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Abstract. We present a spectator quark model calculation 
of the Cabibbo-enhanced non-leptonic decays of the 
lowest lying charm baryons Ao Sc and f2~ decaying into 
non-charm ground state baryons and mesons.We employ 
covariant quark model wave functions to describe the 
ground state baryons and mesons. They are obtained by 
boosting rest frame wave functions to equal velocity 
frames. The non-leptonic decay amplitudes are then ob- 
tained in terms of two wave function overlap parameters 
which we fit to the experimental data. We discuss general 
features of the flavour and helicity composition of the final 
states in the quark model approach. We emphasize that 
W-exchange contributions are of crucial importance for 
the description of non-leptonic charm baryon decay data. 
We calculate rates and polarization asymmetry para- 
meters and compare them to existing data as well as to 
soft-meson plus current algebra calculations. 

1 Introduction 

In 1979 G. Kramer, J. Willrodt and one of us presented an 
exploratory quark model calculation of two-body and 
quasi-two-body non-leptonic (n.1.) charm baryon decays 
[1]. The paper was written before even any charm baryon 
decay had been identified let alone before mass and life 
time measurements of charm baryons existed. 

The situation has dramatically changed in the inter- 
vening years. Many n.1. charm baryon decay modes have 
been observed in the meantime (see e.g. the review [2]). 
Among the observed two-body and quasi-two-body 
modes are A + ~p/~O, A + __,p/~O(892), A + --*A + +K-, A + 
A~ +, A+~pfo(975), A+-~peb [2], A+~Z~ + [3,4], 
Z~ and ~ + ~ - ~ +  [5]. Also the masses and 
lifetimes of the lowest lying charm baryon states are by 
now quite well known (see e.g. [2]). Furthermore, a wealth 
of new data on charm baryon decays is expected to be- 
come available in the next few years, in particular from the 
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ARGUS and CLEO collaborations in e+e--collisions and 
from the hyperon beam experiments WA 89 at CERN and 
E781 at Fermilab. 

It is therefore timely to update and improve the quark 
model analysis of [1] incorporating the new experimental 
information on charm baryon masses, lifetimes and decay 
branching fractions. Also, recently there has been some 
improvement in the theoretical understanding of hadrons 
composed of heavy and light quarks and transitions 
among such heavy hadrons in the context of the heavy 
quark effective theory (HQET) [6] which puts the quark 
model approach to n.1. charm baryon decays on a much 
sounder theoretical footing. We also take the opportunity 
to correct some errors and misprints in [1]. We have 
added some material on angular decay distributions of the 
decay products in terms of joint angular decay distribu- 
tions. Such an angular distribution analysis allows one to 
extract the dynamical information contained in experi- 
mental decay data. 

2 Classification of states and their mass values 

The ground state charm baryons are classified as usual as 
members of the (inequivalent) SU(4) multiplets 20' and 20. 
The J = 1/2 ground state baryons (containing the ordinary 
C = 0 octet baryons) comprise the 20' representation and 
the J = 3/2 ground state baryons (containing the ordinary 
C = 0 decuplet baryons) comprise the 20 representation. In 
Tables 1 and 2 we have listed the quantum number con- 
tent and masses of the charm baryon members of the 20' 
and 20 representation, where we now use the modern 
notation as recommended in [7]. 

There now exist precise mass measurements for the 
charm baryons d+, ~c ~+, ~cT~ Z+ +, 2;+ and Z ~ [2]. The 
remaining mass entries in Tables 1 and 2 have been 
estimated in the framework of the one-gluon-exchange 
model of [8] (for details see [9]). In the non-relativistic 
Breit-Fermi reduction the one-gluon-exchange contribu- 
tion leads to a spin-spin interaction of the form 

Hss = ~ 16 ~s  i<~ ~ si "s~63 (ri-r~). (1) 
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Table 1. Charmed 1/2 + baryon states. 
lab] and {ab} denote anti-symmetric and 
symmetric flavour index combinations. 
Exp. masses for A~, ~ and 27~ from I-2]. 
Other mass values are theoretical 
estimates taken from [9] 

Notation Quark 
content 

A) c[ud] 
=+ c[su] ~ c  

~o c[sd] 
~ c  

.~+  + CblU 

Z ~ cdd 

~ c  

~o c{sd} ~ c  

f2 ~ css 

+ + CCU ~cc  

= + ccd ~cc  

Q +  CCS cc 

SU(3) (I, 13) S C Mass 

3* (0, 0) 0 1 2285.0 + 0.6 MeV 
3* (1/2, 1/2) - 1 1 2466.2_+ 2.2 MeV 
3* (1/2, - 1/2) - 1 1 2472.8 _+ 1.7 MeV 

6 (1, 1) 0 1 2453-I-0.9 MeV 
6 (1, 0) 0 1 2453 + 3.6 MeV 
6 (1, -1 )  0 1 2452.5+0.9 MeV 
6 (1/2, i/2) - 1 1 2.57 GeV 
6 (1/2, - 1/2) - 1 1 2.57 GeV 
6 (0, 0) - 2  1 2.69 GeV 

3 (1/2, 1/2) 0 2 3.61 GeV 
3 (1/2, - 1/2) 0 2 3.61 GeV 
3 (0, 0) - 1 2 3.71 GeV 

Table 2. Charmed 3/2 + baryon states. Theoretical mass estimates 
from [9] 

Notation Quark SU(3) (I, I3) S C Mass 
content (GeV) 

S *++ cuu 6 (1, 1) 0 1 2.51 
Z* + cud 6 (1, 0) 0 1 2.51 
S *~ cdd 6 (1, -1 )  0 1 2.51 
E* + cus 6 (1/2, 1/2) - 1 1 2.63 
,.7 *~ cds 6 (1/2, - 1/2) - 1 1 2.63 
~2 *~ css 6 (0, 0) - 2 1 2.74 

~*++ ccu 3 (1/2, 1/2) 0 2 3.68 ~cc  

~* + ccd 3 (1/2, - 1/2) 0 2 3.68 ~ cc  

f2 *+ ccs 3 (0, 0) - 1 2 3.76 

f2~+~ + ccc 1 (0, 0) 0 3 4.73 

Starting with the seminal work of [8] many  authors  have 
emphasized the fact that  the hyperfine splitting resulting 
from (1) is crucial in unders tanding the mass breaking 
pat tern of both charm and charmless hadrons  [10]. As 
long as the spin-spin interaction term is taken into ac- 
count  a variety of  models with differing degrees of sophis- 
tication will basically reproduce the charm baryon  mass 
pattern in Tables 1 and 2. However,  for our  estimates of 
charm baryon  masses in Tables 1 and 2 we have retained 
the original version of the one-gluon-exchange model  as 
detailed in [8]. 

Of  the observed charm baryons,  the A~ and the Ec 
states are weakly decaying and thus their n.1. decay prop-  
erties can be conveniently studied. According to the theor- 
etical mass expectations, the unobserved f2~, ~c ,  = f2~ and 
f2~c states are anticipated to also be weakly decaying. 
However,  in this paper we limit out  at tention to the lower 
mass C =  1 baryons  A ] ,  ~=+, ~~ and f2 ~ leaving the dis- 
cussion of  the C = 2 and C = 3 baryons  for future invest- 
igations. 

A discussion of charm changing weak decays proceeds 
from the usual effective n.1. Hamil tonian  [11] 

Hoff=~ 2 vcsV*[c_O_ +c+O+], (2) 

where O + are local 4-quark operators  

0 + = l((•LTudL ) (gLTUCL) +.(gLTudL)(~L~UCL)), (3) 

with O L T u q L = @ u ( 1 - - T S ) q ,  and Vo~q~ are elements of the 
Kobayash i -Maskawa  mixing matrix with Vcs~-V,d -~ 
cos Oc and O~ the Cabibbo angle. The coefficients c+ 
describe the leading log evolution of the n.1. Hamil tonian  
from the W-mass scale down to the charm mass scale 
#~-(9(mc)  [11]. For  the Q C D  coefficients c+ we take 
c + = 0 . 7 3  and c _ = 1 . 9 0  as in [1]; the value of  the 
Kobayash i -Maskawa  matrix element is V c s V ~ = ( 0 . 9 7 4 )  2 
[7]. 

In the n.1. Hamil tonian  (2) we have only written down 
the dominan t  contr ibut ion propor t ional  to - -cos2Oc.  
Once suppressed transitions propor t ional  to ---cosOc 
�9 sin O~ not  written in (2) are the transition c--+dud and 
c ~ s u g ,  and the doubly  suppressed decay c--*du~ propor-  
tional to -~ sin 20~. In this paper we will most ly be 
concerned with the dominan t  cos2Ocpiece of (2). The 
once and doubly  suppressed n.1. charm baryon  decays not  
discussed in this paper can be computed  along the same 
lines once experimental information becomes available on 
these decays. 

3 Quark model calculations 

In the quark  model  the effective current x current Hamil-  
tonian (2) gives rise to the five types of flavour diagrams 
drawn in Fig. 1. We have chosen to label the quark  lines 
for the specific transition A ~ + ~ A n  + for illustrative pur- 
poses. The wavy lines are included in order to indicate 
how the effective quark  currents of the Hamil tonian (2) 
act. As a next step, one wants to interprete the diagrams as 
Feynman  diagrams possibly with additional gluon ex- 
changes added. The general dynamical  problem in all its 
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Fig. 1. Quark diagrams contributing to 
cluding colour-flavour weight factors 
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n.l. decay A[~ An + in- 

complexity is far from being solved, so one has to resort to 
some approximation. The quark lines in Fig. 1 transmit 
spin information from one hadron to the other. This is 
realized in the spectator quark model, which postulates 
that there is no spin communication between quark lines. 
Spin-spin interactions can be incorporated by introducing 
an effective spin-spin coupling between the two light 
quarks [12]. As the Z'~-A~ mass splitting shows they are 
not completely negligible. However, in this paper we limit 
ourselves to the spectator picture and neglect the spin- 
spin interactions: Quark pairs are then created from the 
vacuum with 3P o quantum numbers which gives the 
model its name. Finally, these postulates can be cast into 
a covariant form if the quarks in a hadron are assumed to 
propagate with equal velocity which is also the hadron's 
velocity. 

In terms of quark model spin wave functions, the 
decay amplitudes for the process B1 -+B2 + M correspond- 
ing to Fig. 1 can then be written as [1] 

- - , 1 1 o  2 UlABClV,  D OCDD,-- OCDDc , 

1 + - -  H ~AB'D u ~TrD" n~c 
X c  2 2 UlABC~WD 'JB'D" 

1 ~ NAB C --B + ~ HzB2 " ' B1ABC MD OC'~" 

1 + - -  H ~A'~'C' - C Nc 3 2 B1ABC mc' OABB ", (4) 

where the first, second, third and fourth terms of (4) 
correspond to the contributions of diagrams Ia, b, lla, IIb 
and III in Fig. 1 in that order. BABC and M] are quark 
model wave functions for the baryons and mesons which 
will be specified later on. Each index A stands for a pair of 
indices (e, a), where c~ and a denote the spin and ftavour 
degrees of freedom. We have already summed over colour 
degrees of freedom which results in the typical factors 1/N~ 
where Nc = 3. We emphasize that the limit Nr-* oo cannot 
be taken naively for the last three contributions in (4) (IIa, 
b and III in Fig. 1). We shall return to this point later on. 
The matrix OC~ describes the spin-flavour structure of 
the effective current x current Hamiltonian (2). H~, Hz, 
H~ and Ha are wavefunction overlap integrals corres- 
ponding to diagrams I, IIa, b and III which are expected 
to depend on the masses of a particular decay process. 
Equation (4) can be viewed as an algebraic realization of 
the diagrams shown in Fig. 1: each line in Fig. 1 corres- 
ponds to a contraction of doubly occurring spin-flavour 
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indices in (4), where one sums over the spin-flavour 
indices. 

The first term in (4) corresponds to the so-called fac- 
torization contribution and is calculated in terms of cur- 
rent matrix elements in Appendix A. Bringing the contri- 
butions of the non-factorizing diagrams IIa, b and III into 
tenable forms with the above assumptions does not pre- 
clude the possiblity that (4) can be derived from a more 
general point of view dropping some of the above assump- 
tions. One should note that in the case of transitions 
between ground state baryons, the non-factorizing dia- 
grams IIa, b and III obtain contributions only from O- 
(transforming as 20" in SU(4)) because of the symmetric 
nature of the ground state barybns [-13]. Both operators 
0 + and O- contribute to diagram Ia and Ib. The contri- 
butions of Ia and Ib add up such that the resulting 
contribution is proportional to Z+=(c+(l+l/Nc)+_ 
c_(1-1/Nc))/2 depending on whether the final state 
meson is charged (+)  or neutral ( - ) .  

The contribution of diagram Ib can be seen to be 
colour suppressed. Guided by the analysis of exclusive n.1. 
charm and bottom meson decays [t4, 15] we take the 
Nc~oo limit and accordingly drop the contribution of 
diagram Ib in Fig. 1 (cf. Appendix A). In the following we 
shall thus only include contributions from diagram Ia in 
Fig. 1. Superficially also the contributions of diagrams 
IIa, b and III appear to be colour suppressed. But consid- 
ering the fact that baryons contain Nc quarks as N ~  oo 
the denominator factor N~ is balanced by combinatorial 
numerator expressions such that diagrams IIa, b and III 
occur at (9(1) as Nc~oo and may not be dropped in this 
limit. 

The results of calculating diagrams IIa, b and III will 
of course depend on the details of the quark model wave 
functions which are used as input. As in [1] we propose to 
use SU(2)w spin wave functions as a first approximation. 
They correspond to boosting static quark model wave 
functions to a collinear equal velocity frame as empha- 
sized in [16]. The explicit forms of the wave functions are 
given by [17] (colour indices are always suppressed) 

j e= 1/2 +. B a n c = l  {[(lp + M)75C]~,u~(P)Ba[br 

+ cycl. (e, a; fl, b; 7, c)}, 

1 
JP = 3/2 +: BASC = ~ {[(~ + M)7~C]p,u~ (P)B{ab~} 

+ cycl. (e, a; fi, b; 7, c)}, 
fl b jPC=O-+.. M ] =  [(P+M)75],Ma, 

jPC = 1- -" M~ = [(p § M)[]~M, b, (5) 

for the hadrons in the initial state, and 

J"  = 1/2 +: BA,C = 1 {[C- 17s(P + M)]t~ft,(P)B, tbc ~ 

+ cycl. (~, a; fl, b; 7, c)}, 

JP=3/2+: BABC=I {[c-a?,(p + M)]t~70~(P)B{ab~} 

+ cycl. (e, a; fl, b; 7, c)}, 
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fl b jec=o-+:  M ] =  [(P-M)?5],Ma, 

JeC=l - - :  2~ rB-- [(jO-M)/~*]~M], (6) 

for the hadrons in the final state. In (5) and (6) P and 
M denote the momentum and mass of the particles and 
C is the usual charge conjugation matrix. The Batbcj, 
B{,b~/ and M] are baryonic and mesonic flavour wave 
functions. We have scaled out an explicit mass factor in 
the baryon wave functions to be in accord with the Correct 
mass scaling factor in the heavy quark limit. The corres- 
ponding mass scaling factor in the meson case would be 
1/x/M. However, as we are only dealing with pions and 
kaons in this paper, the unsealed meson wave functions in 
(5) and (6) are more appropriate. 

With the explicit mass factors scaled out of the baryon 
wave functions one can then set H2 = Hi in (4) due to 
CP-invariance [18]. After some straightforward algebraic 
manipulations involving the evaluation of the amplitude 
(4) with the covariant wave functions (5) and (6), one can 
calculate the n.1. transition amplitudes for the four decay 
classes 1/2+ ~(1/2 +, 3/2+)+(0 -, 1-). We present our re- 
sults in terms of invariant amplitudes defined in Appendix 
B where we denote the parity-violating (p.v.) and parity- 
conserving (p.c.) amplitudes by A and B, respectively, in all 
four cases: 

Case A: 1/2 + ~1/2  + +O- 

A = A fae 

H E  Cw C -(M1P1 "P2 -- M1M 2 - MIMzM3) 313 
4M1M2 

H2 
-{ - -  Cm c- (M2P 1 "P2 -- M2M2 - M 1M2M3) 3[3, 

4M1M2 

B=B fac +4~12M~cWc- M1Q+�89 +214) 

H2 ^ 
-~ Cw c_ M2Q +�89 (13 + 214) 

4M1M2 

H3 
-~ C w c _ M I M z ( M I + M 2 + M 3 ) 1 2 1 5 .  (7) 

4M1M2 

The factorizing contributions A fa~ and B far (corresponding 
to diagram Ia) are calculated in Appendix A. We have 

G 
defined Q+ =(M1 + M z ) Z - - M  2 and C w = ~  Vc~ V,*. The 

N / -  
invariant flavour wave function contractions (Clebsch- 
Gordan coefficients) Ii and [i appearing in (7) are defined 
in Appendix C^(see also [1]). 13 and 14 are associated with 
diagram IIa, 13 and 14 with diagram IIb and 15 with 
diagram III. Diagram III can be seen to contribute only to 
the p.c. amplitude B, whereas diagrams Ia and II contrib- 
ute to both p.c. and p.v. amplitudes. The p.c. and p.v. 
amplitudes can be seen to be even and odd with respect to 
the generMized charge conjugation operation (M~; 13,4; 
I5)-*(M2; I3,4; 15) as expected from the CP-conserving 
property of the n.1. Hamiltonian. For example, for the 
decay A + ~A~z + one finds I 3 = [3 and thus a vanishing of 
the p.v. amplitude A in the symmetry limit M1 = M 2  as 
noted in [2]. With M1 >~M2 one  is far from the symmetry 
limit and one expects A(A~-~A~+)r in accord with 
recent experiments [19, 4]. 

In order to establish contact to the current algebra 
approach to n.1. charm baryon decays note that there exist 
a one-to-one flavour correspondence with terms arising in 
the current algebra plus soft pion approach for the flavour 
structure in the p.v. amplitude A. This was first noticed 
empirically in the AC=O, A Y= 1 [18] and in the AC=O, 
A Y=0 [20] transitions and was later proven in general 
[1]. The correspondence between the quark model and 
current algebra approach works in thefollowing way: the 
contributions proportional to 13 and I3 have the flavour 
structure of the "equal time commutator" term when the 
symmetry limit M1 = M2 is taken. The factorizing contri- 
bution A fac has the same interpretation in both schemes. 
In a similar vein, the non-factorizing p.c. contributions to 
the amplitudes B can readily be interpreted as baryon pole 
contributions. 

Case B: 1/2 + ~1/2  + + 1 - 

In this case there are two p.v. and p.c. amplitudes each 
which are denoted as A1, A2 and B1, B2 (see Appendix B). 
One has 

A1 =A ]~ H 2  cwe-(M1P1 "P2-M1 M2 
4M1M2 

H2 
-- M1M2M3) (13 + 2 1 4 )  Cwc-(M2PI " P2 

4M1M2 

- m 2 M 2 -  mlm2m3)([3 + 2.~), 

A 2 -  H2 Cwc_(M2+M1Mz+M1M3)(I3+214) 
4MIME 

H2 
-~ _ _  Cwc_(M2 + M1M2 + M2M3)([3 + 2[4), 

4MIM2 

fac H2 
B1=31 + 4 ~ I M ~ c w c - M 1 Q +  �89 

H2 
+ ~ C w C - M 2 Q  + �89 + 2[4) 

H3 
+ ~  CwC- MIM2(M1 +M2+M3) 1215, 

B 2 = B f a e - - " "  H~2- CwC_ {(M2 + M,M2)(I3+ 214) 
~41V1 1 IV1 2 

H2 
- -  CwC- {(M 2 + M1M2)(/3"+ 2[4) - 3M1M313} 4M1M2 

H3 
-3M2M313}  4~--~tM2cwc-M1M22415 �9 (8) 

Again diagram III only contributes to the p.c. amplitudes 
B~. Note that there is no factorizing contribution to the 
p.v. amplitude A2. As in case A the contributions with the 
wrong C-parity vanish in the symmetry limit M1 = M2. 

The decays involving 3/2 + states have a considerably 
simpler structure. First, note that the 3/2 + wave functions 
are separately symmetric in flavour and spin indices so 
that the contributions from diagrams IIb and III vanish as 
Jt ~2~ is antisymmetric in flavour space [18]. In addition, eff 
a particular decay is contributed to by either diagram Ia 
or by diagram IIa but never by both. Thus the n.1. A +- and 
~+-decays occur only via diagram IIa and the f2~ 



only via diagram Ia. This can again be seen by flavour 
symmetry arguments. 

First we consider 1/2+~3/2 + + 0 - .  One has 

Case C: 1/2 + ~ 3 /2  + +O- 

A=0,  

B = Bfae H2 
4MIM2 CwC- MIM26I$. (9) 

Note that the p.v. amplitude in these decays is predicted to 
be zero [18]. Let us briefly pause to trace the sources of 
this important result. For the factorizing contribution our 
quark model ansatz leads to the familiar M1+(1/2+~ 
3/2 + ) conserved vector current transition which has no 
(pseudo) scalar component. A more general ansatz for the 
1/2 + ~3/2  + transition form factor allowing for a spin-spin 
interaction between the two light quarks would feature 
a nonvanishing factorizing p.v. amplitude [21]. Clearly 
this prediction of our quark model needs experimental 

~2c --,~ ,,~ and confirmation as e.g. in the n.1. decays o , ~,,orTo 
O ~ ~ O-~z +. The absence of a p.v. transition from diagram 
IIa can again be understood by drawing the analogy to 
the current algebra+soft pion evaluation. In this ap- 
proach the p.v. amplitude is predicted to be proportional 
to fo -1 (3/2+1~p.~.11/2 +) and this is zero in the quark 
model for the aforementioned reason [18]. The absence of 
a p.v. amplitude leads to a zero decay asymmetry. We 
mention that this quark model prediction [18] has been 
confirmed experimentally in the s-~u sector for the decays 
O - - * A K - ,  O-~Y,~ - and (2 - -*S-~  ~ [7]. 

As a last case we treat 

Case D: 1/2 + --*3/2 + + 1 - 

A 1 =A fac H~z c w c _ ( M i P  1 . P z - M 1 M  2 
4MIM2 

- M I M 2 M 3 )  613, 

Az=O, 

fac H2 . 
A3=A3 + 4 ~ t M ~  cwc-M16Iz ,  

BI = B  ]~ H2 M1Q+3I*, 
4M1M2 CwC- 

B2 = B f"~ H2 M 1M2 6I~, 
4M~M2 CwC- 

B3 = Bf3a c + H2 CwC- M16I*, (10) 

Before turning to our numerical results we discuss some 
more general features of the n.1. amplitudes (7-10). 

One notes that the contributions of diagrams IIb and 
III in (7-10) are nonleading on the scale of the mass M1 of 
the parent baryon. As a helicity analysis shows, they are 
nonleading because the contributions IIb and III are 
suppressed by helicity as a result of the ( V - A ) x  (V-A) 
nature of the underlying quark transition [22]. This im- 
plies that only the factorizing contribution Ia and the 
non-factorizing contribution IIa survive when M2/M 1-*0. 
This conclusion holds in general for all the ground state 
decay channels cases A-D. These leading contributions 
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can be seen to lead to an exclusive decay mode power 
behaviour F ~ l/M1 when M2 and M3 are kept fixed. The 
helicity suppressed contributions are down by an addi- 
tional factor (ME/M1) 2. A F ~  1 power behaviour holds 
true in n.1. meson decays. Compared to the inclusive n.1. 

/~nl ~/f5 rate -rQo . . . .  1 one infers that the exclusive branching 
ratio of a particular two-body channel decreases very 
rapidly as M1 becomes large and M2, M3 are kept fixed. 
When both M1 and Mz become large with their ratios 
fixed, and M3 kept fixed and small, one has again 
F~(M1) 5" (M2/M1) 6 with the helicity suppressed contri- 
butions diagrams IIb, III down by another factor 
(M2/M1) 2. We do not, however, see a mechanism that 
would suppress the non-factorizing contribution IIa rela- 
tive to the factorizing contribution in this limit as is 
implicit in the analysis of [23]. 

All these scaling laws can be explicitly checked by 
taking the appropriate limits in the power behaved form 
factor (12) in Sect. 4. 

An interesting issue concerns the question whether the 
daughter baryon emerges from the decay process with 
posJitive or negative longitudinal polarization. The longit- 
udinal polarization can easily be measured, in particular if 
the daughter baryon is self-analyzing in its decay as dis- 
cussed in Appendix B. A quick appraisal of the quark 
model predictions with respect to this question is obtained 
by a leading Ma-power analysis of (7-10). The results of 
such an analysis are listed in Table 3 for the most interest- 
ing case 1/2 + -~ 1/2 + + 0-.  The weight of the contributions 
of diagrams IIa, b and III relative to the factorizing contri- 
bution Ia are determined by the unknown wave function 
overlap factors H2 and H3. A first experimental informa- 
tion on the longitudinal polarization of the daughter 
baryon exists for the decay A + -*A~ + (see Sect. 4) with the 
result that the emerging A has a dominant negative longit- 
udinal polarization, i.e. H-~0 >> H ~o. Table 3 shows that 
this is not unexpected as long as the contribution from 
diagram III is not dominant. 

A similar analysis can easily be done for the decays 
1/2 +-* 1/2 + + 1- again analysing (8) w.r.t, the leading M1 
contributions. 

4 Numerical results 

The quark model amplitudes calculated in Sect. 3 contain 
a number of parameters (e.g. c+, c_, H2,  and Ha) which 
have to be estimated in order to be able to make any 
quantitative predictions about decay widths, branching 
ratios, asymmetry parameters etc. Since estimates of these 
parameters are at present afflicted with theoretical uncer- 
tainties, it is clear that those predictions of our quark 
model calculation must be considered most reliable which 
are independent of the particular values of the above 
parameters. A glance at (7-10) shows that the quark 
model amplitudes for the cases 1/2+-.1/2 + + 0 - (1 - )  (7) 
and (8) are sufficiently complex that there are no para- 
meter independent predictions which go beyond the I, U, 
and V sum rules written down in [1]. However, in the 
cases 1/2+-.3/2 + + 0 - ( 1 - )  the quark model amplitudes 
are sufficiently simple so that the resulting structure is 
parameter independent to a considerable degree. Among 
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Table 3. Leading helicity coefficients for charmed baryon decays. Coefficients are calculated from the SU(4) invariants 1~ and ~ as defined in 
[1] (see also Appendix C). rh and q8 are SU(3) singlet and octet states as in [1]. The relative normalization of different diagrams is given by the 
leading M~-coefficient of the explicit quark model expressions (7 10). Contributions from diagrams IIb and III are chirality suppressed ( • ) 

Hla  la H l la  lib x 14lib x HII1 • 1ii x -§ H~o -~o H~Io " H-~o --�89 -~o H~o 
5 1 1 + 4 1 2  1 1 - - 1 2  - - ~ ( I 3 - - 1 4 )  - -  2~(213 + I4)  - -~(13  - -  I4)  --  ~(213 -t- I4)  1815 -1815 

6A~+~Arc + - 18  0 9 0 9 0 18 -18  

~/12Ac + ~2~~ + 0 0 3 6 - 9  0 - 18 18 

~/12A+ ~L'+n ~ 0 0 - 3  - 6  9 0 18 -18  
6A+ ~2~+y/8 0 0 9 0 - 9  0 18 -18  

~/18A+-~L'+Q1 0 0 - 9  - 9  - 9  0 18 -18  

~/18A + ~p/~O - 9  0 6 3 0 0 0 0 

~/6A+ ~Z~ + 0 0 3 - 3  0 0 18 -18  

xf63~+ ~S+/~ ~ - 9  0 0 0 9 0 0 0 

x/6Z + --}Son + 9 0 0 0 - 9  0 0 0 
6~~ ~A/s ~ 9 0 - 9  - 9  9 0 18 - 18 

x/]2~ ~ ~S~ ~ 9 0 - 3 3 - 9 0 - 18 18 

x/6~~ 0 0 3 - 3  0 0 18 -18  

~/12~ ~ ~ ~ 1 7 6  0 0 - 6 - 3 9 0 0 0 
6~ ~ ~Z~ 0 0 0 9 - 9 0 - 36 36 

~ / 1 8 ~ ~ 1 7 6  0 0 - 9  - 9  - 9  0 18 -18  

~/6f f~163 + - 9  0 6 3 0 0 0 0 
f2o ~ o / ~ o  1 2 0 0 - 3 - 6 0 0 

A~+~AK + --18 0 0 - 9  - 9  0 36 -3 6  

x/6A~+~ S+ K ~ 0 0 0 9 9 0 0 0 

these predictions are the zero asymmetry  in the decays 
1 / 2 + ~ 3 / 2  + + 0 -  and the vanishing of  the decay modes 
S+ ~L- ,+ /~o( /~o , )  and ~+ --+~*~ 

Fur ther  results require the specification of the wave 
function overlap functions Hi and their dependence on the 
decay kinematics of a part icular decay process. Intuitively 
one expects the overlap integrals to be largest in a zero 
recoil configuration, i.e. when the charm ba ryon  at rest 
decays into non-cha rm baryon  and meson pair at rest. As 
one is moving away from the zero recoil configurat ion and 
the decay products  acquire m o m e n t u m  (or velocity) one 
must  kick the initial quarks  (or pair produced energetic 
quark-an t iquark  pairs in the final state) to catch up with 
the energetic quarks  that  come from the weak interaction 
vertex. Asymptot ical ly  such a picture results in power 
behaved suppression form factors, where the degree of the 
power fall-off depends on the number  of quarks  that  need 
to be aligned to form the final state configuration. For  the 
factorizing contr ibut ion Ia such a picture is realized by 
writing down a "dipole" type of form factor behaviour  for 
the B1 ~ B 2  transit ion form factor in Ia. As the physics of 
the suppression of large recoil configurations is basically 
the same in all of the diagrams Ia, IIa, b and I I I  we take 
this form factor effect into account  by writing 

Hi(MI,  M2, M 3 ) = H ,  "F(M1, M2, M3). (11) 

The Hi are mass independent  zero recoil overlap para- 
meters and F(M1,  M2, M3) is a form factor function nor- 
malized to one at zero recoil. The form factor function is 

then parametr ized as 

1 �9 1 

\ }A' 
where the power dependence (12) corresponds to taking 
an effective "dipole" behaviour  for the form factor. Note  
that there is an intrinsic spin kinematic qZ-dependence in 
our  quark  model  amplitudes which cancels one qZ-power 
of the form factor (12) to render it dipole-behaved. As an 
effective form factor mass for the non-factorizing dia- 
grams IIa, b and I I I  we take the mass of the (gs) vector 
meson state, i.e. we take mff=rn/~=2.11 GeV. For  the 
factorizing diagrams we use nearest pole form factor 
masses as specified in Appendix A. As we are dealing with 
a wide range of pseudo-scalar  and vector meson masses in 
our  problem the form factor effect in t roduced through (12) 
is not  negligible. 

The zero recoil overlap parameters  are then taken as 
free fit parameters  except for the overlap of diagram Ia 
which we determine from factorization. Unfor tunate ly  
there is no experimental information available on the zero 
recoil normalizat ion of the A C = t transition form factor. 
However,  as a first approximation,  we shall assume that 
the zero recoil normal izat ion is one as would be the case 
in the heavy quark  limit. A zero recoil normalizat ion close 
to one is also featured by explicit quark  model  calcu- 
lations [24]. The same unit normal izat ion was used in the 
investigation of semi-leptonic AC = 1 transitions in [25]. 



Table 4. Measured A~ + branching ratios 
relative to A~ + --,,pK-r~ + 

p/~O 

p/(~ 
A++K 
Arc + 
So~ + 
p~ 
So-_, f2- K + 

Mark II R415 ARGUS NA 32 E691 CLEO 
[26] E27] [4, 28] [29] [30] [3, 5, 31] 

050+0.25 0.62+0.15 0.55+0.22 0.44+0.09 
0.18+0.10 0.42+0.24 
0.17+0.07 0.40+0.17 

0.18+0.05 0.17+0.04 
0.15+0.08 0.17+0.06 

0.04_+ 0.03 

El-1011 s - l ]  ~c FEI011 S -1]  C(c 
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0.50+0.21 

Table 5. Partial widths and asymmetry cq 
for decays 1/2+~1/2 + +0- .  For 
definition of charm baryon asymmetry 
parameter c~ see (30) A~+--,Arc + 0.37 -0.70 S~ ~ 0.11 -0.76 

A f ~ S ~  + 0.16 +0.70 E~176176 1.05 -0.96 
A+~X+~ ~ 0.16 +0.71 S~  - 0.1l 0 
Ac+~S+tl 0.08 +0.33 ~c=~176 rc o 0.03 +0.92 
A+ ~Z'+r/' 0.64 -0.45 ~~  ~'~ 0.21 -0.92 ~c 
Ac + ~p/~O 1.05 - 1.0 ~-o -o , ~ ~'~ r/ 0.76 -0.38 
Ac+~Z~ + 0.13 0 3~  + 0.93 -0.38 
ff~+ ~ S + / (  ~ 1.46 --1.0 f2~ ~ 3 ~  ~ 1.75 +0.51 
Ef  ~S~  + 0.80 --0.78 

Table 6. Partial widths and asymmetry 
% for decays 1/2+~1/2++1 -. For 
definition of asymmetry parameter % see 
(33) 

F[1011 s - l ]  :Xo F [  1011 s - l ]  eo 

Ac+~Ap + 9.54 +3.02 S~ *~ 1.00 +0.58 
A f ~ S ~  + 1.57 +0.29 E~176  *~ 0.55 --0.87 
A~+-.*S+p ~ 1.56 +0.30 E~ 0.35 -0.60 
Af~S,+~o 2.01 +0.19 S~176 ~ 1.53 -0.33 
A~+~Z+eb 0.13 +7.50 E ~ 1 7 6  2.08 +1.09 
A+~pI(  *~ 1.54 -0.02 E o ~ o ~  0.16 +17.67 
A + ~ ~  *+ 0.06 -0.76 E ~  + 10.97 +4.36 
~+ ~ E + / (  *~ 0.53 -0.90 O~176163 *~ 0.85 --0.0l 
E~+~V-~ + 21.68 +1.13 

After having specified the zero recoil  value of d i ag ram 
Ia in Fig. 1 one has only two free fit parameters ,  namely  
the zero recoil  values of H2 and H3. 

In Table  4 we list the exper imenta l  rate in format ion  on 
t w o - b o d y  decays of cha rm baryons .  In add i t ion  to the rate 
measurement  there exist two measurements  of the asym- 
met ry  p a r a m e t e r  in the decay A~ + --*pro + by the C L E O  and 
A R G U S  groups  who quote  c r  1-19] and 
ec = -0 .96_+0.42  [4], resp. F o r  the absolute  b ranch ing  
fract ion of the reference decay A~ + - - , p K - ~  + we use two 
recent measurements  by A R G U S  [32] and C L E O  [31], 
the mean  value being BA+~pK-~+ = (4.3 _+ 1.4)%*.  Toge ther  

with the lifetime of the A~ + , rA; = (2.0 _+ 0.18) x 10-  ~ 3 s, one 
has 

F(A~+~pK-rc+)= 1.415 x 10 -13 GeV. 

* We emphasize that the absolute two-body ratios used in our fit 
are subject to the uncertainties of the branching ratio BA2~pK ~+.At 
present there exist four absolute measurements of BA+ ~pK ~+ which 
vary by a factor of two (see [33] and references therein) 

The, accuracy of existing measurements  is not  good  
enough to al low for a precise analysis  of the quark  mode l  
predic t ions  and an exact  de t e rmina t ion  of the over lap  
pa ramete r s  in terms of a sys temat ic  least  square fit. In  the 
following analysis  we therefore do not  include experi-  
menta l  errors  consider ing the present  ca lcula t ion  to be 
a first step towards  a bet ter  unders tand ing  of the n.1. 
charm ba ryon  decays. If more  precise da ta  become avail-  
able one should  repeat  the fit including error  estimates.  

We  a d o p t  the fol lowing s t rategy to fit the values of the 
over lap  integrals.  We use the decays with the smallest  
exper imenta l  errors  A~ + ~ p / s 1 7 6  A~ + ~Arc  + to de te rmine  
H2 and H3, resp. A [ - - , p I (  ~ has con t r ibu t ions  from dia-  
grams I and  I Ia  and  can therefore be used to fix the value 
of H2. The weighted average of the listed measurements  is 
F(A~ + ~pIs176 + ~ p K -  7r +) = 0.49 + 0.07. F r o m  this we 
find 

H2--= 0.119 GeV. 

The value of H3 can be ext rac ted  from the width  of the 
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decay Ac + ~ A ~  +, F(A + ~Arc+)/r (Ac  + ~ p K - r c  +) =0.17 _ 
0.04, which is cont r ibuted  to by all five decay diagrams.  
With  the restriction that  the a symmet ry  pa rame te r  in this 
decay is negative (which is true f rom the A R G U S  and 
C L E O  measurements  with 99% C.L.) we can determine 
H3 unambiguous ly  to be 

H3 = - 0 . 0 1 1  GeV. 

The result of  our  fit indicates that  the cont r ibut ion  of 
d iagram I I I  is s t rongly suppressed relative to d iagrams 
I and  IIa,  b. We have no simple explanat ion  for this 
suppression.  

We are now in a posi t ion to make  quant i ta t ive  predic- 
tions for decay rates and angular  distr ibutions of all 

Table 7. Partial widths for decays 1/2+---,3/2 + +0- .  A cross (x)  
denotes kinematically forbidden processes 

F[IO 11 s -1] F[IO 11 s -1] 

A ~ S , * ~  + 0.25 Z~176176 0.22 
A + ~S* +~o 0.25 Zc~ ~X* +/( - 0.44 
A+~X*+ r l  0.52 ,c%'~ %'*o_ z~ 0.25 

%'0 ____} %'$0 A+ ~ Z * + q  ' x ,~  ~ t 1 0.02 
%'0 ___~ %':~ 0 , A + ~ A + [ (  ~ 0.45 ~ - q x 

A + ~ A + + K  - 1.35 E~ - ~z + 0.50 
A ~ + ~ * ~  + 0.25 ~~ ~ f 2 - K +  0.30 
%'+~S*+K "~ 0 o - , o - o  s'2 ~ K 0.20 
~ c  

~'+~=*~ 0 f2~ + 0.86 
~ c  

Table 8. Partial widths for decays 1/2+---,3/2++ 1-. A cross (x)  
denotes kinematically forbidden processes 

F[ lO 11 S - 1 ]  F[IO 11 s -1] 

A~+--*X*~ + 0.58 -o ,o - ,o -~c ~X K 0.97 
A~+~Y_,*+p ~ 0.58 ~c%'~ 2.00 
Ac+--+S*+co 0.51 -c%'~176176176 r 0.82 

%'0 ~ %',0 0.75 A~+ --* Z* + cl) x ~ ~ ~ 
A~+---,A+K *~ 1.50 -~ %'o~ =,o~ - x 
A~+~A++K *-  4.78 -c=~ 1.60 
A + ~ S * ~  *+ x E~ *+ x 

=+ ~Z* +/( *~ 0 Q~176176 1.13 
~ c  

%'+~%',Op+ 0 f2~ + 5.07 
~ c  

decays under  consideration.  The results of our  calculat ion 
for the four different decay types (case A - D )  are listed in 
Tables  5-8. As ment ioned before there are quark  model  
results which do not  depend on the values of the var ious 
paramete rs  used in the numerical  calculation (cf. [1]). 
These are the vanishing of the a symmet ry  pa rame te r  in 
the decays A + ~ S ~  + and ~+ ~ X + K -  due to the vanish- 
ing of the p.v. ampl i tude  B and the vanishing of the decays 
S~ + -~Z* +/(~176 and Z~ + - ~ * ~  +). 

In Table  9 we compare  our  results to some of the 
current  a lgebra calculations. The  spread in the predictions 
indicates the model  dependence of the results. In  the next 
few years the advent  of  new data  will certainly constrain  
the current  a lgebra  calculations further. The quark  model  
fits the da ta  quite well (at the cost of two parameters)  
except for the decays Ac + ~p / (~  and A + ~ A  + + K -  

which come out  too large compared  to the present  experi- 
menta l  values. All model  calculations predict  a negative 
a symmet ry  pa rame te r  value close to its m a x i m u m  value 
- 1  for the decay A + ~ A r c  + and are thus in agreement  
with the measured  a symmet ry  in this decay mode  [19, 4]. 

The decay modes  Ac + ~ A  + + K - ,  A +~X~ + and 
Z ~  receive contr ibut ions only f rom the non-fac- 
torizing d iagrams and thus give a measure  of the non-  
factorizing contr ibut ions  to the n.l. decays. Their  rates 
indicate that  the factorizing approx ima t ion  to n.l. cha rm 
ba ryon  decays advoca ted  in [23] m a y  not  always be 
a good approx imat ion .  In fact, the quark  model  results 
imply that  factorizing and non-factorizing contr ibut ions  
enter  with approx imate ly  equal weight, depending of 
course on the decay mode  under  consideration.  

5 Conclusions 

We have per formed a quark  model  analysis of exclusive 
n.1. charm baryon  decays. We have exhibited some general 
features of the factorizing ( ~  "W-decay")  and non-fac- 
torizing ( a "W-exchange")  quark  model  ampli tudes  using 
the simple spectator  quark  model  picture where there is 
no spin communica t ion  between p ropaga t ing  quark  lines. 
We then per formed a numerical  analysis by further 
specifying the values of two overlap paramete rs  associated 
with the non-factorizing W-exchange contributions.  
These were obta ined by a fit to available data. The results 

Table 9. Current algebra and quark 
model predictions for n.1. A~ + decays. The 
numbers cited are branching rates 
(relative to A~ ~ p K - r c  +) and asymmetry 
parameters c~ c 

HK CT EK PTR XK Quark 
[34] [35] [36] [37] [38] model 

%'0 _.~. %" - + 
~ c  ~ 

A + ~p/~O 0.16 0.28 0.08 1.3 0.28 input 
(C~c) (-0.77) (-0.49) (-0.82) (--0.61) (+0.51) ( -  1.0) 
Ac + --*A~ + 0.35 0.20 0.15 0.5 0.38 input 
(~c) ( - 0.89) ( -- 0.96) ( -- 1.0) ( -- 1.0) ( - 0.67) ( - 0.70) 
A + ~p/(~ 0.42 0.13 0.72 
A + ~ p ~  0.05 0.05 
A + ~A + +K- 0.63 
A + ~ Z'~ + 1.03 0.17 0.10 0.08 0.08 
%'o ~ O - K  + 
-c 0.32 



of our fit show that the W-exchange contributions are 
definitely needed to describe existing data on n.1 charm 
baryon decays. 

The outcome of our fit shows that the overlap para- 
meter Ha associated with diagram III is much smaller 
than the overlap parameter H 2 associated with diagrams 
IIa, b. We have no direct physical interpretation of the 
strong suppression of the contribution of diagram III. It 
would be interesting to analyze the relative importance of 
diagrams IIa, b and III using explicit quark model wave 
functions. 

An important simplifying feature of our spectator 
quark model approach is the assumption that there is no 
spin interaction between the light quarks while they are 
propagating between hadrons or while they are being 
created from the vacuum ("3Po"-model). This assumption 
leads to strong constraints on the helicity pattern of the 
charm baryon transitions which can be experimentally 
tested. Among these are the predictions of zero decay 
asymmetry in the decays 1/2 + ~3/2  ++ 0-. A future ana- 
lysis of the decay structure of n.1. charm baryon decay 
data will show whether this simple spectator picture can 
be maintained or whether an additional effective spin-spin 
interaction between the light quarks is required [12]. 

Acknowledgement. We would like to acknowledge some informative 
discussions with B. Grinstein, T. Mannel  and Z. Ryzak. 

Appendix A. Factorizing contributions 

The contributions of the factorizing diagrams Ia and Ib in 
Fig. 1 can be directly evaluated in terms of the current 
matrix elements: 

G 
TB fac ~a~+M--~-~ Vc~ V 'Z+ (B21JV- AIB1) ( M  I JuV- A]O). 

, v -  
(13) 

The current matrix elements of the baryonic 1/2 + --,1/2 + 
and 1/2 +-~3/2 + transitions have been worked out in [21] 
using the covariant wave functions (5, 6). In the approx- 
imation that there is no spin communication between the 
light quarks inside the baryon the transition can be de- 
scribed by just one form factor calledf(q 2) in the terminol- 
ogy of [21]. A second form factor called g(q 2) in [21] can 
be introduced to describe possible spin-spin interactions 
of the light quarks. However, within the spirit of our 
spectator approach, we neglect this contribution. The 
form factor f(q2) is normalized to one at maximum mo- 
mentum transfer 2 =(M1 M 2 2 1 qmax - -  2) , f (qmax)  = , according 
to the heavy quark effective theory. 

We present our results for the factorizing diagram I in 
terms of invariant amplitudes defined in Appendix B: 

Case A." 1/2+ ~ 1 / 2  + + 0 -  

1 
Afar 4 M a M  2 cwZ+ fvQ+ (M1 - M 2 ) ( 2 1 1  + I 2 ) ' / ( q 2 ) ,  

1 
B f . . . .  Cw Z + fe Q + (M1 + M2) �89 (411 + 512).f(q2). 

4MIM2 
(14) 
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Ca s eB: l / 2 +~ l ~++ l -  

1 
A ?  o - 

4MIM2 

A ~ = 0 ,  

B?o= -A? o, 

1 B ~ o - _ _  
4M1M2 

- - C w  Z +_ M2 fvQ + ~ (411 + 512).f(q2), 

Cwg+ M~fv(M~ +M2) 4 (11-12)'f(q2). 

(15) 
Case C: 1/2 + ~3 /2  + + O- 

A fac = 0 

1 
B f . . . .  CwZ+fpM2(M1 + M2)4I* .f(q2). (16) 

4 M I M 2  

Case D: 1/2 + ~3 /2  + + 1 - 

1 2 * 2 A~ ac- CwZ+M3fvQ+211 "f(q ), 
4M1M2 

A~ac = 0, 

1 
A~ "~- Cw Z +_ M2 fv4I  * .f(q2), 

4MIM2 

B~a~ = A~ ar , 

1 
uf2 a~ - -  Cw)~ + M2 f vM24I  *'f(q2), 

4M1M2 

B~ac = A~ ac , (17) 

G 
where Q +=(MI + M 2 ) Z - M  2, C w = - -  V~s V~ and 

Z + = (c + (1 + 1~No) +_ c_ (1 - 1~No))~2. The invariant flavour 
wave function contractions denoted as 11, 12, and I* can 
be found in Appendix C. 

The pseudoscalar meson coupling constants are de- 
fined by 

(Me(P3) IAUj O) =fpP~, (18) 

and the vector meson coupling constants by 

( iV(p3)[VU[ O) = MZ fvg u. (19) 

For the meson decay constants we use the experimental 
values f , =  131.7 MeV, f~ = 160.6 MeV and fp =0.272. For 
the vector meson decay constant we take the theoretical 
estimate of [39], f~* = 0.238. 

The form factor f(q2) has to be continued from the 
normalization point f(q2max)= 1 to the momentum transfer 
of the respective decays q2 = (P1 - P2)  2 = p2 = M32. The q2_ 

dependence off(q 2) is fixed by nearest meson dominance 
in t]he appropriate current channel. We take only two 
different form factor masses each for the dc and gc chan- 
nels according to whether one has a vector current or 
axial vector cmrent coupling. The q2-dependence of the 
form factors is parametrized as in (12) with form factor 
masses 

mff(1-) [GeV] mr f(1 +) [-GeV] 

dc 2.01 2.42 
gc 2.11 2.54 
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The contributions of diagram I are proportional to the 
renormalization factor Z+ =�89 (1 + 1/N~)+_- c_(1 - 1/Nc)). 
The value of Z+ depends crucially on the choice for the 
number of colours N~. QCD implies Nc = 3 whereas phe- 
nomenological results in the decays of charmed mesons 
tend to favour N ~ [ 1 4 ] .  In the case of meson decays 
for N ~  the matrix element factorizes and can be cal- 
culated in a simple manner [15]. We emphasize that this 
must not be true for baryonic transitions in general from 
colour counting alone and we therefore assume factoriz- 
ation for diagram I. The question of whether one should 
use N~ = 3 or Nc~ ~ for the factorizing contribution dia- 
gram I can eventually be settled in a heuristic manner by 
analyzing the Cabibbo suppressed decay A + ~p(b which 
is contributed to only by diagram I*. The amplitude of 
this decay mode contains no free parameters and is pro- 
portional to X-. For N~=3 we find for the total rate 
F(A + ~pq~)/r(A + ~ p K - ~  +) =0.003 and for N ~  

F(A +~p~)/F(A +--,pK-~z+)=O.053. Only the latter 
value is consistent with the experimentally observed num- 
ber (F(A + ~p~b)/F(A + ~pK-~+))~xp.=0.04_+0.03 (see 
Table 4). For the numerical evaluation of the decay ampli- 
tudes of diagram I we therefore take the limit N ~  ~ ,  i.e. 
Z+_=�89 _+c-). 

Appendix B. Amplitudes, rates and angular distributions 

Definitions of invariant amplitudes and helicity amplitudes 

In order to clearly differentiate parity-violating (p.v.) and 
parity-conserving (p.c.) amplitudes, the former will always 
be denoted by A~ and the latter by B~. For convenience 
of notation, we introduce the abbreviations Q+= 
(Mi •  2, where momenta and masses are label- 
led in the order B(1)~B(2)+M(3). The c.m. momenta of 
the decay products are then p = Qx/~+Q_/(2Mj. We shall 
define parity-violating and parity-conserving helicity am- 
plitudes for each case using 

H{~::} (20) -- ~,2 -- "~3 = -~ ~ 1 / ~ 2 / ~ 3  ( - -  lY 1 - - $ 2  - - S 3  ~ {g:c} I Jr .~2 ,~3 ~ 

where t h is the intrinsic parity and s~ the spin of particle 
i(i = 1, 2, 3) [40]. The upper (+)  and lower ( - )  signs hold 
for the parity conserving and parity violating helicity 
amplitudes, respectively. 

Case B." 1/2 + --+1/2 + + 1 - 

Invariant amplitudes 

(B2Ml~eff[B 1 > = a(PJ g~ (A 1 ~ 5  -'~ A2P1~75 

+ B~Te + B2Plp) u(P1). (23) 

Helicity amplitudes 

H {~:~}- H - < & -  < 4 + H - < - & ,  

H! ":;}- - 2  { x ~ + + ( M I - M z ) A i - x / Q - M l p A 2 ~  (24) 
-M3 M )B1 + J" 

Case C: 1/2 + --+3/2 + +O- 

Invariant amplitudes 

(B2MIW~r162 BP~,)u(PJ, (25) 

Helicity amplitudes 

H{~::} . _ ~ M1 J'-x/-~--A'( (26) 
~o = n } o + H - ~ o  =2 PM22 ( ~ + B  ] 

Case D: 1/2+--+3/2 + + l -  

Invariant amplitudes 

<B2M[ ~eff lB1 > = u~(P2) g~ (A lg~ + A 2P I~Yp + A aP I~P I~ 

+ Bag~5 + BzPl~T~75 

+ B3P1,Plr u(P J, (27) 

Helicity amplitudes 

H!~::}= 2 J ' -  x/~-+ A 1~, 
4z ~ N~_B1) 

H !g::} 2 ~-x~+(Ai -2 (Q_/Mz)A2)] ,  
T-1 = -  

[ x/-~-(B~-Z(Q+/Mz)BJ ] 

( - x ~ + ( � 8 9  ] 

H [~:~}_ 2x/2 }+Q-(MI+Mz)Az+M~pZA3)|  
~o - x /~M2M 3 ~x~_(�89 (. (28) 

(--  Q + (M~ - M2)B2 + M2p2B3)) 

Case A: 1/2+--+1/2 + +O- 

Invariant amplitudes 

(BeMlJfaflB1) = tT(P2)(A + B75)u(P 1). 

Helicity amplitudes 

.o - ~ o + H - ~ o  = 2  �9 

(21) 

(22) 

* The flayourcouplings for this decay are given by 11 = l z  = 1/x/6, 
I3=I4=I3=I4=I5=0 

Angular distribution and decay rates 

Rates and angular decay distributions are given in terms 
of bilinear forms of the invariant amplitudes. Using stan- 
dard methods [40, 41] one can derive angular decay dis- 
tributions, which, upon angle integration, give the decay 
rates. We prefer an explicit frame dependent representa- 
tion of angular decay distributions instead of the frame 
independent representation discussed in [42]. First con- 
sider the (cascade) decay of an unpolarized charm baryon 
1/2+-+1/2+(--+1/2++0-)+0 - as for example in A + ~  
A(~p~z-) + ~+. Referring to Fig. 2 there is a cascade only 
on one side as the pion's decay goes unobserved. Conse- 
quently one has only a single polar angle distribution. 
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"K- 

Fig. 2. Definition of polar  angle O A in the decay A + ~  A( ~ p~z- ) 
+Tz .+ 

One obtains 

dr (A  + -~ A ( ~ p z - )  + ~ +) 1 
d cos OA -- ~ BA-*PZ F a +  -*An+ 

�9 (1 + ct~c~ A cos OA). (29) 

~ and ~A are the asymmetry parameters in the decays 
A + - , A z  + and A - ~ p ~ - ,  resp., defined by 

c~c-IH�89176176 ~' - Ih6~ Ih-�89176 (30) 
[H~o[2 + [H_~o[ 2, ~A --[h�89 + lh_�89 

where h;.d. ~ are the  helicity amplitudes of the hyperon 
(cascade) decay defined in complete analogy to those of 
the charm baryon decays. The cascade decay A ~ p z t -  acts 
as an analyzer of the longitudinal polarization of the 
daughter baryon A whose alignment polarization is given 
by the asymmetry parameter c~r We mention that the 
angular decay distribution (29) was utilized experi- 
mentally in [191 and [41 to measure the asymmetry para- 
meter ~ in the cascade decay A + -~A(~pr t - )+rc  +. 

Somewhat more complicated is the three-fold decay 
distribution in the double cascade 1/2+--.1/2+(-.1/2 + 
+ 0 - ) + 1 - ( ~ 0 -  + 0 - )  as e.g. in A + - ~ A ( ~ p r c - ) +  
p + ( ~ + ~ o ) .  One has 

dF(1/2 + --.1/2+(---1/2 + + 0 - ) +  1 - ( ~ 0 -  + 0 - )  

d cos O d Z d cos On 

1 1 p 
- 2  27r B(B2--, B' + O-) B ( M  ~ O -  + 0 - )  32zrM~ 

�9 [3 sin 2 0 liB�89 (1 + %  cos OB) 

+ [H_ r _ 112 (1 -- % cos OB)] 

+ 3 cos 2 0  [IHffo[ 2 (1 + % cos OB) 

3 
+ IH - ~ol 2 (1 - % cos OB)] -F ~ % cos Z sin OB 

2,/2 
�9 sin 2 0  Re (H~  H*-~o - H _ ~ _  1 H*o)] 

3 
+ ~ % sin Z sin OB sin 2 0  

2,/2 
�9 Im (H~ 1 H*_ 3o - -  H _  ~_ 1 H*o). (31) 

The polar angles O and OB and the azimuthal angle Z are 
defined in Fig. 3. The last term in (31) is proportional to 
the imaginary part of the longitudinal-transverse interfer- 
ence term. It is well known that the imaginary parts of 
interference terms contribute to a so-called T-odd observ- 
able. Such terms obtain contributions from CP-violating 
interactions and/or from effects of final-state interaction. 
The Standard Model CP-violating contributions are ex- 
pected to be quite small and thus the imaginary part of the 
longitudinal-transverse interference term would be a good 
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Fig. 3. Definition of polar angles OA = OB and O and azimuthal 
angle Z in the double cascade decay Ac+~ A( ~ p~-) + p+( --* ~z+7~ ~ 

measure of the strength of final-state interaction effects. 
Alternatively, one may extract possible CP-violating ef- 
fects by comparing A + and Z + cascade decays. 

Double and single decay distributions as well as the 
rate may be obtained from (31) by the appropriate integra- 
tions. For  the polar angle distribution of the cascade 
decay 1---,0 + +0  + one has 

dF 
d c~sO oc 1 + % cos 2 O, (32) 

where  

21H~ol 2 + 21H- ~012 --[H~x 12 - I H - ~ - ~  I ~ 
~o :: (33) 

IH,112 +IH_~_l12 

or, 'when expressed by the p.v. and p.c. helicity amplitudes, 

H~.~. 2 • Hp.~. 2 ~0 T ~-0 
~o = 2 H~ r 2 • up~.~. 2 1. (34) 

A full discussion of all relevant angular decay distribu- 
tions (including polarized charm baryon decays) can be 
found in [431. 

The total rate, finally, is given by 

F(BI ~ B2 + M ) =  P [H ;.o&[ ). 327~ M 2 ~ ( H ~ ~  z + Pr 2 
hel. (2~ - 2 a > 0) 

(35) 

Appendix C. Flavour space invariants 

The, transitions 1/2+--,1/2 + + 0  (1-) are represented by 
the seven SU(4) tensor invariants defineed in (36) 

I1 =:/~.tbc] U A/f d I-I [c'd'] 
a~, a[bc, ] ~v.t d' aa [cd] , 

13 =: ~a[bc] U ~ d  ~ [ c ' b ' l  
L, a[b, c, ] iv1 c I I  [db] 

rr[db'] [3 =: j~a[bc] Ba[b ,  c,] MS' nt~b J , 

121[a'b'] 15 =/~[bcJ Ba,[b, c, ] M~' , ,  t,~bl , 

12 = ~atbCJ Bbtc,, q Mad, Htc'dq "~ [cd] , 

a 1 4  - -  ~ b  [ca] l?t A/fd Id[c'b'] 
- - L ,  JJa[b,c ,] lVacaa[db] , 

lt/fc' Ll[db'] 
L = ~ a  [bc] Bb" [e'a] .~'a d ~* [ebl , 

(36t 

and the transitions 1/2+--,3/2 + + 0 - ( 1 - )  by the two ten- 
sor invariants (37) 

A/fd Ll[c'd'] 14[c'b'] I~' =:/~{.bc} Ba[bc,  ] ~.~ d' "" [cd] , I *  = ~{abc} B a [ b ,  c,l m d - -[db]  ' 

(37) 

The flavour wave function contractions represent a con- 
venient way of calculating the Clebsch-Gordon coeffic- 
ients entering in n.1. charm baryon decays. They were first 
introduced in [11 which also contains some background 
material. Explicit representations of the flavour wave fun- 
ctions that are needed in this application can be found in 
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Table 10. Values for SU(4) invariants for ground state 1/2 + 
baryons. Various identities for these invariants can be found in [1]. 
The ~/s appearing in the table is the unphysical I = 0 ,  Y=0 SU(3) 
octet state. We have a/so included values of the tensor invariants for 
the unphysical SU(3) singlet state ~/1- The corresponding values for 
the physical states r/_and r/' are ob_tained from th_e linear com_bina- 

tions _ x / O / = ( l + x / 2 ) q s - - ( 1 - x / 2 ) ~ h  and ~/6~/ '=(1-x/2)~/s+ 

(1 + x/2)ql- Similarly the appropriate combinations for the physical 

states co and q5 (using ideal mixing) are ~b = - x/2/3 qs + x / l /3  r/1 and 

co = x/1/3 qs + x/2/3 r/1. We have always factored out the product of 
flavour space quark model wave function normalizations 

11 12 13 14 I3 [4 15 

6A + ~ Art + - 2  - 2  - 2  4 - 2  4 1 

~/12A + ~ S ~  + 0 0 - 2  0 2 - 4  - 1  

x/12A + ~ S+n ~ 0 0 2 0 - 2  4 1 

6A~ + ~ 2;+~s 0 0 - 2  4 2 - 4  1 

x/18A + ~ S+rh 0 0 4 --2 2 - 4  1 

x/6 A + __. p/~O -- 1 - 1 -- 2 2 0 0 0 

x/6A + ~ ~  0 0 0 2 0 0 1 

x / 6 2  + ~ S + / (  ~ - 1  - 1  0 0 - 2  4 0 

x / 6 S  + ~ 2 %  + 1 1 0 0 2 --4 0 

6Ec ~ ~ A/(  ~ 1 1 4 - 2 - 2 4 1 

x /122  ~ ~ Z~163 ~ 1 1 0 - 2  2 - 4  - 1 

\ / 6 2  o -~ Z + K - 0 0 0 2 0 0 1 

x/122 o ~ E~ ~ 0 0 2 - 2 - 2 4 0 

62 o ~ ~~ 0 0 - 2  - 2  2 - 4  - 2  

x/18 E~ ~ 2~ 0 0 4 2 2 - 4  1 

. , / 6 2 ~  7z + - 1  - 1  - 2  2 0 0 0 

f2 ~ ~ E~ ~ 1 - 1 0 0 2 0 0 

Table 11. Values of SU(4) invariants for ground state (1/2+~ 
3/2 + +meson) transitions. Further explanation as in caption of 
Table 10 

I* I* I* I* 

6Ac + ~ S * ~  + 0 2 -o .o -o 6= c ~ S  K 0 - 2  

6A~+ ~ S * + n  ~ 0 2 x / 1 8 Z o ~ Z * + K  - 0 - 2  

x/108A~+-*X*+r/8 0 6 -o - , o  o 6=~ --*= ~z 0 - 2  

x/54A+ ~s +r/1 0 0 x/108 S~176 0 2 
~0 ~*0 ~/18A+ ~A +/( ~ 0 - 2  x /54-c  ~ -  rh 0 - 4  

x / 6 A + ~ A + + K  - 0 - 2  x/18ff~ * rt+ 0 2 

x/18A+ ~ E * ~  + 0 2 x /62~  ~ f 2 - K  + 0 2 

x/18Ec+ ~ Z *  e/s ~ 0 0 x/3 O ~ 1 7 6 1 6 3  ~ - 1  0 

a/18Z+ -~Z*~ + 0 0 Q~ + - 1  0 

[44].  F o r  r ea sons  of  c o m p l e t e n e s s  the  va lues  of  the  invar i -  
an t s  a re  g iven  in Tab le s  10 and  11 for all decays  u n d e r  
cons ide ra t i on .  
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