
1→D11K2!u253uA~Lc

1→D1K̄0!u2

53uA~Jc
0A→S*1K2!u2

56uA~Jc
0A→S* 0K̄0!u2

for quark-mixing-allowed modes;

uA~Jc
0A→S* 0p0!u253uA~Jc

0A→S* 0h8!u2,

uA~Jc
0A→S*2p1!u25uA~Jc

0A→J*2K1!u2

54uA~Lc
1→D0p1!u2

54uA~Jc
1A→J* 0K1!u2

58uA~Lc
1→S* 0K1!u2

58uA~Jc
1A→S* 0p1!u2

58uA~Jc
1A→S*1p0!u2, ~48!
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uA~Lc
1→D11p2!u25uA~Jc

1A→D11K2!u2

53uA~Lc
1→S*1K0!u2

53uA~Jc
1A→D1K̄0!u2

53uA~Jc
0A→D0K̄0!u2

53uA~Jc
0A→J* 0K0!u2

53uA~Jc
0A→S*1p2!u2

53uA~Jc
0A→D1K2!u2

for quark-mixing-suppressed modes;

uA~Jc
1A→D1h8!u25uA~Jc

0A→D0h8!u2,

uA~Jc
0A→D0p0!u252uA~Jc

1A→D1p0!u2,

uA~Jc
1A→D11p2!u253uA~Jc

1A→S*1K0!u2

53uA~Jc
0A→D1p2!u2

56uA~Jc
0A→S* 0K0!u2, ~49!

uA~Jc
0A→D2p1!u253uA~Jc

1A→D0p1!u2

53uA~Jc
0A→S*2K1!u2

56uA~Jc
1A→S* 0K1!u2

for quark-mixing-doubly-suppressed modes; and many re
tions between quark-mixing-allowed, -suppressed, a
-doubly-suppressed decay modes, for example,

uA~Lc
1→D0p1!u252s1

2uA~Lc
1→S*1p0!u2,

uA~Lc
1→D11p2!u25s1

2uA~Lc
1→D11K2!u2,

uA~Jc
1A→S* 0K1!u25s1

4uA~Lc
1→S*1p0!u2, ~50!

uA~Jc
1A→D11p2!u25s1

4uA~Lc
1→D11K2!u2.

Several comments are in order.~i! Table Ia and relations
~47! for quark-mixing-allowed decaysBc(3̄)→B(10)
1M (8) were also obtained previously by Kohara@10# and
his results are in agreement with ours.~ii ! Though all the
above quark-diagram relations are obtained in the absenc
effects from SU~3! violations and final-state interactions,
each quark-diagram amplitude in the SU~3! relation contains
only a single isospin phase shift, then such a relation ho
la-
nd

e of
if

lds

even in the presence of final-state interactions becaus
SU~3! symmetry for phase shifts. Examples are the first
lation in Eqs.~47! and~49!. The same is true for the relation
obtained below.~iii ! We note that the quark-mixing-allowed
decays of an antitriplet charmed baryon into a decup
baryon and a pseudoscalar meson can occur only thro
W-exchange diagrams. The experimental measuremen
Lc

1→D11K2 @2# indicates that theW-exchange mechanism
plays a significant role in charmed baryon decays.~iv! The
quark-mixing-allowed decays ofJc

1A and quark-mixing-
doubly-suppressed decays ofLc

1 into a decuplet baryon are
prohibited in the quark-diagram scheme:

uA~Jc
1A→S*1K̄0!u250,u A~Jc

1A→J* 0p1!u250,

uA~Lc
1→D1K0!u250,u A~Lc

1→D0K1!u250. ~51!

In the SU~3!IR approach of Savage and Springer~SS! @6#,
these decays are governed by the reduced matrix elemea
defined in Eq.~17! of Ref. @6#. However, we see that they ar
forbidden in the quark-diagram scheme since they are gi
by the quark diagramA or B8 and they give zero contribu-
tion, as we discussed before, because of the unmatc
symmetry properties of the antitriplet charmed baryon a
the decuplet baryon. Furthermore, we note that the SU~3!IR
approach of SS will predict the above relations~48!–~51!
only if the reduced matrix elementsa andg make no con-
tributions. As a consequence, there are only two independ
SU~3! reduced matrix elementsb andd. The quark-diagram
amplitudes and the SU~3!-symmetry parameters are relate
by

b5
1

2
~CS81C2S!, d5

1

2
~CS82C2S!, a5g50. ~52!

IV. QUARK-DIAGRAM SCHEME FOR Bc„3̄…˜B„8…1M „8…

A. The formalism

The formalism is very similar to that given in Sec. III A
for the decuplet baryon in the final state except for the co
plication that the octet baryons are made up of two orthon
mal parts, Eq.~26!. We shall see that all it does is that eac
type of quark amplitudeA will be made up of two indepen-
dent ones, the symmetric and the antisymmetric. Follow
the similar procedure used in Eqs.~37! and ~50!, we derive
A~ i 0→ j 0k0!5 (
m,m8

^Bc
m,i0uĤWuM j 0~8!&uBm8,k0~8!&

5 (
m,m8

^Bc
m,i0uĤWuM j 0~8!&@auxm8~ 1

2 !A&uck0~8!A&1buxm8~ 1
2 !S&uck0~8!S&]

5 (
m,m8,qi

a^Bc
m,i0uHWuM j 0~8!&uxm8~ 1

2 !A&uq1q2q3&^q1q2q3uck0~8!A&

1 (
m,m8,qi

b^Bc
m,i0uHWuM j 0~8!&uxm8~ 1

2 !S&uq1q2q3&^q1q2q3uck0~8!S&

5 (
m,m8,qi

a^Bc
m,i0uHWuM j 0~8!&uxm8~ 1

2 !A&u@q1q2#q3&^@q1q2#q3uck0~8!A&

1 (
m,m8,qi

b^Bc
m,i0uHWuM j 0~8!&uxm8~ 1

2 !S&u$q1q2%q3&^$q1q2%q3uck0~8!S&. ~53!
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To decompose the meson state into theq8q̄ state, we insert in Eq.~53! the completeness relation Eq.~33! and obtain

A~ i 0→ j 0k0!5 (
m,m8, q̄ ,q8,qi

b* ^Bc
m,i0uĤWux~02!&uq̄q8&uxm8~ 1

2 !A&u@q1q2#q3&^q̄q8uf j 0~8!&^@q1q2#q3uck0~8!A&

2 (
m,m8, q̄ ,q8,qi

a* ^Bc
m,i0uĤWux~02!&uq̄q8&uxm8~ 1

2 !S&u$q1q2%q3&^q̄q8uf j 0~8!&^q1q2q3uck0~8!S&

[ (
q̄ ,q8,qi

A~ i 0→q̄q8@q1q2#q3!^q̄q8uf j 0~8!&^@q1q2#q3uck0~8!A&

1 (
q̄ ,q8,qi

A~ i 0→q̄q8$q1q2%q3!^q̄q8uf j 0~8!&^$q1q2%q3uck0~8!S&, ~54!

where

A~ i 0→q̄q8@q1q2#q3![ (
m,m8

b* ^Bc
m,i0uĤWux~02!&uq̄q8&uxm8~ 1

2 !A&u@q1q2#q3&5AA@Bc~ 3̄!→B~8!M ~8!#, ~55!

and

A~ i 0→q̄q8$q1q2%q3![ (
m,m8

b* ^Bc
m,i0uĤWux~02!&uq̄q8&uxm8~ 1

2 !A&u$q1q2%q3&

5@A2~12dq1q2!1dq1q2#AS@Bc~ 3̄!→B~8!M ~8!#. ~56!

Now the decay amplitudes into particles are related to the decay amplitudes into quarks.
Therefore the important result we have established is that for the decays into theB(8), the quark diagrams have two

independent types: the symmetric and the antisymmetric,AA and AS . This result is independent of what particles the
B(8)’s decay from or are associated with.

Let us discuss now specifically what types of quark-diagram amplitudes will contribute. ForBc(3̄)→B(8)1M (8), the two
initial noncharmed quarks, say,q1 andq2 , are antisymmetric in flavor. In diagramA, q1 andq2 are spectators; therefore they
stay antisymmetric in the final state. We denote the quark arising from the charmed quark decay asq3 , and the quark-antiquark
pair from theW as q̄0q08 . In diagramB8 ~the prime signifies that the quarkq3 coming from the charmed quark decay
contributes to the final meson formation rather than the final baryon formation!, q1 andq2 are also spectators; therefore they
stay antisymmetric in the final product. In diagramB, q3 andq08 are forced to be flavor antisymmetric due to the Pati-Woo
theorem@11#; so are the quark pairq18q3 in diagramC1 . Note that the quark-diagram amplitudesBS8 andC1S vanish because
of the Pati-Woo theorem which results from the facts that the (V2A)3(V2A) structure of weak interactions is invariant
under the Fierz transformation and that the baryon wave function is color antisymmetric. This theorem requires that the q
pair in a baryon produced by weak interactions be antisymmetric in flavor. Putting together all this information and referr
to Fig. 2, we find a detailed expression for Eq.~54!:

A~ i 0→ j 0k0!5AA@Bc~ 3̄!→B~8!M ~8!#^q̄0q08uf
j 0~8!&^@q1q2#q3uck0~8!A&

1BA8 @Bc~ 3̄!→B~8!M ~8!#^q̄0q38uf
j 0~8!&^@q1q2#q08uc

k0~8!A&

1BA@Bc~ 3̄!→B~8!M ~8!#^q̄0q2uf j 0~8!&^@q1q3#q08uc
k0~8!A&

1C1A@Bc~ 3̄!→B~8!M ~8!#^q̄0q2uf j 0~8!&^@q18q3#q0uc
k0~8!A&

1C2A@Bc~ 3̄!→B~8!M ~8!#^q̄0q28uf
j 0~8!&^@q1q3#q0uck0~8!A&

1C2S@Bc~ 3̄!→B~8!M ~8!#^q̄0q28uf
j 0~8!&^$q1q3%q0uck0~8!S&@A2~12dq1q3!1dq1q3#

1CA8 @Bc~ 3̄!→B~8!M ~8!#^q̄0q3uf j 0~8!&^$q1q28%q3uc
k0~8!A&

1CS8@Bc~ 3̄!→B~8!M ~8!#^q̄0q3uf j 0~8!&^$q1q28%q0uc
k0~8!S&@A2~12dq1q28!1dq1q28#

1EA@Bc~ 3̄!→B~8!M ~8!#^q̄0q2uf j 0~8!&^@q3q1#q0uck0~8!A&

1ES@Bc~ 3̄!→B~8!M ~8!#^q̄0q2uf j 0~8!&^$q3q1%q0uck0~8!S&@A2~12dq3q1!1dq3q1#

1EA8 @Bc~ 3̄!→B~8!M ~8!#^q̄0q3uf j 0~8!&^@q1q2#q0uck0~8!A&. ~57!
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FIG. 2. Quark diagrams for the decayBc(3̄)→B(8)1M (8).
Applying this to all theBc(3̄)→B(8)M (8) decays, we can
express all the 58 decays in terms of the 11 unknown ampl
tudes in~57! ~see also Table II!.

B. Results and tables

From the second column of Tables IIa–IIc, which gives
the results in the absence of effects from SU~3! violations
and final-state interactions, we have the relations
i-

uA~Jc
0A→S2p1!u25uA~Jc

0A→J2K1!u2,

uA~Jc
0A→nK̄0!u25uA~Jc

0A→J0K0!u2,

uA~Jc
0A→S1p2!u25uA~Jc

0A→pK2!u2, ~58!

uA~Jc
1A→pK̄0!u25uA~Lc

1→S1K0!u2,

uA~Jc
1A→J0K1!u25uA~Lc

1→np1!u2,

uA~Jc
0A→L0h8!u25uA~Jc

0A→S0p0!u2,
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for quark-mixing-suppressed modes,

uA~Jc
1A→S1K0!u252uA~Jc

0A→S0K0!u2,

uA~Jc
0A→S2K1!u252uA~Jc

1A→S0K1!u2, ~59!

for quark-mixing-doubly-suppressed modes, and relatio
between the squares of quark-mixing-allowed, -suppress
and -doubly-suppressed amplitudes:

uA~Lc
1→ph0!u25s1

2uA~Lc
1→S1h0!u2,

uA~Jc
0A→J2K1!u25s1

2uA~Jc
0A→J2p1!u2,

uA~Jc
0A→S1p2!u25s1

2uA~Jc
0A→S1K2!u2,

uA~Jc
1A→S1K0!u25s1

4uA~Lc
1→pK̄0!u2,

uA~Jc
1A→np1!u25s1

4uA~Lc
1→J0K1!u2,

uA~Jc
0A→S2K1!u25s1

4uA~Jc
0A→J2p1!u2, ~60!

uA~Jc
0A→pp2!u25s1

4uA~Jc
0A→S1K2!u2,

uA~Lc
1→nK1!u25s1

4uA~Jc
1A→J0p1!u2,

uA~Lc
1→pK0!u25s1

4uA~Jc
1A→S1K̄0!u2,

uA~Jc
1→ph0!u25s1

4uA~Lc
1→S1h0!u2,

wheres15sinu1 andu1 is the usual quark-mixing angle.
Note that the above quark-diagram relations can also

reproduced in the SU~3! Hamiltonian approach of Savage
and Springer1 ~SS! @6# except for Eq.~59! and the first and
last relations in Eq.~60!. We believe that when the use of th
SU~3! Hamiltonian in which the symmetry amplitudes ar
tensor decomposed is done correctly to incorporate the sy
metry properties of the baryon wave function, the reduc
matrix elementa defined in Ref.@6# should not contribute
and all aforementioned SU~3! quark-diagram results will be
reproduced.

The relations between the SU~3! reduced matrix elements
of Ref. @6# and the quark-diagram amplitudes are2

a50, b52
1

4
~CA81C2A!2

1

4A3
~CS81C2S!,

c5
1

4
~AA1BA8 !2

1

2A3
~CS81C2S!, d5

1

2A3
~CS81C2S!,

1Note that the reduced matrix elementsa, b, c, andd introduced in
Ref. @6# are associated with the operatorO15, which transforms as
a 15 under flavor SU~3! and is symmetric in color indices and
hence cannot induce a baryon-baryon transition. In other wor
baryon-pole diagrams are prohibited by the operator O15.
2Using Table II and the relations~61!, one can perform a cross-

check on the SU~3! amplitudes given in Tables I–III of Ref.@6#. For
example, we find a sign error in Table III@6#, namely, the squared
matrix elements for Jc

0→L0K0 should read
(1/6)ua22b1c12e24 f24gu2.
ns
ed,

be

e
e
m-
ed

e5
1

8
~AA2BA8 !1

1

4A3
~CS82C2S!, ~61!

f52
1

8
~2C1A1CA82C2A!1

1

8A3
~CS82C2S!,

g5
1

8
~AA12BA2BA8 !.

At first sight, it appears that there are six independent SU~3!
parameters, but eight different quark amplitudes. However
one may make the redefinition~this redefinition is not
unique!

Ã5AA2
2

A3
CS8 , B̃85BA82

2

A3
C2S , C̃S5CS81C2S ,

C̃85CA82
1

A3
CS81C1A , C̃25C2A2

1

A3
C2S2C1A , ~62!

so that the amplitudes for the decay modes in Table I can b
expressed in terms of the six quark-diagram termsÃ, B̃8,
BA , C̃8, C̃2 , and C̃S .

Table Ia for quark-mixing-allowed decays
Bc(3̄)→B(8)1M (8) was also previously considered by
Kohara @10#. In Kohara’s results there are eight quark dia-
gramsaK ,bK , cK , d1K , d2K , d3K ,d4K , andeK .

3 The rela-
tions between our quark-diagram amplitudes and those i
@10# are

aK5
A6
8
AA , bK5

A6
8
BA8 , cK5

A6
4
BA ,

d1K5
A6
4
CA82

1

2A2
CS8 , d2K5

1

A2
CS8 , ~63!

d3K5
A6
4
C2A2

1

2A2
C2S , d4K5

1

A2
C2S , eK5

A6
4
C1A ,

which are obtained by comparing Table I of@10# with our
Table IIa. As emphasized before, we consider it conceptuall
clearer and in practice simpler to work with the orthonormal
basis of quark states.

V. SEXTET CHARMED BARYON DECAYS

A. Quark-diagram scheme for Bc„6…˜B„10…1M „8…

There are six independent quark-diagram amplitudes fo
Bc(6)→B(10)1M (8). TheamplitudesB andC1 are forbid-
den owing to the Pati-Woo theorem. The relevant diagram
and amplitudes are exhibited in Fig. 3 and Table III, respec
tively.

ds,

3In order to avoid notation confusion with the SU~3! parameters
of SS @6#, we add a subscriptK to Kohara’s quark-diagram ampli-
tudes@10#.
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FIG. 3. Quark diagrams for the decayBc(6)→B(10)1M (8).
From Table III we obtain the following relations, in th
absence of both SU~3! violations and final-state interaction

uA~Vc
0→S*1K2!u252uA~Vc

0→S* 0K̄0!u2,

uA~Vc
0→S* 0h0!u252uA~Vc

0→S* 0h8!u2,

uA~Vc
0→S* 0h0!u25

1

2
s1
2uA~Vc

0→J* 0h0!u2, ~64!

uA~Vc
0→S*1p2!u25s1

2uA~Vc
0→S*1K2!u2,

uA~Vc
0→J*2K1!u25

1

3
s1
2uA~Vc

0→V2K1!u2.

It is interesting to note that theVc
0 decays intoD0K̄0 and

D1K2 are prohibited in the quark-diagram scheme,

uA~Vc
0→D0K̄0!u250, uA~Vc

0→D1K2!u250, ~65!

as the quark diagramC1 is not allowed by the Pati-Woo
theorem. Consequently, the corresponding reduced matri
ementa makes no contribution.

We note that the above quark-diagram relations excep
the last one listed in~65! cannot be reproduced in th
SU~3!IR approach of SS unless the reduced matrix eleme
e
s:

x el-

t for
e
nts

a andd do not contribute. Therefore in the SU~3! limit there
are only four independent quark-diagram amplitudes or re-
duced matrix elements. Relations between the quark-diagram
amplitudes and the symmetry parameters@see Eq.~25! of
Ref. @6# # are given by

AS5b22h, BS85b12h,

CS85g12l, C2S5g22l. ~66!

B. Quark-diagram scheme for Bc„6…˜B„8…1M „8…

We discuss in this section the decays of sextet charmed
baryons into an octet baryon and a pseudoscalar meson. The
relevant quark diagrams and amplitudes are shown in Fig. 4
and Table IV, respectively.

In the SU~3!-symmetry approach@6#, there exist no rela-
tions between the decays ofVc

0→B(8)1M (8). However,
from Table IV we obtain

uA~Vc
0→nK̄0!u25uA~Vc

0→pK2!u2,

uA~Vc
0→S1K2!u252uA~Vc

0→S0K̄0!u2. ~67!

These relations cannot be reproduced in the SU~3! approach
@6# unless the contributions due to the SU~3! parametersa
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FIG. 4. Quark diagrams for the decayBc(6)→B(8)1M (8).
andd vanish. Therefore Eq.~67! will provide a good test of
the quark-diagram scheme. Unfortunately, these proces
are either singly or quark-mixing-doubly suppressed. We
not expect that an encouraging experimental verification w
come out soon.

The relations between quark-diagram amplitudes a
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Therefore there are seven independent SU~3! parameters and
quark-diagram amplitudes.

VI. CONCLUSIONS

In this paper we have given a general and unified form
lation useful for the quark-diagram scheme for baryons. He
we apply it to the two-body nonleptonic weak decays
charmed baryons and express their decay amplitudes
terms of the quark-diagram amplitudes. The effects of fin
state interactions and SU~3! violation arising in the horizon-
talW-loop quark diagrams are included in the tables. In t
absence of SU~3! violation and final-state interactions we
have obtained many relations among various decay mod
These relations provide a framework to study these effec
Some of the relations are valid even in the presence of fin
state interactions when each decay amplitude in the rela
contains only a single phase shift. It will be interesting
u-
re
of
in

al-

he

es.
ts.
al-
tion
to

compare all these relations with future experimental data.
Our results are consistent with those from the SU~3!IR

scheme. In addition, in the quark-diagram scheme we a
able to impose the Pati-Woo theorem for weak decays an
obtain more specific results than those from the SU~3!IR
scheme.

We also note that the quark-mixing-allowed decays of th
antitriplet charmed baryon into a decuplet baryon and a pse
doscalar meson can only proceed through theW-exchange
diagram. Hence the experimental measurement o
Lc

1→D11K2 implies that theW-exchange mechanism
plays a significant role in charmed baryon decays.
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