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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 baryons.
We apply it to all the decays of the antitriplet and sextet charmed baryons and express their decay amplitudes
in terms of the quark-diagram amplitudes. We have also given parametrizations for the effects of final-state
interactions. For S(B) violation effects, we only parametrize those in the horizokaloop quark diagrams
whose contributions are solely due to @Wviolation 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-state
interactions when each decay amplitude in the relation contains only a single phase shift. All these relations
provide useful frameworks to compare with future experiments and to find the effects of final-state interactions
and SU3) symmetry violations[S0556-282(96)02013-9

PACS numbdss): 14.20.Lq, 13.30.Eg

I. INTRODUCTION state interactions. For 3B) violations we indicate only
those arising in the horizont&V-loop quark diagrams whose
The study of charmed baryon physics is of current interestontributions are solely due to $8)-violation effects.(See
[1]. Many nonleptonic weak decay modes of the charmedhe more detailed discussion about this at the end of Sec.
baryonsA/ ESA, and EC“* have been measurg@] and Il A.) In the absence of these effects, there are many rela-
more data are expected in the near future. Apart from moddions among various decay modes. Some of the relations are
calculationd 3-5], it is useful to study the nonleptonic weak valid even in the presence of final-state interactions when
decays in a way which is as model independent as possibleach decay amplitude in the relation contains only a single
The two-body nonleptonic decays of charmed baryons havphase shift. It will be interesting to compare these relations
been analyzed in terms of $8)-irreducible-representation with future experimental data. They provide a useful frame-
[SU(3)IR] amplitudes[6,7]. However, the quark-diagram work to find the effects of final-state interactions and($U
schemd(i.e., analyzing the decays in terms of quark-diagramviolations.
amplitude$ has the advantage that it is more intuitive and Earlier, Kohara gave a quark-diagram formulation for the
easier for implementing model calculations. It has been sucquark-mixing-allowed decays of the antitriplet charmed
cessfully applied to the hadronic weak decays of charmetyaryong10], with which our results agree. However, for the
and bottom meson8,9]. It has provided a framework with decay products containing an octet baryon he used a basis of
which we cannot only do the least model-dependent datguark states which is not orthonorm@bhich is all right
analysis and give predictions but also make evaluations ahough more complicatedand its choice seems to be based
theoretical model calculations. In this paper we give a genupon exact S(6) symmetry (which is not all right since
eral and unified formulatiofalways using the orthonormal SU(6) is not an exact symmetryThe fact that our formula-
quark states and independent of (BJUsymmetn} of the tion demonstrates that the quark-diagram results are indepen-
quark-diagram scheme for the nonleptonic weak decays adent of whether one uses exact@Wor not helps to clarify
baryons, which can be useful for all bary@harm and bot- this point for his formulation and explains why our results
tom) nonleptonic decays. Here we apply it to all the two- can possibly agre¢For detailed comments see Sec. Il after
body hadronic decaygquark mixing allowed, suppressed, Eg. (28) and for exact relations between amplitudes see Eq.
and doubly suppressgdf the antitriplet and sextet charmed (63) in Sec. IV B
baryons and express them in terms of the quark-diagram am- In the framework of the quark-diagram scheme, all non-
plitudes. We find consistent comparisons with the(3LR leptonic meson decays can be expressed in terms of six
results of Ref[6]. In addition, the symmetry properties of quark-diagram amplitudel8]: A, the externaW-emission
the initial and final baryon wave functions in conjunction diagram; B, the internal W-emission diagram;C, the
with the Pati-Woo theoreifil1] for weak decays enable us to W-exchange diagran®), the W-annihilation diagramé, the
obtain more specific results than those from the(3IR horizontalW-loop diagram; andF, the verticalW-loop dia-
scheme. gram. These quark diagrams are specific and well-defined
We have also given parametrizations for effects of final-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 that
*Present address: Department of Physics, National Taiwan Unistrong interactions do not alter the classification of these dia-
versity, Taipei, Taiwan 106. grams. These quark diagrams have a one-to-one correspon-
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dence to those amplitudes classified according t@3plire- |01,S12;02,S57;03,S3,) =010203)51,5,S37). (1)
ducible representations.
For the baryon decays, we can easily show by diagranthere are %3x3 = 27 flavor states|q;q,qs) and

drawing that theD and 7 types of amplitudes do not con- 2x2x2 = 8 spin state$S;,S,,Ss,).
tribute. However, there are more possibilities in drawing the | et ys first discuss the flavor irreducible representation
C and& types of amplitudes. More importantly, baryons, be-states of the three quarks. The 27 triquark states can be de-

ing made out of three quarks in contrast to two quarks for thomposed intd8],,[8]s,[1]a, and[10]s, irreducible rep-

mesons, bring along many essential complications. ThouQPesentations denoted by the orthonormalized states
many textbook$12] have discussed the baryon wave func- '

tions, we need to carefully develop the proper formulation [4(8)a), |(8)s), |(1)a), andl:,b(lO)St). (2
suitable for the construction of the quark-diagram scheme for

baryon decays. This is what we discuss in Sec. Il, where th§ne transformation between the two bases, Efjsand (2),

relations between the quark states and the baryon states i€, pe written in a 2% 27 matrix which is block diagonal-
derived. We then apply these general results to the specifiseq into the following submatrix transformations:
decays of the charmed baryons. In Secs. Il and IV we give

the quark-diagram formulation for the two-body decays of |4X(8)s) 16 16 -216
antitriplet charmed baryons into a pseudoscalar meson and a k(8) _ _ 0
baryon(decuplet and octgtfirst for the case without effects |¢k (8)a) 1/\/5 N2

of final-state interactions and $8) violations, and then for | (10)3[> 1/\/5 1/\/5 1/\/5

the case with these effects. We discuss their experimental

implications and comment on previous related theoretical |Ga0b0a)

work. Section V is devoted to studying the nonleptonic weak x| |dp9a0a) |, (3)

decays of sextet charmed baryons. In Sec. VI we give a few

concluding remarks. | da0adb)

wherek can be the proton, neutrol,*,3~,2° andE~
types, all of which have two identical quarks. There are six

To develop a quark-diagram scheme we need to fully unof such 3<3 matrix equations totalling the transformations
derstand the relation between the quark states and the paof 18 states out of the 27. Note that the subscriptand S
ticle states. Baryons are made out of thfespin quarks. The signify the antisymmetry and symmetry, respectively, be-
baryon states form irreducible representations of3la- tween the first two quarks; the subscriptdenotes the total
vor and SU2) spin from the tensor-product states of flavor symmetry among the three quarks. Then there are the follow-
and spin of three quarks which are written as the followinging transformations of the six states with all three quarks
orthonormalized states: being different:

Il. QUARK STATES AND PARTICLE STATES

[4*(8)s) 1IN12  1N12  1N12  IN12 -2KW12 -2112| [ |sdy

|4%(8) ) -1/2 12 —-1/2 1/2 0 0 |dsu)
[42(8)s) 1/2 1/2 -1/2 -1/2 0 0 |sud)
WA | | W2~z -2 112 22 2NT2 || Jusd | @

[y (1) ) 16 —-16 16 —146 1N6 —1i6 | | |dus
|4*(10)s) 16 16  1N6  1N6  1N6  1A6 luds)

Finally, there are the three states with all three identical

quarks: |¢k(8)s>:q_=zsd |019203)(010203| #4(8)s),  (9)
A7) =]uuu), 5 o
|[A~)=|ddd), (6) [ (1) a) = _;Sd |010203)(010205| (1) a), (10
07)=]sss. ™ k k
_ _ _ |y (10)g) = > |010203){010203 #(10)s), (11)
They give three diagonal transformations. These 27 equa- gi=u,s,d
tions, Egs(3) to (7), are actually equivalent to the following

27 equations: where the superscrig stands for the particles in the mul-
tiplets. These equations are obtained simply by multiplying

| (8)a) = 2 |010203)(A10203| #5(8) o), (8)  the left-hand sidgLHS) of these equations by the identity
gi=u,s,d operator
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o 1
| = , 12 =
o 2 1010206) (00 12 Hawawad = 5o (190400 +lasau00).
which is the completeness of the orthonoritglg,q;) basis (13
in the triquark vector space. THe 10,03 (- - -)) numbers 1
in Egs.(8) to (11) are precisely those matrix elements in Egs. I[daGblac)= E(Ma%%)_ |ap0adc)) . (14)
(3) to (7).
Since the transformations E(8) to (7) are between two r inversel
. . L] y1
sets of orthonormal bases, the transformation matrix formeg 1 6.)+28
by these element&y;q,9s| (- - -)) is orthogonal. We can _ — Oap) T 204p
easily take the inverse of the transformatitre., take the |9atlbdlc) = 2 ([{da0b}0tc) +[[Ga0b1lc)) -
transpose of the matrxand express the quark states in terms (15
of the irreducible representation states, i.e., the particle _
states. If the basis vectors are not orthonormal, not only willn this basis, Eqs(3) and(4) become
such inverse be harder to fl_nd, but also the (_:ompleteness |44(8)s) 13 0 —21/6 {da0b}Ga)
equation will be more complicated than that given by Eq. K8
(12). Therefore, whenever possible, it is better to use the [ ®)a) | = 0 1 0 I[9a0b]0a)
orthonormal basis. _ |¥*(10)s) V213 0 143 |920a0p)
Alternatively, we can also use the basis composed of the (16)
quark states that are symmetric and antisymmetric in the first
two quarks: i.e., and
|
4*(8)9) we 0 16 0 -2v8 0 {sdju)
|4>(8) ) 0 —-1N2 0 -142 0 0 [sd]u)
¥'®)9 | | 12 0 -1z o 0 0 [{su}d) -
W "®a | | o 1w o -16 0o —21/6 || I[suld)
lyt1(1) 0) 0 143 0 13 0 143 [{du}s)
s
|47(10)5) W3 o 13 0 13 0 I[duls)
|
Likewise, in this basis the identity matrix becomes simple expression of Eq12) or Eq. (18). They provide the

. proper transformation from the particle states to the quark
1= 2 ({daO}de)({Tabb}del +I[0abplde)([Qabbldc]).  states and vice versa as given by E@.and(4), or equiva-

fa b Ge 18 lently by Egs.(8) to (11); or by Egs.(16) and (17), or
(18) equivalently Eqs(19) to (22). These are the crucial relations
Then Eqgs(8)—(11) can be recast into the form we shall use in converting decay amplitudes in terms of par-

ticles to decay amplitudes in terms of quarks, i.e., the quark-
@)= 2 [[0a06]dc)([dalbldc #5(8)n), (19  diagram ampliudes. . .
da . Ab Ac Next we can form irreducible representations for the spin
part of the particle from the tg-spin states,

[058)s)= X {0alb}dc){{Ualn}dc| #5(8)s), (20)

0a 5 T X M43)s) 16 16 —216
*1/2/ 1 _ —

[P Da)= 2 |[0alb]de)([Gabbldc/#5(1) ), (21) D) | =| W2 -1z 0

Ja.dp .dc |Xi1/2(%)st> 1/\/§ 1/\/§ 1/\/§
1410s)= 2 HUalb}ae){Tatn}ac¥5(10)s), (22 L1 -1 1

da % G =3 ¥z *3)
where we have used ([q,05]d¢¥(8)s)=0 and x| |¥z =3 =35 |, (23
({929} 0¢| #4(8)a)=0. The coefficients on the right-hand ET TR
side(RHS) of Egs.(19)—(22) are the matrix elements in Egs. -2 2 2
(16) and(17). o .
Here we would like to emphasize that it is conceptuallydiving six equations, and

and practically simpler to consistently use the orthonormal C32,30 A a1l 1.1
quark states as the basis so that the identity operator has the X (2)s)= [£2x2232), (24)
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giving two diagonal ones, totaling eight equations. The in-considered only the quark-mixing-allowed decaysseems
verse of these equations is also easy to write out. that Kohara[10] was motivated by Eq(28), which is true
The baryon states must be totally antisymmetric in inter-only if SU(6) symmetry is exact, and chose the octet baryon
changing the composing quarks. Since the color pinich ~ state to be an equal combination of two different pairs of
we do not discuss here; see e.g., R&g]) is antisymmetric, quarks. both antisymmetric in flavor and spin, i.e., two of the
the product of the flavor and the spin parts must be symmeferms in Eq.(28). One can easily check that the two terms
ric as the spatial wave function is symmetric for low-lying @ré not orthonormal and they are not the conventional way of

baryons. The decuplet baryons are made out of making the octet baryon wave function. Choosing a nonor-
thonormal basis for the quark states, if done correctly, is all
|Bm,k(10)>:|Xm(g)sl>|¢k(1o)8t> right though complicated(Kohara's paper did not provide

enough detailed information for us to check directly his cal-
1 3 culations without redoing all his formulation in the non-
m=+=,+—, andk=1 to 10. (25)  orthonormal basis he used. However, we can compare our
22 results with his for the part he had calculated. Indeed, our
results agredsee detailed comparisons given later by Eq.
(63)].) However, we would still like to emphasize that the
|Bm,k(8)>:a|8?,k(8)>+b|Bg|,k(8)> use of an orthonormal basis is much more convenient and,
very importantly, that we have made sure that the quark-
=alx™(3) )| #(8)a) + bl xM(3) )| 4(8)s), (26)  diagram scheme does not depend upor(6bdymmetry at
all. For theB.(3)—B(10)+ M (8) decaysof which Kohara
where also only considered the mixing-matrix-allowed dedai®-
) ) hara used the same basis as we use and our results agree.
|a*+[b[*=1. (27) In addition to the|B™(8)) states as given by E{26),
there are the states orthogonal to them, which are denoted by

The octet baryon is a combination of two parts:

The precise values ai andb are not known. Importantly,
our formalism does not need such information. We clearly |gmk — %M1 K k[ M1 k
show that the quark-diagram scheme is independent of the [BI(®)=b* ") ¥ (B) ) —a* Ix"(2) ¥ (8)29)
values ofa andb.
If one assumes the $8) symmetry, thena=b=1/y2  and (B™(8)|B™K(8))=0. Nature does not realize these
and the octet baryon wave function can be rewritten as  states, but they are there in the formalism and hence must be
considered when completeness of these states is used.

V2 Likewise, we can formulate the meson case, which is
K N 1 k 1 k SO . &
|B™(8))= 3 [|XZ112(2)>|¢A12(8)>+|X213(2)>|¢A13<8>> much simpler than the baryon case. We discuss it here for
completeness and for comparison. Mesons are made out of
+|X,T23(%)>|¢,'§23(8))], (28)  3-spin_guark-antiquarkg’q pairs belonging to the flavor

[3]1X[3] representation. They form flavor irreducible repre-
where the subscript§ to A andS indicate the pair that is sentations of X3 = 9 = 8 + 1, i.e., the nine quark-
antisymmetric or symmetric. However, 8) is not an exact antiquark states can be decomposed into fld8prand [1]
symmetry. It is important to show that the quark-diagramirreducible states denoted Wyi(8)> and | ¢(1)), respec-
scheme does not depend on it. Our formulation indeed cortively, where the superscriptj” denotes the eight particles
firms this requirement. in the [8] irreducible representations.

Earlier, Kohara gave a quark-diagram formulation for the  The transformation between the two bases, the quark ba-
quark-mixing-allowed decays of the antitriplet charmedsis and the irreducible-representation particle bésigh are
baryong10]. ForB.(3)—B(8)+ M(8) decaydqof which he  orthonormal, can be written in a %9 orthogonal matrix

’7T+ _
[¢7) 100000 0 O 0\ [|ud)
.
16) 010000 O 0 0 |usy
6™ ) 001000 O 0 0 |duy
| 6K°) 000100 O 0 0 |ds)
gy [=[0 00010 0 0 0 suy | . (30)
1) 000001 O 0 0 |sd)
) 00000012 —-112 0 luuy
157 00000 016 16 -—216] | |ddy
0 00 00 013 1N3 143 sS)

| $72)
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The nine equations given by the matrix equation can also be |+ 1/2+ 1/2) 1 0 O 0 Ix (1))
itt t
written out as - 1/2-172) 01 0 0 (1)
|—1/2+1/2| |0 0 12 1n2 || [x°1))
IMI(8))=2 [qa’)(aa’[M!(8)) @D \[+12-12) |0 0 12 -1N2] | [x(0)
a.9' (35
and For pseudoscalar mesons, the wave functions are simply
given by
M(1)=3 [qa')(@a' IM(D), 32 IMCL)=1x (01 #(8)).
a.q’
IM1(8))=[x(0))|#'(8)), (36)

where the summation is fa@=u,d,s andq’ =u,d,s. These o _ _ _
equations are obtained simply by multiplying the left-handwhere the superscrigtindicates the eight different particles
sides of(31) and(32) by given in Eq.(30).

lll. QUARK-DIAGRAM SCHEME
. o FOR B.(3)—B(10)+M(8)
I=2 [qa")(aq’, (33) _ .
9.9’ The light quarks of the charmed baryons belong to either
a[3] or a[6] representation of the flavor $8). The A,
which is the completeness relation of the orthonormalz *A = and 2% form a[3] representation. They all decay
|q’qg) basis in the quark-antiquark vector space. weakly. TheQ?, £S5, 595 s+ s+ ands? form a[6]
The irreducible-representation states in spin are related t%presentatior?‘ ar;ong “them. however orcmP decays
the spin-product space by t+ 40 ' oL =
weakly (the 3. 77" decay strongly to the\[ of the [3]

representation and tHg_ ¥ decay electromagnetically

X" (1)) 1.0 0 0 |+ 1/2+1/2) We shall first discuss the simpler case of the decuplet
) 01 0 0 —1/2-1/2) baryon being in the decay products.

Ix°(1)) “lo o N2 1n2 | —1/2+1/2) A. Formalism

|x(0)) 0 0 12 —1n2] \|+1/2-1/2) Consider a particular charmed baryBfi"® decaying into

(34  an octet mesorMIo(8) and a decuplet baryoB™*o(10),
where the subscript “0” signifies that we are discussing a
and its inverse is trivially obtainey using the transpose of specific baryon and a specific meson. The amplitude with the
the matriy: spin projectionm,m’ summed over is

Alig—joko) = 2, (B'Cn‘i0|I:|W|MJO)|B’“""0(1O)) , using Eq(25) for |B™ko(10)),
=2 (BI[HwIMIo(8))[X™ (3)s)|*2(10)), inserting Eq(12),

= 2 (BIHWIMI8))|x™ (3)5)]010203)(d100203 #*°(10)s), using Eq(36) for Mio(8),

m,m’,q;

= 2 (BYHWIX(0))]¢19(8)) x(2)s)]0102003)(q10205| #*2(10)), inserting Eq(33),

m,m’,q;

= 3 (BMYHWX(0)]x™ (3)s)[A0")a10205)(ad’ | 41(8))(A10205] #(10))

mm’,q,q’,q;

= > Alio—00'0:0203)(dq’ | /°(8))(910505] #*°(10)s,). (37)
q.9 ,q;
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where
A(io—0q’d10203)

= 2, <B?’io||:|W|X(0)>|Xm'(%)st>|®/CI1CI2Q3>

(39

are the quark-diagram amplitudes. Therefore &7) gives
the particle_ amplituded\(ig—jokg) of B'C0 decaying into
particlesMJo(8) andB*o(10) in terms of the quark ampli-
tudes A(io—Qq’q;0,03) oOf B'CO decaying into quarks
q9'0:0,9;. The  coefficients (qq’|#i°(8))  and
(010293 ka(lo)St), each set of which forms elements of an
orthogonal matrix, are those given in E§0) and Eqgs(3) to
(7), respectively.

Using the orthonormality of the coefficients, we can eas

ily convert Eq.(37) to express the quark amplitudes in terms

of the particle amplitudes

A(io—’al’%%%):jgk A(io—]oKo)
070

X(#19(8)[qq")(q10205]#*2(10)s),
(39

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

We can also formulate the relatig®7) in the basis given
by Egs. (13 and (14), which is also more convenient to
apply since z/;k0(10)5t) is totally symmetric. Replacing “in-
serting Eq.(12)” by “inserting Eq. (18)” in Eq. (37), we
obtain

Alig—joko)= X Alip—qa’'{dadpb}dc)
d.9’.q;

x(a"al¢'°(8)) ({00} acl #°(10)s),
(40)

where
A(io—00",{9alb}qc)
=2 (B IRulx(0)Ix™ ()5)[G0" {aublae)-
| (41)
Let us look more carefully at the amplitudes. ERr=q,,

A(io— a9’ ,{0a0p}dc) =A(i0—0d’,qa0a0c)
=AdB(3)—B(10M(8)],
(42)

and forg,#4qy,
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A(ip—0q’,{9a0p}0c) = E[A(Ioﬁqq’,qaqch)
+A(io—0q’,0p0a0c) ]
= \2A4B.(3)—B(10)M(8)],
(43

where we have used

R o
A(ig—0d’,ga0pdc) = E[A(Ioﬂqq +dadpdc)

+A( Oﬁﬁ/ vqbqaqc)]qasﬁqb

=AdB(3—B(1OM(8)]. (44
We shall see later that this assumption gives results consis-
tent with those using the SB)IR amplitudes. Equationg?2)
and(43) can be combined into one equation:

A(i Oﬁa] ' 7{QaQb}qc) = [ \/5( 1- 5qaqb) + 5qaqb]
X Ad Bo(3)—~B(10M(8)],

which we substitute into Eq40) and obtain

Alip—] oko)Eiz [\/E(l_ 5qaqb) + 5qaqb]
a.9".q;

X Ad[Bo(3)—B(10M(8)]

X(q"d[¢'2(8))({dalp}dc| #2(10)s).
(45

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

One can easily show by diagram drawing that the
B.(3)—B(10)+ M(8) decays have contributions only from
theW-exchange and the horizontl-loop diagrams, i.e., the
C and¢& types of amplitudes. In thel and B 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 tfe
and¢& types of amplitudes, an appropriate quark g, is
created so that thg, will combine with one of the quarks
originating from the initial quark to form the mesgg. De-
pending upon where the paf[pg, can be inserted in the
diagrams, we have different typ€g and &5 of amplitudes:
Cys for g forming a meson with a spectator qugmkhich
does not contribute in this case B{10) in the final statg
C,s for qo forming a meson with the weak-interacting nonc-
harmed quarkCg for g, forming a meson with the quark
decayed from the charmed qua# for g, forming a meson
with a spectator quark; ang for qo forming a meson with
the quark decayed from the charmed quesde Fig. L The
quarkqgg from the pair creation will combine with the other
two quarks to become the final bary&g. Thus in Eq.(45)
only q; andg, are summed over and E(5) becomes
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'
9 - 9,
"
99
c

g q, }

T q q,

C 2S

C —q,
P
90

7

q, g,

FIG. 1. Quark diagrams for the dec8y(3)—B(10)+M(8).

Alio—joko)=Cod Bo(3) = B(1OM(8)I[ V2(1~ 8y,

+ 84,q,1(G002| ¢'°(8)){{A103} ol #*2(10)s)

+CLB(3)—B(10)M(8)]

x[V2(1- Sayay) * Sayay]

B.(3)—B(10)M(8).] We see that alB.(3)—B(10)M(8)
decays, 55 of them, can be expressed in terms of the three
unknown amplitude®,s,C5, and&s. 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 @Jsymmetry break-
ing. For final-state interactions we introduce an explicit fac-
tor e'? to each isospin partial-wave amplitude. These phase
shifts 6 in general have both real and imaginary parts; the
imaginary component indicates the inelastic effect.(3U
violation effects can manifest themselves in several places.
For example, the quark diagrams wigfs insertion area
priori different from those arising fromu or dd insertion.
However, for simplicity of the presentation of the tables in
the present paper, we parametrize($symmetry breaking
only in the £ type of quark diagrams whose preserice.,
contributions to the quark-mixing-singly-suppressed decay
modes is solely due to S(B)-violation effects.

B. Results and tables

In the absence of effects from &) breaking and final-
state interactions, the following relations can be obtained
from the second column of Tables la to Ic, namely,

[A(AS = 3% " ) [2=|A(EOA—E* Og) |7,

|A(_'OA—>Q K )|2 3|A('—'0A '-'*—7T+)|2
=3|A; —E*K")[?
6|A(—'0A *077.0)|2
=6|AAS —=32* T 70)|2
=6|AAS —=32*%7 )2, (47)

IAA; = ATTKT)[2=3|AA; = ATKO)|?
_3|A(—10A 2*+K7)|2
=6|A(E%—3*0K0)|2

for quark-mixing-allowed modes;

|A(—«OA 2*OWO)|2:3|A(EgA—>E*O7]3)|2,

X(Gods| #1(8) ({105} Aol #*2(10)5)
+E4Bo(3)—~B(1OM(8)][V2(1- 54 q,)
+ 8g,q,](Godl2] ¢'2(8)){{a301} do| #*°(10) ).
(46)
Using (46) for B.(3)—B(10)+M(8) decays, we obtain

column 2 of Tables la, Ib, and I¢In these tables we have
dropped the parentheses that specify the decay of

|A(HOA—>2*7 +)|2_|A('—40A *7K+)|2

=4|AA—=A%7T)|?
_4|A(»—«+A H*OK+)|2
=8|A(A+—>E*OK+)|2
=8|A(E; A -3 07 ")|?
—8|A(~+AHE*+7T°)|2, (48)
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|A(A§—>A++7T_)|2:|A(E§A—>A++K_)|2 even in the presence of fina]-state interactions because of
SU(3) symmetry for phase shifts. Examples are the first re-
=3|A(A{—3*TKO)[? ion i i -
=3|A( )| lation in Egs.(47) and(49). The same is true for the relations
=3|A(E; "~ A*F)F obtained below(iii) We note that the quark-mixing-allowed
oA =5 |2 decays of an antitriplet charmed baryon into a decuplet

=3|A(E;"—AK")| baryon and a pseudoscalar meson can occur only through
=3|A(E% - E*K)|2 W-exchange diagrams. The experimental measurement of

A —ATTK™ [2] indicates that th&\-exchange mechanism

= 0A -2
=3|A(E =2 ")) plays a significant role in charmed baryon decdis). The

:3|A(ESA—>A*K*)|2 quark-mixing-allowed decays oE " and quark-mixing-
o doubly-suppressed decays &f into a decuplet baryon are
for quark- mmng suppressed mOdif' prohibited in the quark-diagram scheme:
|AE A=A ng)|P=|AE = A )% A(EHA -3 KO)2=0] A(E{A—-E*"7)2=0,
'—'OA 0 O 2_ '—1+A 042

= +A ++ 2_ =+A * + 1 0y]2
A=A )] _3|A(” —2*TKO) In the SU3)IR approach of Savage and Sprind&S [6],
=3|A( HOA—>A+ )|? these decays are governed by the reduced matrix element
—6|A(E :OA _S*KO)2,  (49) defined in Eq(17) of Ref.[6]. However, we see that they are
’ forbidden in the quark-diagram scheme since they are given

IAEP A 7)?=3|A(E A=A )2 by the quark diagrarsd or B’ and they give zero contribu-
—0 ~ tion, as we discussed before, because of the unmatching
=3|A(E; Az* K™)| symmetry properties of the antitriplet charmed baryon and
the decuplet baryon. Furthermore, we note that th¢38R
=6|A(E A-3*0KM)|? approach of SS will predict the above relatiof#8)—(51)

o only if the reduced matrix elements and y make no con-
for quark-mixing-doubly-suppressed modes; and many relagibutions. As a consequence, there are only two independent
tions between quark-mixing-allowed, -suppressed, ang&y(3) reduced matrix elemeni and 5. The quark-diagram

-doubly-suppressed decay modes, for example, amplitudes and the SB)-symmetry parameters are related
|AAS =A%) |2=282| A(Af —3* T 79)|?, by
+ V2 2 + ++pe—y |2 1 1
[A(AG =A™ mT)"=s|A(Ac —ATTKT)I, B= E(C/s"'czs), o= E(C,s_czs), a=y=0. (52
[A(EA-3* 0K P=st| AN —3* 70)[%, (50)
IAEIA=AT 7)) |2=s]|A(AS AT TK )2, IV. QUARK-DIAGRAM SCHEME FOR B (3)—B(8)+M(8)
Several comments are in ordér). Table la and relations A. The formalism
(47) for quark-mixing-allowed decaysB.(3)—B(10) The formalism is very similar to that given in Sec. Ill A

+M(8) were also obtained previously by Kohdf0] and  for the decuplet baryon in the final state except for the com-
his results are in agreement with ouf8) Though all the plication that the octet baryons are made up of two orthonor-
above quark-diagram relations are obtained in the absence ofal parts, Eq(26). We shall see that all it does is that each
effects from SW3) violations and final-state interactions, if type of quark amplitudé will be made up of two indepen-
each quark-diagram amplitude in the @Wrelation contains dent ones, the symmetric and the antisymmetric. Following
only a single isospin phase shift, then such a relation holdghe similar procedure used in Eq87) and(50), we derive

Alio—joko)= = (B IHwIMIo(8))[B™ *o(8))
= 2 (BIHwIMa(8))[alx™ (1)a)|##2(8) )+ blX™ (3)9) #2(8)s)]

= 2 aBlMHWIMI8)) x™ () ) d10205)( 010,05 4<0(8) A)

m,m’,q;

+ > b<B?'io| Hw|MIo(8))| x™ (3)5)|a10203)(01 0203 #0(8) )

m,m’,q;

= > a<BLn'io| HwlMIo(8))| x™ (3) a)|[A102]105){[ 4102103| #0(8) A)

m,m’,q;

+ > b<Brcn'i°| HwIM9(8))[x™ (3) o) [{a102}a3) ({102} Gl #2(8) o). (53

m,m’,q;
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To decompose the meson state into ¢figq state, we insert in Eq53) the completeness relation E@3) and obtain

Alig—]oko) = 2_ b*<B?’i0||:|W|X(07)>|a1'>|)(m’(%)A>|[Q1Q2]Q3><®'|¢j°(8)><[Q1QZ]Q3|¢k°(8)A>

mm’,q,q9',q;

— X a*(BMIHWx(07))aa’) [ x™ (2o {a102}a)(qa’ | #1°(8))(q,ax0s| #42(8) )

m,m’,q.,q’,q

= D Alip—00'[0102]92)(qq’ | #'9(8)){[ A102]ds| #9(8) A)

a.9'.q,
+q%)q_ Alio—09'{0:02}03)(q0’| #'2(8) ){{0102} a3l #(8)s), (54)
where
Allo—00'[0:02105) = 2 b*(BY"IHulx(07)[a@ ) x™ (2)wI[0102]s) =AW B —BBMB)], (59
and |

A(ip—00q'{0s02}d3)= >, b*<ch'i0||:|W|X(07)>|al’>|Xm’(%)A>|{Q1Q2}Q3>

=[V2(1~ 8q,q,) + 84,0,]JAd Be(3) = 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 inB(&he the quark diagrams have two
independent types: the symmetric and the antisymmeftjc,and Ag. This result is independent of what particles the
B(8)’'s decay from or are associated with. L

Let us discuss now specifically what types of quark-diagram amplitudes will contribut® Fr—B(8)+ M (8), the two
initial noncharmed quarks, sag; andq,, are antisymmetric in flavor. In diagras, g, andq, are spectators; therefore they
stay antisymmetric in the final state. We denote the quark arising from the charmed quark dggagrasthe quark-antiquark
pair from theW as qoqq. In diagramB’ (the prime signifies that the quadg coming from the charmed quark decay
contributes to the final meson formation rather than the final baryon formatijprandq, are also spectators; therefore they
stay antisymmetric in the final product. In diagrd®n gq; andqg are forced to be flavor antisymmetric due to the Pati-Woo
theorem[11]; so are the quark pai;qgs in diagramC,. Note that the quark-diagram amplitudB8s andC, 5 vanish because
of the Pati-Woo theorem which results from the facts that e A) X (V—A) structure of weak interactions is invariant
under the Fierz transformation and that the baryon wave function is color antisymmetric. This theorem requires that the quark
pair in a baryon produced by weak interactions be antisymmetric in flavor. Putting together all this information and referring
to Fig. 2, we find a detailed expression for E§4):

Alig—joko) = Aa[Bo(3)—B(8)M(8)1(q0us| #0(8))([41021013] #°2(8) o)
+ BALBc(3)— B(8)M(8) 1(qott3| 4'°(8) X[ q1a2]1g| #°(8) a)
+ BalBo(3)— B(8)M(8)1(Gotlzl ¢1°(8))([ 10131 Qg| #/%(8) )
+C1aLBe(3)— B(8)M(8)1(lo0lz| ¢°(8) ([ a1 ls] 00| #/%(8) )
+C2alBe(3)—B(8)M(8)1(lo0i3] ¢°(8) ([ 01015] 00| #/°(8) )

+Cae Bo(3)—B(8)M(8) (0005 41°(8) ) ({01 Iz} ol #72(8) ) V2(1— 8 q,) + F,0,]
+CA[Bc(3)—B(8)M(8)1(to0s| #°(8)) ({0105} O] #2(8) a)

+C Be(3)—B(8)M(8)1(dgs| ¢°(8) ){{ a3} dol #*(8))[ V2(1~ 84,q1) + 8gq1]
+EAlBo(3)—B(8)M(8) 1(Totlzl 41°(8) ){[ A0l 1ol #°(8) )

+ £ Bo(3)—B(8)M(8)1(0gtz] /°(8)){{ts0lz}dol ¥(8) [ V2(1~ 8 q)) + F,q,]

+EA[BL(3)—B(8)M(8)1(qods| $%(8)){[ 102 ]10l0| #+2(8) A).- (57)
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FIG. 2. Quark diagrams for the decag(3_)—>B(8)+ M(8).

~ = 0A +1(2 =0A = —+\|2
Applying this to all theB.(3)—B(8)M(8) decays, we can (B =2 7)) =|A(E - ETKN%
express all the 58 decays in terms of the 11 unknown ampli-

=0A w0\ |2 '—'OA O 0y(|2
tudes in(57) (see also Table JI [A(E"—nKO)[*=|A(E; K2,

IAE =2 ) P=|ACEP—-pK)?, (59
B. Results and tables |A(E S A—pKO)|2=|AA =3 KO)[?,
From the second column of Tables lla—llc, which gives |A(EA—EKD)P=|AA; —n7 )%,

the results in the absence of effects from(SUviolations
. . ) ) |A(:«OA_)A0 | |A(»—«0A_>20 0)|2
and final-state interactions, we have the relations S 7g) )|
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for quark-mixing-suppressed modes,
|A(E{ A= KO P=2|A(E*—-3KO)?,

ALK P=2|AEA=3KNZ, (59

for quark-mixing-doubly-suppressed modes, and relations
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1 1
e= g(AA_B/’x)"‘ m(cé_czs), (61)

1 1
f=——(2C o+ Cr—Cop) + ——=(C5—Cs9),
8( 1At Ca—Can) 8\/§( 5 Cas)

between the squares of quark-mixing-allowed, -suppressed,

and -doubly-suppressed amplitudes:
|AAL = pmo) 2= Sl AN =3 7o) %,
|A('_’OA_>»-« K )|2 51|A(_’OA—>E_7T+)|2,
IAE =3 77| 2=s{A(EN -2 KT,
A(ESA=S KO 2=s{|A(A S —pKO)|?

IA(ESA—na?)|2=s]|A(Af = E°KT)|?,

IA(EP -3 KY

)[? _31|A(~OA E-o0)3

(60)

|A(EP—pr ) P=s{|A(EP -3 TK™

)2,

| (A+—>nK+ |2_8411|A ~+A +)|2,

|A<AupK°>|2—s1‘|A<”+Mz+F>|2.

A —Ppno)|*=SlAA S =3  70) 2,

wheres; =sing; and 6, is the usual quark-mixing angle.
Note that the above quark-diagram relations can also b

reproduced in the S@3) Hamiltonian approach of Savage

and Springer (S [6] except for Eq.(59) and the first and

last relations in Eq(60). We believe that when the use of the

SU(3) Hamiltonian in which the symmetry amplitudes are

1
g(AA+ ZBA_BA)

At first sight, it appears that there are six independen{3sU
parameters, but eight different quark amplitudes. However,
one may make the redefinitiofthis redefinition is not
unique

2
—c
V3

2 ’ R
A~ =Css B

A=A
J3

=By~ 25 Es: CstCas,

~ 1 ~ 1
C'=Cp— ﬁC’sJF Cia, Co=Con— ﬁczs_ Cia, (62

so that the amplitudes for the decay modes in Table | can be
expressed in terms of the six quark-diagram tettys 3,
BA, C’, Cz, andCs.

Table la for guark-mixing-allowed decays
B.(3)—B(8)+M(8) was also previously considered by
Kohara[10]. In Kohara's results there are eight quark dia-
gramsay ,by, Cx, dik, dok, dak ,dax , andeg . The rela-
tions between our quark-diagram amplitudes and those in

0] are

tensor decomposed is done correctly to incorporate the sym-

metry properties of the baryon wave function, the reduced

matrix elementa defined in Ref[6] should not contribute
and all aforementioned SB) quark-diagram results will be
reproduced.

The relations between the &) reduced matrix elements
of Ref.[6] and the quark-diagram amplitudes %are

V6 G G
aK=?AA, bKZ?B;_\, CK:TBA:
\/6 ! 1 ! !
A ﬁcg, K= b (63)
G 1 1 G
d —C ——Cyg, dyx= , ex=—"C1a,
K= 28— \/E 2s 4K Eczs K= 1A

which are obtained by comparing Table | [df0] with our
Table lla. As emphasized before, we consider it conceptually
clearer and in practice simpler to work with the orthonormal

basis of quark states.

1
a=0, b=--+ (CA+CZA) \/_(CS+C25)
(.A +By)— ! ——(Cs+Cy), d= ! (C&+Cye)
At b= 5 Flls T las ~ st

Note that the reduced matrix elemeatd, ¢, andd introduced in
Ref.[6] are associated with the operats, which transforms as

V. SEXTET CHARMED BARYON DECAYS
A. Quark-diagram scheme for B.(6)—B(10)+M(8)
There are six independent quark-diagram amplitudes for

B.(6)—B(10)+ M (8). Theamplitudes3 andC, are forbid-

a 15 under flavor S(B) and is symmetric in color indices and den owing to the Pati-Woo theorem. The relevant diagrams
hence cannot induce a baryon-baryon transition. In other wordsand amplitudes are exhibited in Fig. 3 and Table Ill, respec-

baryon-pole diagrams are prohibited by the operatorsO

2Using Table Il and the relation&1), one can perform a cross-
check on the S(B) amplitudes given in Tables |11l of Reff6]. For
example, we find a sign error in Table (6], namely, the squared
matrix elements for E2-AK° should read
(1/6)|a—2b+c+2e—4f—4g|%.

tively.

3In order to avoid notation confusion with the &) parameters

of SS[6], we add a subscrigf to Kohara’s quark-diagram ampli-
tudes[10].
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FIG. 3. Quark diagrams for the dec&y(6)— B(10)+ M(8).

From Table Ill we obtain the following relations, in the « andé do not contribute. Therefore in the 8) limit there
absence of both S@3) violations and final-state interactions: are only four independent quark-diagram amplitudes or re-
_ duced matrix elements. Relations between the quark-diagram
|A(QY—3*TK)[2=2|A(Qe—2*KO)[?, amplitudes and the symmetry parametisse Eq.(25) of
Ref.[6] ] are given by
A3 070)[?= 2| A(Qg—3*Ong) 2,
As=B—2n, Bs=p+27,

1
0 *0 2_"g2 0_,=%0 2
|’A‘(flc—>2 7’0)| 231|A(Qc - 770)| ’ (64) C,S: ,y+ 2)\, CZS: y— 2\ (66)

0 +_—\[2_ 2 0 -2
|A(QC_>E* m )l _51|A(QC_>E* K )| ! B. Quark-diagram scheme for B(6)—B(8)+M (8)

1 We discuss in this section the decays of sextet charmed
|A(Q—E* _K+)|2:§SE|A(QS—>Q_K+)|2- 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 SU3)-symmetry approach6], there exist no rela-
tions between the decays 018—> B(8)+M(8). However,

IA(Q9—A%%KO)[2=0, |AQ2—~ATK )[2=0, (65 from Table IV we obtain

It is interesting to note that thﬂg decays intoA°K° and
A*K™ are prohibited in the quark-diagram scheme,

as the quark diagrang, is not allowed by the Pati-Woo |A(Qe—nK9)[2=[|A(Q¢—pK)?,
theorem. Consequently, the corresponding reduced matrix el- -
ementa makes no contribution. |A(Q—3TK™)|?=2|A(Q2— 392, (67)

We note that the above quark-diagram relations except for
the last one listed in(65) cannot be reproduced in the These relations cannot be reproduced in thé33Edpproach
SU(3)IR approach of SS unless the reduced matrix element5] unless the contributions due to the @Yparametersaa
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FIG. 4. Quark diagrams for the dec8y(6)—B(8)+M(8).

andd vanish. Therefore Eq67) will provide a good test of 1 1 1
the quark-diagram scheme. Unfortunately, these processes—|=——(Cg+Cys), f= g(CA—CzA)— ——=(Cg—Cys),
are either singly or quark-mixing-doubly suppressed. We do 243 8\3

not expect that an encouraging experimental verification will (68)
come out soon. 1 1
The relations between quark-diagram amplitudes and 9= ——=(Ag— B+ —=(Cs—Cog),
SU(3) reduced matrix elements are found to be 4\3 4\3
L h=— 2 (Ch—Con) + ——(ChCag) + €
a=d=0, b=—m(A3+Bs), glta™taa 8\/§ s™t2s) T Zlias
I l(C’ Cop) L (C5+Co9) k —1 (Ag—Bg) 1[3
c+l=—(Cp+ - + , =— —Bg)— =Ba.
4 A 2A 4\/§ S 2S. 4\/§ S S 4 A
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Therefore there are seven independen(3garameters and compare all these relations with future experimental data.

guark-diagram amplitudes. Our results are consistent with those from the(3WR
scheme. In addition, in the quark-diagram scheme we are
VI. CONCLUSIONS able to impose the Pati-Woo theorem for weak decays and

) ] -~ obtain more specific results than those from the(3IR
In this paper we have given a general and unified formuscheme.
lation usefgl for the quark-diagram scheme for baryons. Here e also note that the quark-mixing-allowed decays of the
we apply it to the two-body nonleptonic weak decays ofgntitriplet charmed baryon into a decuplet baryon and a pseu-
charmed baryons a_nd express_thelr decay amphtudgs Woscalar meson can only proceed through texchange
terms of the quark-diagram amplitudes. The effects of finaljiagram. Hence the ~experimental measurement of
state interactions and $8) violation arising in the horizon- A +_ A ++k- implies that the W-exchange mechanism

tal W-loop quark di_agrqms are in_cluded in _the tabl_es. In thepliays a significant role in charmed baryon decays.
absence of S(B) violation and final-state interactions we

have obtained many relations among various decay modes.
These relations provide a framework to study these effects.
Some of the relations are valid even in the presence of final- This work was supported in part by the U.S. Department
state interactions when each decay amplitude in the relatioof Energy and the National Science Council of Taiwan under
contains only a single phase shift. It will be interesting toContract No. NSC85-2112-M-001-010.
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