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In view of recent experimental trends we investigate the weak nonleptonic decays of charm baryons
within the framework of the constituent quark model. Branching ratios and asymmetry parameters for
all 2+~ z'++0 charm-changing modes are calculated with appropriate QCD corrections. The effect

of Savor dependence on the scale is found to be quite significant.

PACS number(s): 13.30.Eg, 11.40.Ha, 12.39.Jh, 14.20.Lq

I. INTRODUCTION

The discovery of the charm particles began a new era
in particle physics. Ever since, charm hadrons have been
under an active probe, but data constraints directed most
of the theoretical efForts to the understanding of the weak
decays of charm mesons. The advent of the B factories
and a change in the experimental trend has now brought
charmed baryons under active investigation [1—3], with
results encouraging enough to warrant a detailed theoret-
ical analysis. Moreover, the large event samples of B-
meson decays will allow an accurate and extensive study
of all charm baryonic decays in the near future. The de-
tailed knowledge of these decay properties is essential as,
in addition to explaining the charm sector, it will form
the core to the quality of information that can be extract-
ed from b ~c physics.

Charmed hadrons can decay into numerous channels,
yet the data on the exclusive modes are very limited [1].
There have been many recent theoretical attempts to
study charm baryons in the weak mesonic modes [4-9].
To study the two-body decays exclusively, it would be
ideal to have a reliable and direct theoretical evaluation
of the three-body matrix elements. However, a direct cal-
culation of (BM~Htr~B, ) at the quark level involves
some uncertainties. Strong interaction interference
effects between different processes, which are prevalent
among these modes, cast a shadow on the exact contribu-
tion of each process. Final-state interactions (FSI's)
among the hadrons may further complicate the situation
as in the charm meson decays [10]. The B~B'P weak
modes have traditionally been studied through the stan-
dard current algebra approach using the soft pion
theorems [11]. It has been shown for quite some time
that though this approach successfully reproduces sepa-
rately the s- and p-wave amplitudes of the hyperons, and
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their relative sign, it fails to predict their relative magni-
tudes [12]. To have better agreement between theory and
experiment, the importance of including the factorizable
contributions, which vanish in the soft pion limit, has
been recognized [13].

Generally the spectator diagram is considered to be the
significant decay mechanism for the charm meson decays.
However, for baryons other contributing processes such
as the W- exchange mechanism are also possible [14-16].
Unlike the meson weak decays, this F-exchange mecha-
nism in baryons is neither helicity nor color suppressed
since there may exist a spin-0 two-quark system inside
the baryon. In fact, the contribution from this process
has been found to be proportional to ~lb(0)~, thereby
making it more significant for the heavy baryon weak de-
cays [15]. Experimentally also the lifetime difFerences
among D, D+, A,+, :-,+, and:-, are indicative of the
presence of W-exchange mechanism. The signal [17] for
A,+~6,++EC, and recent measurements by CLEO [1]
on exclusive modes such as =,~Q K+ and A,+

~:- EC+, which can occur most likely via a 8'-exchange
diagram, lend credence to this interpretation.

The B,~B+n./K decay has been recently analyzed by
several authors in the framework of the conventional
soft-meson technique with inclusion of factorizable terms
[6-9]. In the quark model language, the factorization
contributions are the same as the spectator processes,
while the baryon pole terms and the equal-time commu-
tator (ETC) term involve the W-exchange diagrams.
Theoretical prejudices indicate domination of factoriza-
tion contributions in the charm sector [10]. This may be
responsible for the general theoretical predictions of the
branching ratios being larger than the experimental re-
sults, in particular, A, ~Am+. However, modes such as

A,+~X m. + can occur only through a baryon pole, and
experimental observation of

B(A,+~X sr+)=B(A,+~An+).
indicates the importance of the nonspectator processes in
the charm baryonic decays. Potentially important
modifications can arise for these decays from the baryon
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II. GENERAL FRAMEWORK

A. Weak Hamiltonian

The relevant effective weak Hamiltonian including
QCD short-distance effects for the charm-changing de-

cays is as follows.
Cabibbo enhanced: hC =hS = —1,

GFcos l9c
[c,(sc )(ud)+c2(uc )(sd )];

2

Cabibbo suppressed: hC= —1, AS=0,

GFcos8csin8c
[c&

[(sc )( us ) —(dc )(ud ) ]
2

+c2[(uc)(ss ) —(uc)(dd )]j;
Cabibbo doubly suppressed: AC = —hS = —1,

—GFsin Hc
[c,(dc )(us )+c2(uc )(ds )],

2

where the abbreviation qq =qy„(1—y5)q. c, =
—,'(c+

+c ) and cz= —,'(c+ —c ) represent combinations of the
QCD coefficients c and c+. In the leading log approxi-
mation these are given by

( 2) 'd+l2b

(2)
cx~(m ~ )

c+(p) =

with d = —2d+ =8 and b = 11——3f, Nf being the
number of flavors, p the mass scale and a, is the strong
fine-structure constant. The precise value of these QCD
coefticients is difticult to assign, depending as they do on

pole contribution, if the effect of SU(4) breaking is includ-
ed in the scale Ig(0)I [16] and the strong-coupling con-
stants [18].

In this paper, we analyze the weak nonleptonic decays
( —,
'+ ~—,'++0 ) of the C =1 charm baryons in the

current algebra framework with inclusion of factorization
terms. Section II describes the relevant weak Hamiltoni-
an and various contributing processes. We employ the
constituent quark model to evaluate the weak Hamiltoni-
an matrix elements and the form factors appearing in the
decay amplitudes. The effects of short-distance quantum
chromodynamical (QCD) modifications are present in the
Hamiltonian. We also calculate the SU(4) broken strong-
coupling constants. Section III deals with the discussion
of the results obtained and the inconsistency between
theory and experiment. In Sec. IV we study the effect of
Savor dependence on the scale of the weak matrix ele-
ment, and hence on the branching ratios and asymmetry
parameters for these decays. In this study we find that
both factorization and pole and/or ETC terms are equal-
ly important, though one may dorainate over the other,
depending on the decay channel. In addition to the
Cabibbo-enhanced modes, we have studied the charm-
changing weak nonleptonic decays of C =1 baryons for
the Cabibbo-suppressed and doubly suppressed modes.
We end with the summary and conclusions in Sec. V.

the mass scale and A~D. c, and c2 are fixed from
D ~Em data [19]tobe c, =1.2, cz= —0.5.

The amplitude for the process B~B'P is defined by

(BfPkIHQIB, ) =bu (A B—y~)us (3)

B, and Bf are ground state —,
'+ baryons, A and B are the

respective s-wave and p-wave amplitudes. The main
quantities of experimental interest are the decay rate

2x Re(A'B)
aI'+x'IBI' ' (5)

where p, is the center-of-mass three-momentum in the
rest frame of B;, and x =p, /(Ef +mf ).

B. Weak decay amplitudes

Among the J =
—,
'+ charmed baryons comprising the

20' multiplet of SU(4), only the members of the SU(3)
submultiplets 3*, 3, and Q, of 6 decay weakly. The
remaining decay strongly or radiatively to 3*. We have
studied the weak nonleptonic decays of C=1 charm
baryons of 3' and 0, . To evaluate the decay rate and

asymmetry parameters all we require is the estimation of
the total parity-violating (PV) and parity-conserving (PC)
amplitudes A and B, respectively.

Using standard current algebra techniques, the evalua-
tion of the B~B'P involves relating the three-hadron
amplitude (BPIHa, IB, ) to the baryon-baryon transition
matrix element (BIHa, IB, ) through the PCAC (partial
conservation of axial-vector current) hypothesis [11].
Adding the factorization term gives the general form

(Bf I [Qks, H~]IB; ) +~p.(,+If„.f k W i f f k~ W

We discuss the contribution of each of these terms in

the context of PC and PV amplitudes. The first term cor-
responds to the equal-time current commutator, which is
essentially the matrix element of H~ between the two —,

'+
baryon states:

(Bf IHlv IB' ~ uf (a f +b fy5)u;'
It is well known that the PV matrix element b;f vanishes
for the hyperons since (BfIH JIB; ) =0 in the SU(3) lim-

it. In the case of the charm decays, in analogy with hype-
rons, it has been shown that b;f &(a;f, and in the nonre-

lativistic limit only the PC term survives. Thus the ETC
term contributes only to the s-wave amplitude:

(Bf I [Qk H ]IB; ) = (Bk I [Qk, H fy ] IB; ).

(8)

I (B,~Bf+Pk)=
2 [[(m;+mf) —mk]l& I

Sam;

+[(m, —mf) —m„]IBI ] (4)

and the asymmetry parameter
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Qk and Qk are the vector and axial-vector charges, re-
spectively. The p waves are then described by the —,

'+
pole contribution. The baryon-pole terms arising from s
and u channels contribute only to the PC amplitude, and
are given by

BPo e gifkai m; ™f gI'k m +mf+
m; —mi mi+mf mf —mi' m;+mi'

(9)

&F, Iw„I0&&BIIv —~ IB,. &,

where

& p„I a„I0)=~f„q„,

(10)

where q„=(p;—p& }„,and f/, is the decay constant of the
emitted pseudoscalar meson P. The baryon-baryon tran-
sition matrix element is defined in terms of the invariant
vector and axial-vector form factors:

=u&(pt )(f,r„f2/o„~ "+f—3q„)u;(p; ),
&BI(pg) I &„IB;(p; ) )

uf(pf }(gll r5 g2~~„&"rs+g3q„r5)u;(p; ) .

(12)

f; and g; denote the vector and axial-vector form factors
and are functions of q . Up to first order of parametriza-
tion, the factorization PV and PC amplitudes are

GF
—Fcf/, c/, (m; mf )f /" (m/', ), —
2

GF
B "= —Fcfkc/, (m, +mj )g, " I (mk ),

2

(13)

where Fc denotes Cabibbo factors and ck is the QCD
coefficient equal to ci(c2) depending on the emitted
meson. The total amplitude is given by

ETc+ g fac

B—Bp ~~+Bfac
(14)

We use the constituent quark model to evaluate the
weak matrix element a, for the baryon-baryon transition

where g; k are the strong baryon-meson coupling con-
stants, and I, I' are the intermediate baryon states corre-
sponding to the respective channels. The term M~,&, is
actually a modified pole term and contains the contribu-
tion from the surface term, the soft-meson Born-term
contraction and the baryon-pole term [11],combined in a
well-defined way.

The third term is the factorization term obtained by in-
serting vacuum intermediate states, which reduces it to a
product of two current matrix elements that vanish in the
soft-meson limit. Factorization may be viewed as a
correction to the current algebra term, as it is directly
proportional to the meson four-momenta. In this ap-
proach the quark currents of the weak Hamiltonian are
considered as interpolating hadron fields, directly gen-
erating a qq state. The separable combination of
B;~BfPk is given by

and the form factors f;(q ) and g;(q ) appearing in the
weak decay amplitudes. The SU(4) broken strong-
coupling constants g;k are evaluated using a symmetry-

breaking ansatz and the Coleman-Glashow null result

[18]. We briefly review the calculation of each of these
terms.

1. Baryon matrix element of &Br IH/rIB; )

In recent studies the weak amplitudes have been calcu-
lated by many authors [5,6] using the symtnetry argu-
ments and a simple c~s substitution; e.g., a + + can be

C

obtained from a + through the relation
X p

&r'IH"IA,+)= cote, &pIH"Ir+) . (15)

However, the flavor symmetry SU(4) is badly broken and
this relation ignores the difFerence in QCD enhancements
at difFerent mass scales. A direct method of estimating
a," is to use the constituent quark model which describes
both s and p waves adequately. Following the analysis of
Riaazuddin and Fayyazuddin [15] in the hyperon sector,
we reduce the charm-changing Hamiltonian for the Ca-
bibbo enhanced mode in the nonrelativistic limit to give

H//r =c (m, )(s+cu+d —s+oc u+od }5 (r} . (16)

2. Form factors

The conventional method of evaluating the form fac-
tors using SU(3} symmetry or at q=o is found to give

A+A
very large values [5], e.g., f i

' (0)=0.95 and
A A

g, ' (0)=0.86. If these are first evaluated at maximum

q and then extrapolated to q =0 assuming a dipole q
dependence, they are reduced by nearly half. This has
been done by Perez-Marcial et al. [20] using a Briet
frame where the emitted baryons have momenta

p, = —pf=q/2; qo=E, —E2. Moreover, at maximum
momentum transfer q =(m; —mI) the quark model
wave functions are found to simulate the compound had-
ron states in the best possible manner. Following the
method of Perez-Marcial et al. use evaluate all required
form factors in the constituent quark model. Unlike the
bag model estimate, the constituent quark model is free
from numerous parameters. Form factors at q =6M
are given by

The presence of c in the overall scale may be under-
stood by noticing that the portion of the Hamiltonian
corresponding to c+ is symmetric in color indices and
hence does not contribute. The enhancement due to hard
gluon exchanges in the charm sector c (m, )=1.7 is
lower than that in the hyperon sector with c (m, ) =2.2,
and will affect the naive relation (15). Effects of long-
distance QCD reflected in the bound-state wave functions
have generally been ignored. We will discuss these in a
later section.
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hM 5M
4M, M,

hM
gi

where 5M=M, —M2, M&2 =M&+M2, and a& and a2 are
the combinations of the Clebsch-Gordan coefficients. We
go from q =5M to q =0 using the dipole q depen-
dence: f;(0), g;(0)f;(q')= », , g;(q')=

(1—
q /mv )

'
(1—

q /m„)

(18)

3. Strong-coupling constant

In many attempts [5,6,8], SU(4) symmetric coupling
constants have been used. Since flavor symmetries are
badly broken, it is quite erroneous to use SU(4) sym-
metric values in the charm baryons. Extending an earlier
analysis [18]we estimate the broken strong couplings em-
ploying the Coleman-Glashow null result [18] from
tadpole-type symmetry breaking. The baryon-meson
strong couplings are then given by

M~ +M~.
BB'P 2M gBB'I'

where g~PP~ is the SU(4) predicted value. a~= 1 for m.,E
and ap =5M, /5M, for D mesons.

III. DISCUSSION OF RESULTS

Having determined all the ingredients of the weak de-
cay amplitudes, we can now compute the decay ampli-
tudes using Eq. (14). Experimentally measured [1]masses
of the charm baryons have been used. The branching ra-
tios and asymmetry parameters are given in columns 2
and 3 of Tables I, II, and III corresponding to the
Cabibbo-enhanced, suppressed, and doubly suppressed
decay modes.

A. Cabibbo-enhanced modes

The weak charm baryonic nonleptonic decays which
proceed through a (cd)~(su) transition are enhanced by
the Cabibbo factor cos 8&. In this mode the decays in-

volving the emission of a m+ or a E get contributions0

from the spectator diagrams and are seen to be
significantly larger than the other modes arising through
the pole and ETC contributions. The branching ratio for
the m+ modes is greater than the K modes due to color
enhancement. However, in a typical m+ emitting decay,
A,+~X m. +, the factorization term vanishes due to the
Clebsch-Gordan coefficient, and hence it proceeds only
through nonspectator contributions. Among the decays
arising through purely pole and ETC diagrams, the
branching ratios decrease in the order of m )g & g' )E
emitting modes. The pole contributions are obviously
significant in channels where the factorization term can-
not appear, and an accurate experimental observation of
these decays can clearly determine the relative strength
of the pole diagrams in charm baryon decays.

Experimentally [1], only three branching ratios and
one asymmetry have been measured:

TABLE I. Branching ratios and asymmetry parameters for Cabibbo-enhanced modes.

Process Asymmetry

Without i+{0)i~ scale variation
Branching ratio

(%) Asymmetry

With i+{0)i' scale variation
Branching ratio

(%)

hC=hS = —1

A,+ ~p+EC
A,+ A+ m'+

A+ ~r'+++
A,+ X+++
A+:" +K+

A,+ X++g'

1.25
2.15
0.55
0.55
0.05
0.22
0.05

—0.99
—0.87
—0.32
—0.32

0.00
—0.94

0.68

2.34
2.33
2.43
2.43
0.23
0.99
0.20

—0.99
—0.85
—0.32
—0.32

0.00
—0.99

0.68

0.45
4.67

—0.43
—0.73

0.38
1.55

—0.25
0.25

0.27
0.04
0.10
2.30
0.31
0.07
0.03

—0.92
0.00

—0.24
—0.99
—0.80

0.13
0.75

0.77
0.19
0.11
3.49
1.38
0.32
0.11

—0.80
0.00
0.87

—0.99
—0.80

0.13
0.75

1.27 0.36 12.40 0.50
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B(A,+~pK )=(1.6+0.4)%%uo,

B(A,+ ~An+ }=(0.58+0. 16}%%uo,

a(A,+~Am+ ) = (
—0.96+0.42),

B(A,+~X n.+)=(0.55+0.26)% .

(1) The agreement of branching ratio predictions for
the decay B(A,+~pK )=1.25%%uo is good within experi-
mental errors, but lies on the lower side. We find its
asymmetry a(A,+~pK )= —0.99.

(2) Theoretically determined a(A,+~An+)= —0.87 is
in good agreement with the experimental measurement
[3]

a(A,+~An+ }=(—0.96+0.42) .

However, the branching ratio B(A,+-+Am+)=2. 15% is
found to be greater than the expected value. It is notice-

able that in most of the theoretical efforts this branching
ratio has been predicted on the higher side, sometimes by
an order of magnitude or even more. This may indicate
the need of new physics. Final-state interactions, which
are well known to substantially alter the decay predic-
tions in charm mesons as well as hyperons, may provide a
clue here. On the other hand, the experimental informa-
tion itself is not clean. The predictions of the branching
ratios for all the three measured modes is made with
respect to the branching ratio

B{A~+ ~pK m'+ ) = (3.2+0.8)% .

This value, quoted by the Particle Data Group [1], is in
fact an average of the three measurements (4.3+1.0)%,
(4. 1+2.4)%, and (2.220. 8)%, of which the lowest one
was measured way back in 1980. The other two recent
values are consistent mutually as well as with the latest
measurement [3]

TABLE II. Branching ratios and asymmetry parameters for Cabibbo singly suppressed modes.

Process Asymmetry

Without i+(0)i scale variation
Branching ratio

(%) Asymmetry

With i %(0) i

2 scale variation
Branching ratio

(%)

h, C= —1,5S=O
A+~p+m'
A,+~n+m+
A,+ A+K+
A,+—+X++K
A+ &0+K+
A,+~p+g
A,+~p+ g'

:"'+~p+K
"'+~A+v+
=-,'+ ~=-'+K+
:-,'+~X '+m-'
:-'+~X'+ m.+

:-'+ X++g'

:,' ~p+K
:-',O~n+K

+~
r'+~'

:",' —+X +a+

:-', ~A+g
A+ g'
X+g

:-,'~r'+ g'

Qo —+A+K
Q, —+X+K
Q'~r+K
Q ~~ +77
Q'~:-'+m'

Q', ~=-'+q'

0.01
0.08
0.12
0.04
0.02
0.03
0.004

0.14
0.02
0.61
0.07
0.27
0.06
0.01

0.002
0.01
0.004
0.00
0.01
0.10
0.15
0.01
0.01
0.003
0.01
0.001

0.59
0.10
0.05
1.02
0.31
0.02
0.09

0.82
—0.13
—0.99
—0.80
—0.80
—1.00

0.87

—0.93
0.26

—0.86
—0.81
—1.00
—0.74

0.83

0.00
—0.50
—0.84

0.00
—0.99
—0.99
—0.99
—0.48
—0.99

0.86
—0.74

0.83

0.32
0.00
0.00
0.03

—0.23
—0.36
—0.38

0.02
0.09
0.09
0.08
0.08
0.03
0.02

0.61
0.22
0.45
0.17
0.39
0.14
0.05

0.01
0.06
0.03
0.01
0.02
0.15
0.20
0.06
0.02
0.01
0.002
0.004

2.62
0.46
0.23
2.90
1.12
0.13
0.39

0.85
0.67

—0.99
—0.80
—0.80
—0.79

0.87

—0.94
—0.79
—0.01
—0.35
—0.86
—0.08

0.83

0.00
—0.50
—0.94

0.00
—1.00
—0.99
—0.99
—0.48
—1.00

0.86
—0.16

0.83

0.32
0.00
0.00

—0.20
—0.36
—0.96
—0.38
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B(A,+~pK )=(2.01+0.38)%,

B(A,+~Am'+ ) = (0.75%0.41)'%%uo,

B(A,+~X n+ }=(0.70+0.58)%,

(20)

bringing theoretical predictions closer to experiment.
Some authors [8,9] have included —,

' poles to lower the
branching ratio of B(A,+~A~+}, but these adversely
affect the B(A,+~pK ). Relevance of —,

' poles may
come from data on A,+~:- E+ which occurs through
the pole contributions only.

(3) The decay B(A,+~X m+)=0. 55% is found con-
sistent within experimental errors, though on the lower
side. Its asymmetry is found to be a( A,+

X rr+}=—0.32.

B(A,+~pK n+)=(4.0+0.8+0.3)% .

Therefore, it seems more appropriate to take their aver-
age value

B(A,+~pK m+)=(4. 1+0.9)%,
which in turn yields

For the remaining decays we predict the following:
(4) The branching ratio

B(A,+~X+~ )=B(A+ X m+).

which matches with the expectations from naive isospin
arguments. The asymmetry is also the same for both
channels.

(5}The branching ratio B(A,+ ~:- K+ ) =0.05%. This
decay is the cleanest of all A,+ decays as it has only a
small p-wave contribution to its decay amplitude and a
null asymmetry.

(6) Among the =,'+ decays, there are only two possible
modes. Both channels get contributions from the factori-
zation, pole, and ETC terms, yet the decay (:"',+ += n—

+
)

dominates over (:-',+ ~X+K ) by an order of magnitude:

B(:-',+ ~:- m
+

) /B (:-,'+ ~X+K ) = 12.5 .

(7) The =,' decays also exhibit similar trends. The
dominant mode is B(:-,' ~:- n.+)=2.30%, which is in
fact the largest of all the Cabibbo-enhanced modes. Its
decay rate is about 2.5 times greater than that of
(A,+ ~Am+ ), and can be expected to be measured soon.

TABLE III. Branching ratios and asymmetry parameters for Cabibbo doubly suppressed modes.

Process

Without ~%(0) ~
scale variation

Branching ratio Asymmetry
(10 ) (10 ) Branching ratio Asymmetry

With ~%(0)~' scale variation

hC= —hS = —1

A,+ —+p+K
A,+ —+n+K+

0.04
0.51

0.20
—0.57

0.05
0.26

0.25
—0.02

:",'+ ~n +a+
=-''-A+K

X++K
~~+ F0+K+

p+'g
~p+g

0.03
0.07
0.26
1.15
2.28
0.56
0.07

0.00
0.00
0.31

—0.99
—0.98
—0.62

0.90

0.15
0.30
0.44
2.03
3.04
2.62
0.30

0.00
0.00
0.94

—0.96
—0.99
—0.62

0.90

p+7T
:-,' ~n+m

A+K
~0 @0+Ko

X +K+
:-,'~n+ g
:-,'~n+ q'

0.01
0.005
0.01
0.08
0.66
0.08
0.01

0.00
0.00
0.80

—0.99
—0.98
—0.62

0.90

0.04
0.02
0.08
0.15
0.88
0.36
0.04

0.00
0.00
0.04

—0.96
—0.99

0.60
0.90

Q, —+p+E
Q, —+n+K

Q, X++m.

Q -r+-
Q, X +a+
Q, :- +K+
Q -=-'+K'
Q, A+g
Q, ~A+q'

Q, X +g'

0.07
0.08

Decay forbidden
0.48
0.48
0.48
5.51
2.58
3.14
0.32

Decay forbidden
Decay forbidden

0.00
0.00

0.00
0.00
0.00
0.64
0.58
0.23

—0.42

0.32
0.33

2.12
2.12
2.10

12.44
7.78

13.83
1.41

0.00
0.00

0.00
0.00
0.00
0.59
0.55
0.23

—0.42
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(8) Next in order of magnitude are the branching ratios
of (:-,' ~AK /:- n ) modes. In these the K emitting
mode gets contributions from both spectator and non-
spectator processes, while the decay involving a ~ comes
only from the pole contributions.

(9) The decay (:-', —+X+K ) like (A,+-+= K+) has
only a p-wave contribution. These decays are among the
good candidates to test theoretical models.

(10) For the sextet particle Q„only one (Qo~:-OK )

channel is allowed, which acquires an amplitude from
both pole and factorization terms:

8(Q, ~:- K )=1.27% .

(ll) We have neglected rf —r)' mixing in this study.
The branching ratios for the g,q' decays are lower by a
factor of 5—10 as compared to the other dominant
modes.

S. Cabibbo-suyyressed modes

The Cabibbo singly suppressed decays are of the order
of 5% of the enhanced modes. The decays in which there
exist both pole and factorization contributions are the m+

or E+ emitting modes, and are larger than the others by
an order of magnitude. Factorization is also present in
the decays emitting m, g, and g', but these are lower
than the m+, K+ decays, due to the lower QCD factor c2
and the Clebsch coeScients. In the modes arising
through only nonspectator diagrams, the decays involv-
ing EC, E are seen to be greater than those emitting the
charged particles E

Salient features of the Cabibbo singly suppressed de-
cays, particularly the dominant modes, are summarized
below.

(1) A,+: B(A,+ ~AK+ ) =0.12%,

8(A,+ nm+) =0.08%;

(2) =-,': 8(=-," =-'K')=0. 61%,
8(:-,'+ +X n+)=0.27—%,
8(:-',+ —+pK )=0.14%;

(3):-,': 8(:"',~:- K+ )=0.15%,
8(:-', ~X ~+)= 01 0%;

(4) Q, : 8(Q, :- n+) =1.02%, .

8(Q, ~A K )=0 59% . .
It is interesting to note that the suppression due to the
Cabibbo factor in the Q, decays is canceled by the QCD
enhancement factor c„making the ~+ emitting decay
comparable to the Cabibbo-enhanced mode. This mode
then can be considered as a viable candidate for experi-
mental observations.

The Cabibbo doubly suppressed modes also exhibit a
similar behavior. These are lower as expected, to be
about O. l%%uo of the enhanced modes. Decays including
factorization contributions are larger and found in the
K, K+ emitting modes. The largest among these are the

branching ratio for

8(:",' ~X K+}=0.01%,

8(Q,~:- K+)=0.06%,
8(Q', =-OK') =0.03%,

8(Q, ~Ay) =0.03%%uo .

(2.020.7+0.4)
B(A+ An+) (2 220 3+0 4}

(1.0+0.2+0.1), (22)

whereas the theoretical predictions lies in the range
0.3-0.5.

We find that these inconsistencies appearing in the ra-
tios may be due to the lack of a proper treatment of the
pole contributions. The above experimental ratios indi-
cate the significance of nonspectator processes, and Eq.
(22) clearly shows that the pole contribution is compara-
ble to the factorization contribution, if not larger.

In the preceding analysis, though we have accounted
for the difFerent enhancement of hard-gluon QCD effects
in the strange and charm sectors, we have assumed the

l P(0) l
scale for the charm baryons to be the same as that

of the hyperons, i.e.,

&y I&'( )iy„+&=&4,lfi'( )lf,+& . (23)

However, since lf(0) l is a dimensional quantity, it may
be incorrect to ignore its variation with flavor. Evidence
to corroborate this has been found in the quark model
[16,21] as well as in lattice calculations [22]. The flavor
dependence reflected in the scale factor corresponding to
the spatial matrix element is due to the long-distance
QCD efFects. Evaluation of lg(0)l is as yet uncertain for
baryons and more complicated, because, unlike the

IV. EFFECT OF it/(0}i VARIATION

Though the data on the charm baryon decays is

meager, it is still unexplained. In the above section, we
have discussed the branching ratios of the individual de-

cay modes of A,+, whose experimental numbers are sensi-

tive to the choice of 8(A,+ ~pK m+ ). A comparison of
decay ratios is expected to be more accurate. However,
there exists a discrepancy even between the experimental
and theoretical predictions of their ratios; see, e.g., the
following:

(i) The experimentally measured ratio [1],

I (A,+ Am+) =(0.41+0.09)% (21)
r(A,' pK')

is in stark contrast to the naive expectations from QCD
coefficients (c, /c2) =6, on the basis of color enhance-
ment. This ratio has been theoretically estimated to be as
high as 13 in some of the earlier attempts [5].

(ii) An earlier measurement by Albrecht et al. [3] and
a recent measurement by CLEO [2], are both consistent
with unity, for the ratio
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mesons, these are three-body systems. In fact the charm
baryons may provide a good and perhaps even dramatic
way of testing the Aavor dependence of the confinement
forces. The absence of an exact dynamical theory of
low-energy interactions between quarks limits our evalua-
tion of ~f(0) ~

from first principles. However, a naive es-
timate for the scale parameter may be obtained using the
hyperfine splitting

(24)

which leads to

X,—A,
X—A

~1((0)~, a, (m, ) m, —m„m,
~P(0) g a, (m, ) m, —m„m,

(25)

For a choice of a, (m, )/a, (m, ) =0.53 we get

(26)

We discuss the implications of the variation in the spa-
tial wave function overlap on the branching ratios and
the asymmetry parameters. The effective enhancement
due to this dependence is manifest in the pole and the
ETC contributions. An immediate consequence of this
would be to increase the branching ratios for purely non-
spectator processes such as A,+ ~X m+ and A,+ ~:- K+
by a factor of about 4, making them comparable to the
other modes, while leaving their asymmetry unchanged.
Decays also involving the factorization are not so
straightforward and the effect of scale variation could
provide some insight into the decay processes. The
branching ratios and asymmetry parameters calculated
with inclusion of scale variation, are given in columns 4
and 5 of Tables I, II, and III corresponding to the
Cabibbo-enhanced, suppressed, and doubly suppressed
decay modes. We will discuss some of their significant
features here.

A. Cabibbo-enhanced modes

(1}Inclusion of Savor dependence in these decay modes
reduces the ratio

8(A,+ ~An+ ) =0.99
B(A,+~pK )

in the required direction, and enhances

8(A+ Xo~+) = 1.048 ( A,+ ~Am. +
)

in excellent agreement with experimental measurement
(1.0+0.2+0. 1) [1].

(2) The 8(A,+~pK ) is nearly doubled to 2.34% in
better agreement with experiment, and can also account
for the lack of expected color suppression in the experi-
mental prediction of the ratio I (Am. +

)II'(pK )

(3) EfFect of scale variation leaves the
B(A,+~An. + }=2.33% almost unaffected. This is be-
cause the factorization term in the PC amplitude is larger
than the pole due to the QCD enhancement factor c„
and the ETC term is absent in this channel.

(4) The branching ratios for 8 (A,+ ~X m+ ) and
(A,+~X+m ) are both enhanced by a factor of 44 to
about 2.4%, which is larger than the experimental num-
ber for (A,+~X n.+).

(5) The decay mode =', ~= ~+ presents an interest-
ing study. Because of the destructive interference be-
tween the pole and factorizable contributions, the effect
of ~%(0)

~
variation is to decrease the decay rate from

0.82 to 0.27 and to alter the asymmetry parameter from
—0.73 to +0.25. A measurement of:-,'+~:- m+ will

provide a good test for variation of ~ip(0)
~

.
(6) The decay =',+ ~X+K also shows a slight decrease

in the branching ratio from 0.45% to 0.38%, and the
asymmetry is seen to be halved from —0.43 to —0.25.

(7}The decay rates for I (:-,'~:- ~+ ), I (:-,'~AK ),
and I'(:",'~:" n ) are enhanced by factors of about 2, 3,
and 4, respectively, making them comparable in magni-
tude to A,+ decays. The branching ratio for ",' ~X K
remains unaffected but the asymmetry is modified from
—0.24 to +0.87.

(8} The decay Q, ~:- K shows by far the largest in-

crease in the decay rate, by a factor of 10, making it com-
parable to the A,+ decays and should be easier to detect.

B. Cabibbo-suppressed modes

In the singly suppressed AC= —1 and AS=0 modes,
the decays not involving factorization show the expected
order of enhancement by a factor of 4.4 in their decay
rates. Among the other decays, some show marked
changes in their asymmetries as well as their decay rates.
The more prominent ones now raised to the order of the
other decays are

(1) A+: B(A,+~X+K )=0.08%,

8(A,+ +X K+)=0.—08%;

(2):-,'+: 8(:-,'+ ~pK ) =0.61%%uo,

8 (:-'+—+Am'+ )=0.22%,

whose branching ratio is enhanced nearly 11 times and
the asymmetry parameter changes from 0.26 to —0.79.
For 8(:",'+-+= K+)=0.45% both the branching ratio
and asymmetry decrease:

(3):-,': 8(:-,' ~nK )=0.06%,
8(:",' ~:"K )=0.06%;

(4) 0,+: 8(0,~:"m. )=1.12%,

8(Q, ~X+K )=0.46% .

V. SUMMARY AND CONCLUSION

We have performed a constituent quark model analysis
of the exclusive two-body charm baryon nonleptonic de-

cays for the Cabibbo-enhanced, -suppressed, and doubly
suppressed modes. In this work we restrict ourselves to
B,~B+P(0 ) decays of C=1 charm baryons. We re-
late the matrix element (8',P~Hs, ~B ) to (8'~H~~B ),
employing the standard current algebra framework, and
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include the spectator contribution, which vanish in the
soft-meson limit. Contrary to the conventional calcula-
tion of form factors at q =0, we evaluate the form fac-
tors f; and g; in the constituent quark model using the
approach of Perez-Marcial et al. [20]. Unlike other au-
thors we explicitly calculate the relevant form factors for
each decay rather than relating them through symmetry
principles. The weak matrix elements are evaluated
through the expansion of the 8-exchange Hamiltonian,
with the flavor dependence inherent through short-
distance QCD corrections to the Hamiltonian. We also
include SU(4)-breaking effects in the evaluation of the
strong-coupling constants, using the Coleman-Glashow
null result.

It has generally been observed that the factorization
contribution dominates over the pole and commutator
contributions in a naive estimate. However, the picture is
unable to explain even the limited data. For instance,
factorization does not generate decays such as
A,+~X n.+, which has been measured comparable to the
decay A,+~A~+, and hence is a definite indication of
significant nonspectator processes. This discrepancy
motivated us to explore the effects of mass dependence on
the weak scale. We find that the inclusion of flavor

dependence on the scale ~%(0) ~
can in fact raise the pole

and ETC contributions to the same order as the factori-
zation terms, if not more. This then effectively explains
the experimentally observed lack of color suppression in
the ratio

B( A,+~Atr+ )/B ( A,+ ~pK ),
and also justifies the near equality between the measured
branching ratios

We have presented the salient features of other decay
channels in the Cabibbo-enhanced and Cabibbo-
suppressed modes.¹teadded in proof Are. cent measurement [23] of the
asymmetry

a=(A,+~X+tr )= —0.43&0.23

is in good agreement with our calculated value.
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