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l/M corrections to baryonic form factors in the quark model 
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Weak current-induced baryonic form factors at zero recoil are evaluated in the rest frame of the 
heavy parent baryon using the non:elativistic quark model. Contrary to previous similar work in 
the literature, pur quark model results do satisfy the constraints imposed by heavy quark symmetry 
for heavy-heavy baryon transitions at the symmetric point V. 21’ = 1 and are in agreement with the 
predictions of the heavy quark effective theory for antitriplet-antitriplet heavy baryon form factors 
at zero recoil evaluated to order ljmp. Furthermore, the quark model approach has the merit that 
it is applicable to any heavy-heavy and heavy-light baryonic transitions at maximum q2. Assuming 
a dipole pa behavior, we have applied the quark model form factors to nonleptonic, semileptonic, 
and weak radiative decays of the heavy baryons. It is emphasized that the flavor suppression 
factor occurring in many heavy-light baryonic transitions, which is unfortunately overlooked in most 
literature, is very crucial towards an agreement between theory and experiment for the semileptonic 
decay A, --f Ae”u,. Predictions for the decay modes i\a + J/+A, A, + ~4, Ah --f Ar, &b --t X:y, 
and for the semileptonic decays of A*, Es,<, and ns are presented. 

PACS number(s): 12.39.Jh, 12.39.Hg, 13.30.-a 
I. INTRODUCTION 

In heavy quark effective theory (HQET), there are two 
different types of lfmp corrections to the hadronic form 
factors: one from the l/mp correction to the current 
operators and the other from the presence of higher di- 
mensional operators in the effective Lagrangian [l]. The 
latter amounts to hadronic wave-function modifications. 
In general, the predictive power of HQET for l/mg ef- 
fects is very limited by the fact that we do not know how 
to carry out first-principles calculations for the hadronic 
matrix elements in which higher dimensional kinetic and 
chromomagnetic operators 01 and 02 are inserted. Con- 
sequently, several new unknown functions are necessarily 
introduced besides the leading Isgur-Wise functions. For 
example, to order &co/m,, there are four new sublead- 
ing Isgur-Wise function&~(w), xl(w), x2(w), and x3(w) 
for B -i D transitions, whose normalizations are not de- 
termined except that x1 and ~3 vanish at the zero-recoil 
point w s u U’ = 1 [2]. Since the Isgur-Wise functions 
are not calculable from perturbative QCD or HQET, a 
calculation of them should be resorted to in some models. 
It is known that the Isgur-Wise functions have some sim- 
ple expressions in the quark model. Denoting the heavy 
meson wave function by 

li, = 63 + ljki” + hn, + , (1) 

where $0 is the wave function in the heavy quark limit 
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functions. The new function q(w) arises from the matrix ele- 
ment of the l/mp-expanded current operator. 
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and &in and v&ag are the l/m~ corrections to the wave 
function due to the operators 01 and 02, respectively, the 
Isgnr-Wise function t(v u’) simply measures the degree 
of overlap between the wave functions &,(t~) and &(t~‘), 
while ~1 (~3) can be expressed as the overlap integral of 

&in (hag) md $0 131. 
In the heavy baryon case, there exist three baryonic 

Isgur-Wise functions in the heavy quark limit: C(w) 
for antitriplet-antitriplet transitions and &(w), &(w) for 
sextet-sextet transitions. In principle, these functions are 
also calculable in the quark model, though they are more 
complicated. However, a tremendous simplification oc- 
curs in the antitriplet-antitriplet heavy baryon transition, 
e.g., A* + Ac: l/m~ corrections pnly amount to renor- 
malizing the function C(w), and no further new function 
is needed [4]. This ,simplification stems from the fact 
that the chromomagnetic operator does not contribute 
to A* -+ Ac and that the diquark of the antitriplet heavy 
baryon is a spin singlet. Therefore, l/ms and l/m, cor- 
rections to Ab + A, and Zb + 2, form factors are pre- 
dictable in HQET and certain heavy quark symmetry re- 
lations among baryonic form factors remain intact. Since 
HQET is a theory, its prediction is model independent. 

Going beyond the antitriplet-antitriplet heavy baryon 
transition, the predictive power of HQET for form factors 
at order l/mq is lost owing to the fact that l/mq cor- 
rections due to wave-function modifications arising from 
01 and especially 02 are not calculable by perturbative 
QCD. Therefore, it is appealing to have model calcula- 
tions which enable us to estimate the l/mg corrections 
for other baryon form factors. To our knowledge, two dif- 
ferent quark-model calculations [5,6] are available in the 
literature. In order to ensure that quark-model results 
are reliable and trustworthy, model predictions, when ap- 
plied to heavy-heavy baryon transitions, must satisfy all 
the constraints imposed by heavy quark symmetry. In 
1457 01996 The American Physical Society 
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the heavy quark limit, normalization of the form fac- 
tors at zero recoil is fixed by heavy quark symmetry. 
To order l/mq, antitriplet-antitriplet (i.e., ho --f Ao,, 
EQ --f 2,) form factors are also calculable in HQET. 
Unfortunately, none of the calculations presented in [5,6] 
is in agreement with the predictions of H&ET. For ex- 
ample, several heavy quark symmetry relations between 
baryon form factors are not respected in Ref. [5]. While 
this discrepancy is resolved in Ref. [6], the l/mq correc- 

tions obtained in this reference are still inconsistent with 
HQET in magnitude. 

The purpose of the present paper is to demonstrate 
that the nonrelativistic quark model for baryon form fac- 
tors, when evaluated properly, does respect all the heavy 
quark symmetry constraints, including l/mq corrections 
to hQ + AQS (SQ + ~Qc) form factors predicted by 
HQET. As a consequence, this model does incorporate 
the features of heavy quark symmetry and can be used 
to compute form factors beyond the arena of HQET. 
Since the quark-model wave function best resembles the 
hadronic state in the rest frame, we will thus first eval- 
uate form factors at the zero-recoil kinematic point. In- 
stead of evaluating the baryonic Isgur-Wise functions, 
which are beyond the scope of a nonrelativistic quark 
model, we will make the conventional pole dominance as- 
sumption for the q2 dependence to extrapolate the form 
factors from maximum q2 to the desired q2 point. Since 
corrections to the form factors due to the modified wave 
functions vanish at zero’recoil (see Sec. II), the nonrel- 
ativistic quark model applies equally well to the sextet- 
sextet heavy baryon transition, e.g., fib + fl, at the 
symmetric point 21 u’ = 1. Moreover, it becomes mean- 
ingful to consider in this model the l/m. corrections to, 
for example, AQ + A and sQ --t Z form factors at ma- 
imum q2 as long as the recoil momentum is smaller than 
the rn. scale. 

The layout of the present paper is as follows. In Sec. II 
we will derive, within the framework of the nonrelativistic 
quark model, the l/mq and l/m, corrections (a distinc- 
tion between WLQ and mp will be defined in Sec. II), com- 
ing from the current operator, to t& baryonic form fac- 
tors at zero recoil. The HQET predictions for Aa + A, at 
order l/m~ are reproduced in this quark-model calcula- 
tion. Assuming a pole behavior for the q2 dependence of 
the form factors, we will apply in Sec. III the quark-mbdel 
results for baryonic form factors to nonleptonic weak de- 
cays, semileptonic decays, and weak radiative decays. In 
Sec. IV we give a discussion and our conclusions. 

II. BARYONIC FORM FACTORS IN THE 
NONRELATIVISTIC QUARK MODEL 

The general expression for the baryonic transition 
B; + Bf reads 
where q = pi - pf. When both baryons are heavy, it 
is also convenient to parametrize the matrix element in 
terms of the velocities v and 2)‘: 

PA4lK - 4IB4~)) 

= a,{Fl(W)-Y# -I- Fz(w)v, + Fqw)2): 

-[G(w)rp + Gz(w)~ + G&.+:]Y+~ > (3) 

with w F 21. u’. The form facto& Fi and Gi are related 
to fs and gi via 

h=$-$), 

g1= GI - $rzi -rn,) ($+$), (4) 

where rni (mf) is the mass of Bi (Bf). Since the quark 
model is most trustworthy when the baryon is static, we 
will thus evaluate the form factors at zero recoil < = 0 [or q2 = (rn; - mf)‘] in the rest frame of the parent baryon 
Bi. Note that in order to determine the form factors f2,3 
and g2+ we need to keep the small recoil momentum <in 
Eq. (2) when recasting the four-component Dirac spinors 
in terms of the two-component Pauli spinors. 

In order to calculate the form factors using the nonrel- 
ativistic quark model, we write [5] 

(BflvOlBi) = x;%(q’)x. 

(B+bIBi) = x;%&~‘,xi , 

(5) 

(Bfl@%) = x$&(q2) +ia x qliM(q”)lxi , 

(B#lBi) = x$&(q’) + 9’@. &(q2)lxi > 

where x is a Pauli spinor. In the rest frame of Bi, we 
find &rn Eqs. (2) and (5) that the scalar coefficients V 

and A at maximum q2 are given by 

%(dJ = fi + Amfz > 

wq;1 = &I + Adi) + fs , 

I-h + (m + mtM , 

.&(q:) = &C-g* + Aw,) + gz > 
(‘3 
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where 9% s q;,, = (A+ and Am = mi - mf. Invert- 
ing the above equations gives 

‘1 I 
&.(qZ ) = -As + TLi - mfAm - rn -----AT > 

2ni mi o rni 

g3(qz ) = ‘A, + 3Ilf& + mfh + ml) - 
277% mi 

AT 
mi 

Our next task is to employ the ~onrela$vistic quark 
model to evaluate the coefficients V and A at q2 = 9:. 
We will follow closely Ref. [6] for this task. Suppose that 
the parent baryon Bi contains a heavy quark Q and two 
light quarks q1 and qz behaving as a spectator diquark 
and that the final baryon Bf is composed of the quark 
q (being a hew? quark Q’ or an s quark) and the same 
light diquark as in Bi. Denoting the spatial coordinates 
of the three quarks in Bi by r’Q, Tl, and &, we define the 
relative coordinates 
where ti; = mq + ml + m2, which is in practice close to 
rn;, so that ?I~ is the relative coordinate of the two light 
quarks and Fl is the relative coordinate of Q and the cm. 
of the diquark. It is easily shown that the corresponding 
relative momenta are [6] 

In the rest frame of the parent baryon, the momenta Q 

and q are related to the relative momentum ivia 

gQ4=-< pq=-g-i, (10) 

and the relative momenta of the quarks in the baryon Bf 
denoted with primes are related to that in Bi by 

with riaf = m,+ml+mz. Note that the recoil momentum 
of the daughter baryon Bf is -4: 

The baryon state is represented in the nonrelativistic 
quark model by 
.: 

where %a,~, is the Clebsch-Gordan coefficient for the combination of three constituent quarks into a spin-i baryon 

with the spin component s along the z direction and 4(&,fi is the momentum wave function satisfying the normal- 
ization condition 

J 
&w3~~@2, 171” =’ 1 (13) 

We shall see that the form factors to be evaluated at zero recoil do not depend on the explicit detail of 4(P;z,q. 
Consider the weak current JP = qyP(,(l - rs)Q. In the quark model the hadronic matrix element in (2) becomes 

with 

It will become clear shortly that it makes a difference to choose (&, ?) or (&, 0 as the integration variables after 
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integrating over the 6 functions. We thus take the average’ 

In the nonrelativistic limit, the Dirac spinors in (15) read 

q(&,sSg)=xt(l,-$$), &(PQ,~Q)= & X 

( ) 

(16) 

Note that & = -(@‘+ i), jiQ = -iwhen (&,q are chosen to be the integration variables, and p4 = -(m,/?izf)q’- ?, 

6,~ = q’((ml + mz)/fir - 1’ for the integration variables (p’:,,?). Ob wously, the integration over (p’lz,o is in general 

different from that over (&, 6. 
Substituting (17) into (16) and noting that terms linear in_i(?) make no contribution after integration over i(?), 

we find after some manipulation that the scalar coefficients V and A evaluated at @‘= 0 are 

where use of the approximation Cf ez mf has been made, iT 5 mf -rn,, and 

Nfi =~avor spin (Bflb;bql%.wo, spin, N;, =~avor spin (~#$v~I&)~avor spin , (19) 

with OQ acting on the heavy quark Q. In deriving Eq. (18) we have applied the normalization condition (13) for the 
momentum wave function by assuming flavor independence, bf = &. Since 

(x.bllx.) = -B, (xaldxa) = 1 I (20) 

where x. = (2 TN - TJT - Ltt)/& is the spin wave function for the sextet heavy baryon and 2~ = (rn - $tt)/fi 
for the antitriplet heavy baryon, it is clear that [6] 

l)=Nii - 1 for antitriplet baryon Bi, 

Nfi - $ for sextet baryon Bi. 

It follows from Eqs. (18) and (7) that the form factors at zero recoil are given by 

(21) 

*The analogous expression obtained by Singleton (61 is 

3 

(B,(-~~‘)lJ”lBi(~,s)) = 2 
( >J 

d3P,,ds~f~;,,il)~~(~~z,~(s’(J,ls) 

He noticed that there would be a factor of (m~/?i&)’ instead if (&,i’) were integrated over [these factors do not appear in 
our Bq. (14) or (16)]. It is argued in [6] that these factors can be neglected since in the spectator model the diquark mass 

should not affect’the rate. 
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(mi + mf - vAm) - ~&(mi+mr+W > 

Pm - (mi + wbI - s,,i;fmQ IAm + (mi + mfhl > 

(mi + mf - vJ.4 + Smr;fmq bi + mf + VW t 

- - ~ 

(22) 

with A = rnf - m4. When both baryons are heavy, the form factors defined in Eq. (3) h ave the following expressions 
at w = 1: 

Fl(l)/Nfi= [1+g(-$+$J]11> 

F&)/Nf; = +(l -q) - & + 1 L - 2 (1 -II) , 
* ii cm. mQ) 

(23) 

F&)/Nfi = $1 -‘I) - 

Gl(l)/Nfi = q, Gz(l)/Nfi = -&, Gz(l)/Nfi = &I > 

obtained from Eqs. (4) and (22). For antitriplet Ab + AC or Zb + 2, transitions, Nfi = 1, 7 = 1, and so we have 

F~“(I)A+;($+$;, Gp*‘(l)=l, 

j+*=(l) = G?*=(l) = -& , (24) 
e 

and 

F?*-(l) s -GpA\‘(l) = -& , 

(25) 

and similar expressions for Z:a + E,. Therefore, there is only one independent A6 + A, form factor in the heavy 
quark limit. The relevant HQET predictions to zeroth order of a8 are [4] 
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We see that the nonrelativistic quark model predictions for hg + A, form factors at the symmetric point w = 1 are 
in agreement with HQET up to the order of l/mb and l/m,, as it should be. 

In the heavy quark limit, the sextet Cb + C, or 0b --t fi2, transition at 2) u’ = 1 is predicted by HQET to be (see, 
e.g., Ref. [l]) 

(C,(v’,s’)lV, - A,JCa(v,s)) = a,e(~‘,~‘)[~~(l + 7s) - 2(v + ~‘),&x,(u,s) 

This leads to the sextet-sextet baryonic form factors 

i+=(l) = Gf==(l) zz -5, &==(I) =&-(I) = $, G?“(l) = G?‘<(l) = 0, 

and 

(27) 

(28) 
and similar results for 026 --t 0,. Since Nf; = 1 and 
q = -l/3 for sextet-sextet heavy baryon transitions, it 
is evident from Eqs. (22) and (23) that our quark-model 
results for Ca -i C, and a,+ -i a2, form factors evaluated 
at zero recoil in the heavy quark limit are in agreement 
with the constraints imposed by heavy quark symmetry. 

We now make a comparison with the quark-model cal- 
culations in Refs. [5,6]. Quark- and bag-model wave func- 
tions in the coordinate space are used to evaluate the 
baryonic form factors by P&z-Mar&l et al. [5]. How- 
ever, their results (Ila)-(llf) at zero recoil,3 when ap- 
plied to Aa + Ac and Cb + C,, are in disagreement 
with HQET. In fact, the heavy quark symmetry relations 
fi = $I~, fi = g3, and f3 = g2 for A* + A, transitions 
and g1 = - i, g2 = g3 = 0 for Cb + C, implied by HQET 
are not respected by Ref. 151. Moreover, the dimension- 
less Ag + A, form factors ma,fi,3 and rr~~&,~ vanish 
in the heavy quark limit according to HQET. The reader 
can check that the form factors obtained in Ref. [5] do 
not satisfy this feature of heavy quark symmetry. 

Our evaluation of baryonic form factors is quite close 
to that of Singleton [6] except mainly for Eq. (16), in 
which we have taken the average of the integrations over 

(&, 0 and (&, 1’) (see the footnote there). In addition 
to the lfm, corrections, we have also included l/mp 
effects, which are not taken into account in [6]. Recasting 
(3.48)-(3.51) of Ref. [6] into the form factors used here 
gives 

3The parameters co and a~ defined in Eq. (12) of Ref. [5] 
correspond to our Nfi and Nii, respectively. 
(36) 

for Aa + A, transitions. Comparing with (25), it is evi- 
dent that the l/r& corrections in (30) are too large by a 
factor of 2; that is, the quark-model calculations by Sin- 
gleton do satisfy the aforementioned heavy quark sym- 
metry relations, but are still not consistent with HQET 
in magnitude. 

The Bi + Bf baryonic form factors (22) at maximum 
q2 obtained in the nonrelativistic quark model are the 
main results in the present paper. The l/m~ and l/m, 
effects in (22) arise from the modification to the current 
operator. Although as far as AQ + hg, and ZQ + Zg, 
are concerned the nonrelativistic quark-model predic- 
tions for the form factors at w = 1 are in accordance with 
HQET, the two approaches differ in two main aspects: (i) 

Unlike the nonrelativistic quark model, HQET provides 
a systematic hqcr~,lrnq expansion, which can be treated 
perturbatively if mg > Aqc~, Near zero recoil in the 
rest frame of the parent baryon, the quark model result 
for l/m, corrections is trustworthy since Ifl/m, < 1, 
where -ais the recoil momentum of the,daughter baryon. 
Consequently, contrary to H&ET, l/m. modifications to 
the form factors near 21. u’ = 1 become meaningful in the 
quark model. (ii) Going beyond the antitriplet-antitriplet 
heavy baryon transition, HQET loses its predictive power 
for form factors at order lfmq since l/mq corrections 
due to wave-function modifications arising from 01 and 
02 are not calculable by perturbative QCD. However, 
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such corrections are expected to vanish at zero recoil in 
the quark modeL4 This is so because the physical results 
at the symmetric point w = 1, where both parent and 
daughter baryons are at rest, should be independent of 
the explicit form of the wave function. Modifications to 
the wave function come t?om the operators 01, and O2 
acting on $0 [see Eq. (l)], whose explicit expression is 
model dependent. As a result, the nonrelativistic quark- 
model results (22) for weak current-induced form factors 
evaluated at maximum q2 are applicable to any heavy- 
heavy and heavy-light baryonic transitions. 

At this point, we would like to examine the underlying 
assumptions we have made during the course of deriving 
(18) or (22). The assumptions are (i) the approximation 
of the weak binding mass liLf (= ml + ml + mz) with 
the mass ml of the daughter baryon, (ii) flavor indepen- 
dence of the momentum wave function, +r = &, and 
(iii) the average of two momenta integrals in (16). As- 
sumption (i) is justified by the fact that fii~f and rnt for 
charmed and octet baryons are very close for rn, = 338 
MeV, md = 322 MeV, rn, = 510 MeV (see p. 1729 of 
Ref. [7]), and rn, = 1.6 GeV. In contrast, assumptions 
(ii) and (iii) are less solid. First, the momentum wave 
function 4 is truly flavor independent only in the heavy 
quark limit. Second, a simple average of two different mo- 
menta integrals taken in (16) seems somewhat arbitrary. 
Nevertheless, the present prescription works empirically 
as it does agree with HQET at order l/mq. Since the 
hadronic matrix element (14) should in principle be in- 
dependent of the integration order, this probably means 
that the flavor dependence of 4, which is of order l/m~ 
and l/m,, is compensated by similar effects in (iii). A 
full understanding of the empirical agreement between 
present approach and HQET needs to be pursued. 

Experimentally, the only information available so far is 
the form-factor ratio measured in the semileptonic decay 
Ac + Aa?. In the heavy c-quark limit, there are two 
independent form factors in A, + A transitions [s]: 
(A(~)ls7p(l- 75)clM~)) = G[@=*(~ .P) + $F~*(v .p)]y,(l - 7&,,, . (31) 
a dipole q2 behavior for form factors, the ratio 
1s measured by the CLEO Collaboration 

to be [9] 

R = -0.25 i 0.14 f 0.08 (32) 

The form factors @I;,,, are related to f’s and g’s by 

fi = g1 = I? + ZF2, fi = f3 = g2 = g3 = ; (33) 
z 

Since R is independent of q2 if p1 and pz have the same 
qz dependence, we can apply the quark model (22) to get 

P~(qb)=l+$, @z;)=--$ (34) 
B 8 

which lead to 

-1 
= -0.23 (35) 

for rn. = 510 MeV. This is in excellent agreement with 
experiment (32), but it should be stressed that l/me car- 
rections, which are potentially important, have not been 
included in (32) and (35). 

4This is known to be true in the meson case. Among the 
four subleading Isgur-Wise functions q(w), x,,~J(w) (see the 
Introduction), we kimw that 21 and 23 vanish at w = 1 and 
that q(w) = x2(w) = 0 in the quark model [3], 
III. APPLICATIONS 

In this section we will apply the baryonic form factors 
obtained in the nonrelativistic quark model to various 
physical processes. Since the calculation of the q2 depen- 
dence of form factors is beyond the scope of a nonrela- 
tivistic quark model, we will thus assume a pole domi- 
nance for the form-factor q2 behavior: 

f(q2) = (I y&> g(q2) = cl y;,m ’ (36) 

where mv (ma) is the pole mass of the vector (axial- 
vector) meson with the same quantum number as the 
current under consideration. In practice, either monopole 
(n = 1) 01 dipole (n = 2) q2 dependence is adopted in the 
literature. For definiteness, we will choose the dipole be- 
havior suggested by the following argument. Considering 
the function 

with rn. being the pole mass, it is clear that G(q*) plays 
the role of the baryonic Isgur-Wise function C(v v’) in 
hp + A9r transitions, namely, G = 1 at q* = qk. The 
function C(w) has been calculated in two different models: 

f 0.99exp[-1.3(w - l)] soliton model [lo], 

C(w) = (&)3.5+1.+ (33) 
MIT bag model [Ill. 
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Using the pole masses mv = 6.34 GeV and WXA = 6.73 
GeV for the transition Aa + A,, we find that G(q’) is 
compatible with C(w) only if n = 2. However, one should 
bear in mind that, in reality, the 4’ behavior of form fac- 
tars is probably more complicated and it is likely that a 
simple pole dominance only applies to a certain q2 region. 

Before proceeding to applications, we would like to 
make a remark on the role played by heavy quark sym- 
metry here. Though HQET is employed in Sec. II as a 
benchmark for testing if the nonrelativistic quark-model 
calculations of form factors are reliable and trustworthy, 
heavy quark symmetry is no longer relevant in all appli- 
cations described in this section except for in Eq. (65) 
where we apply the static heavy quark limit to relate 
the tensor matrix element to the vector and axial-vector 
ones. For example, the different but realistic vector and 
axial-vector pole masses used in (36) break heavy quark 
symmetry explicitly. 

A. Semileptonic decay 

We shall study in this subsection the decay rate for 
the semileptonic transition 4’ -i f’ + e + pe. Take the 
semileptonic decay AZ + he+v, as 8n example. Since 
17 = 1, rn” = mDoct-, = 2.11 GeV, mu = rn~~(l+, = 
2.536 GeV [7], the form factors at q2 = 0 obtained from 
(22) and (36) with n = 2 are 
I 

fF“(o) = 0.50N,,,~, f?“(O) = -0.25N&m,~, f?*(O) = -0.05N~,z&a~ , 

(3% 

g:‘*(O) = 0.65N,,,,,, g?*(O) = -O.O6N&m~, g?*(O) = -0.32Nn&na, , 
where uses of rn, = 1.6 GeV and rn. = 510 MeV have 
been made. l+om the flavor-spin wave function of A, and 
A with a positive helicity along the z direction, 

Pc t) flavor spin = 5 (ud - d+xa , 

(40) 

IAT) ~avor spin = $[(ud - d+-xa + (13) + (23)] , 

where (ij) means permutation for the quark in place i 
with the quark in place j, we get 

NA.A =~avor spin (At Ib?4Ac thwor spin = 5 (41) 

The computation of the baryon semileptonic decay rate 
is straightforward; for an analytic expression of the decay 
rate, see, for example, Ref. [12]. We obtain 

r(A., + Ae+v,) = (N,,,,,)’ x 2.11 x 10” s-l 

= 7.1 x 10’0 s-1 ( (42) 

which is in excellent agreement with experiment [7]: 

r(A, + Ae+v,),,,t = (7.0 z’c 2.5) x 10” s-l (43) 

It must be stressed that the flavor factor N,,+ = l/v?, 
which was already noticed in 16,131 and partndarly sc- 
centuated by [14], is very crucial for an agreement be- 
tween theory and experiment. In the literature it is cus- 
tomary to replace the s quark in the baryon A by the 
heavy quark Q to obtain the wave function of the AQ. 
However, this amounts to assuming SU(4) or SU(5) fla- 
vor symmetry. Since SU(N) flavor symmetry with N > 3 
is badly broken, the flavor factor Nhg~ is no longer unity 
(of COUI‘=, N~p.t.0’ = 1). Indeed, if NA,* were equal to 
1, the predicted iate for Ac + Ae+v, would have been 
too large by a factor of 3. 

For completeness, the numerical values of form factors 
at q2 = 0 are tabulated in Table I and the nonrelativistic 
quark model predictions for the decay rates of semilep- 
tonic decays of heavy bar$ons are summarized in Table II. 
We will not consider the case of sextet heavy baryons as 
they are dominated by strong or electromagnetic decays 
(except for fly). Two remarks are in order. (i) We see 
from Tables I and II that the predictions of Ref. [5] for 
form factors and semileptonic decay rates are in general 
different substantially from ours. First, the important 
suppression factor of Nf; for antitriplet-heavy-baryon- 
octet-baryon transitions is not taken into account in [5]. 
Second, the calculated heavy-heavy baryon form factors 
in [5] at zero recoil do not satisfy the constraints im- 
posed by heavy quark symmetry. The results of Ref. [6] 
are more close to ours. However, lfm~ corrections are 
not included in [S] and the computed l/m, effects there 
disagree with HQET for Aa --f Ac and Z:b --t 2, tran- 
sitions. (ii) The parameter ?i is process dependent; for 
example, it can be as large as 1.11 GeV for &, + 0,&, 
whereas it is only 0.61 GeV for A, --f A&v,. 

B. Nonleptonic decay 

At the quark level, the no&pt&c weak decays of 
the baryon usually receive contributions from external 
W-emission, internal W-emission, and W-exchange dia- 
grams. At the hadronic level, these contributions man- 
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TABLE I. Nonrelativistic quark-model predictions for baryonic form factors evaluated at q2 = 0 
using dipole q2 dependence and IV,al = 0.040 [15] (mi being th e mass of the parent heavy baryon). 
For a comparison, we also present the nonrelativistic quark-model predictions given in Refs. [5] 
and [6]. The numerical values of the former reference are quoted from Table IV of [5], while the 
predicted values of the latter are computed from Eqs. (3.48)-(3.51) of [6]. Pole masses are taken 
to be mv = 2.11 GeV, rn/~ = 2.536 GeV for B, --t B transitions and mv = 6.34 GeV, mu = 6.73 

GeV for Bb i B,. Also shown ase the spin and flavor factors for various baryonic transitions. 

Transition rl Nri h(o) fz(o)mi fdo)mi gl(o) gz(o)mi ga(o)mi 
hf --t A0 1 3 0.29 -0.14 -0.03 0.38 -0.03 -0.19 this work 

.~ 
1 1 0.35 -0.09 0.25 0.61 0.04 -0.10 

1 I 0.36 -0.17 -0.17 0.47 -0.22 -0.22 t51 6 43 
1 75 0.31 -0.19 -0.04 0.39 -0.06 -0.24 this work 

1 1 0.48 -0.08 0.26 0.76 0.04 -0.12 151 

1 I 
1 l3 
1 1 

0.40 -0.23 -0.23 0.50 -0.30 -0.30 bi 
0.53 -0.12 -0.02 0.58 -0.02 -0.13 this work 

0.60 -0.14 -0.14 0.63 -0.15 -0.15 1’51 
1 1 0.54 -0.14 -0.02 0.58 -0.03 -0.16 this work 

1 1 0.62 -0.17 -0.17 0.67 -0.18 -0.18 PI 
-1 1 0.72 0.68 -0.36 -0.20 0.01 0.06 this work 

3 1 0.85 0.81 -0.60 -0.23 0.08 0.08 161 
ifest as factorizable and pole diagrams. It is known 
that, contrary to the meson case, the nonspectator W- 
exchange effects in charmed baryon decays are of com- 
parable importance as the spectator diagrams [Xl. Un- 
fortunately, in general it is difficult to estimate the pole 
diagrams. Nevertheless, there exist some decay modes of 
heavy baryons which proceed only through the internal 
or external W-emission diagram. Examples are 
internal W emission : Aa + J/$A, E:s + J/1(13, 0, + J/@l, A, + pb, _. ; 

(44) 
external W emission : &, + &n, a2, + fir 

Consequently, the above decay modes are &ee of nonspectator effects and their theoretical calculations are relatively 
clean. 

In this subsection we shall study two of the decay modes displayed in (44), namely, Aa + Jf+A and Aa + pb. The 
general amplitude of A6 + J/+A has the form 

NAa --f J/W = C&AO)~*“LGY,Y.S + Az(PA),~s + 87, + Bz(PA),]~A,(PA.,) > (45) 

where elr is the polarization vector of the J/$. Under factorization assumptions, the internal W-emission contribution 
reads 

A(& + J/N) = ~v,&MJ/~l~~w(I - rs)c10)(A1~“(1- ^is)blAs) , 

where a2 is an unknown parameter introduced in Ref. 1171. It follows from (45) and (46) that 

Al = -Ns+%&.) + &“(&d(mt, - mdI > 

AZ = -ZXg$“(m&) , 

(46) 

(47) 

with X = ~V,~VC~azfJ,+m~,+. Since 11 = 1, NAbA = -&, mv = mBe,cl-l Z 5.42 GeV, and rn* = nap, 2 5.86 

GeV, we find from Eqs. (22) and (36) that 
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fy(m$+) = 0.131, f~“(w&,) = -0.054/m*, ( 

&"(T+) = 0.203, &*(m$+) = -0.036/m,,, 

The decay rate reads [IS] 

(43) 

(49) 
with the S, P, and D waves given by 

S.-Al, 

pl=-2.5 
( 

mhs + rnA 

EJl.i EA+~A 
BI +m,@z 

> 
, 

Pz = Pc BI , (50) 
EAtmA 

D=- EJ,4c;j + ma) (Al - ma& > 

wherep, is the c.m. momentum. Using IVcsl = 0.040 [15], 
r(A,) = 1.07 x IO-l2 s (71, a2 - 0.23 [IQ], and fJ,+ = 

395 MeV extracted from the observed .7/$ + e+e- rate 
l?(J/$ + e+e-) = (5.27 f 0.37) keV [7], we find 

B(Ab + J/+A) = 2.1 x 10-4 (51) 

When anisotropy in angular distributions is produced in 
a polarized As decay, it is governed by the asymmetry 
parameter a given by [18] 

477&R+'&) + 2E&Re(S + D)*PI 
a=2m2 

J/+(IS~~ + IPz~~) t E&(lS t D12 t IP112) 

(52) 

Numerically, it reads5 

TABLE II. Nonrelativistic quark-model predictions for the 
semileptonic decay rates in units of 10” s-’ evaluated using 
the dipole q2 dependence for form factors. Values in parenthe- 
ses are the predicted rates with QCD corrections. However, 
as stressed in 1141, it seems that QCD effects computed in [5] 
are unrealisticallv too laree. 

PWW?SS I51 [6] This work Experiment [7] 
A: + A”e+u, 18.0 (11.2) 9.8 7.1 7.0*2.5 

‘Our previous study on Ab + J/$A [ZO] has a vital sign 
error in Eq. (14) for the expression of the D-wave amplitude, 
which affects the magnitude of the decay rate and the sign 
of decay asymmetry. M&over, the important 0avor factor 
NA~A = I/& is not taken into account there. 
I 

cu(Ab + J/l/A) = -0.11 ( (53) 

where the negative sign of a reflects the V-A structure 
of the current. 

The Ab + J/$h decay was originally reported by the 
UAl Collaboration [21] with the result 

F(A#(&, + J/$A) = (1.8 f 0.6 f 0.9) x 1O-3 , (54) 

where F(Ab) is the fraction of b quarks fragmenting into 
ha. Assuming F(Ab) = 10% [21], this leads to 

f?(Aa --f J/$A) = (1.8 f l.l)% (55) 

However, both the Collider Detector at Fermilab (CDF) 
[22] and the CERN e+e- collider LEP collaborations [23] 
did not see any evidence for this decay. For example, 
based on the signal claimed by UAl, CDF should have 
reconstructed 30 * 23 Ab + J/$A events. Instead, CDF 
found not more than two events and concluded that 

F(A+(Ab + J/4A) < 0.50 x 1O-3 (56) 

The limit set by OPAL is [23] 

F(A$(A,, + J/+A) < 1.1 x 1O-3 (57) 

Hence, a theoretical study of this decay mode would be 
quite helpful to clarify the issue. The prediction (51) 
indicates that the branching ratio we obtained is two or- 
ders of magnitude smaller than what expected from UAI, 
Eq. (55). 

We next turn to the Cabibbo-suppressed decay A, + 
pd. As emphasized in Ref. [IS], this decay mode is of 
particular interest because it provides a direct test of the 
large-N, approach in the charmed baryon sector, though 
this approach is known to work well for the nonleptonic 
weak decays of charmed mesons. From the flavor-spin 
wave function of the A,, Eq. (40), and the proton, 

IP t) savor spin = +dx. t (13) + (23)] , (56) 

we get 

N *,p = 5 (59) 

Since the calculation is very similar to that of Aa + 
J/+A, we simply write down the results: 
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B(A, + pb) = (czJ’2.26 x 10-3, a(& + ~4) = -0.10 , 

(6”) 

where we have applied f+ = 237 MeV, mD(l-) = 2.01 
GeV, and rn~(l+) = 2.42 GeV. As the Wilson coefficient 
c2 is expected to be of order -0.56 in the large-N, ap- 
proach, it follows that 

a& + pqs) = 7.1 x 10-4 (61) 

Therefore, in order to test the l/N, expansion and non- 
relativistic quark model for the form factors, the experi- 
mental accuracy should be reached at the level of a few 
lo@. Experimentally, the branching ratio is measured 
to be 

‘(*’ + “) = 
(1.8 f 1.2) x 1O-3 ACCMOR [24], 
< 1.7 x 1O-3 E687 [25]. 

(62) 
Finally, it is worth remarking that it is important to 
take into account the effect of the flavor-suppression fac- 
tor (e.g., NA,*) on the factorizable contributions to the 
nonleptonic two-body decays of charmed baryons; such 
effects thus far have not been considered in the literature 
[16,26]. 

C. Weak radiative decay 

Recently, the weak radiative decays of B mesons and 
bottom baryons have been systematically studied in 
Ref. [27]. At the quark level, there are two essential 
mechanisms responsible for weak radiative decays: elec- 
tromagnetic penguin mechanism and W exchange (or 
W annihilation) bremsstrahlung. The two-body decays 
of the bottom baryons proceeding through the short- 
distance electromagnetic penguin diagrams are 
In this subsection, we shall study the above weak radiative decay modes using the nonrelativistic quark model in 
conjunction with the heavy b-quark symmetry. 

To begin with, the electromagnetic penguin-induced radiative decay amplitude is [27] 

A(& + Bf + 7) = i~&Fz(r,)V&m,~‘a” (,,is‘a,,[(l+~~)+~(l-^16)]blB~), (64) 

where p is the photon momentum and Fz is a smooth function of zt s m:/M& [28] and is numerically equal to 0.65 
for AQCD = 200 MeV and mt = 174 GeV. In order to evaluate the tensor matrix elements in (64), we consider the 
static heavy b-quark limit so that 

(Bfl~kx(l + 75)blB;) = (B+yi(l - ys)blB,) . (65) 

Hence, 

(Bfl~hi(l + 7s)blBi)&i = ;(Bf I%yi(l - 7~)blBi)(coqi - &$‘) 

= ~f~Qi”“QiIfi - fi(rni + rnf) + 9175 fgz(mi - rnf)7& (66) 
It follows from (64) and (66) that 

A(& + Bf + 7) = Gf (a + b7&,,#g”ui , 

with 

(67) 

b = $j$Fz(~t)~sv,~~~[g~(0) +gz(o)(mi -rn,)] , 

being parity-conserving and -violating amplitudes, re- 
spectively. The decay rate is 
and a prohibited Aa + C7, where uses of NA,* = Nzb~ = 
l/d and Vtbvt*, x -v,,V,*, have been made. Therefore, 

(kd” + lb12) . (69) 

In order to apply the heavy quark symmetry relation 
(65), we shall neglect l/ma corrections to the form factors 
given in (22). To leading order in l/ma, we obtain 

I’(& -+ Ay) = 1.6 x lo-” GeV , 

(70) 
r(S:s + E7) = 2.2 x lo-=‘ GeV , 
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f?(A* + A-y) = 2.7 x 10-e , (71) 

for ~(a,,) = 1.07 x lo-l2 s [7]. In Ref. 1271 two differ- 
ent methods, namely, the heavy s-quark approach and 
the MIT bag model, have been employed to estimate the 
decay rate of A* + Ay. Our present result (71) is some- 
what smaller than the prediction given in 1271 owing to 
the presence of the flavor-suppression factor of l/a in 
the amplitude. 

IV. CONCLUSIONS AND DISCUSSION 

I~ heavy quark effect theory (HQET), current-induced 
lfmq corrections and the presence of higher dimensional 
operators in the effective Lagrangian are the two sources 
of l/mq effects on the hadronic form factors. Since the 
predictive power of HQET for baryon form factors at or- 
der l/mg is limited only to antitriplet-antitriplet heavy 
baryon transitions, this motivates us to apply the non- 
relativistic quark model to evaluate the weak current- 
induced baryonic form factors at zero recoil in the rest 
frame of the heavy parent ,baryon, where the quark model 
is most trustworthy. Contrary to previous similar work, 
we have shown that the HQET predictions for antitriplet- 
antitriplet heavy baryon transitions at ZI V’ = 1 are re- 
producible in the nonrelativistic quark model. Moreover, 
the latter approach has two eminent features. First, it 
becomes meaningful to consider l/m. corrections as long 
as the recoil momentum is smaller than the rn, scale. 
Second, l/mg effects arising from wave-function modifi- 
cations vanish at zero recoil in the quark model. Con- 
sequently, the nonrelativistic quark-model results for the 
form factors evaluated at maximum q2 are applicable to 
any heavy-heavy and heavy-light baryonic transitions. 

An obvious criterion for testing the reliability of quark- 
model calculations is that model results must satisfy all 
the constraints imposed by heavy quark symmetry. In 
the heavy quark limit, normalizations of heavy-heavy 
form factors and hence some relations between form fac- 
tors at zero recoil are fixed by heavy quark symmetry. 
These constraints are not respected in Ref. [5]. While this 
discrepancy is improved in the work of 161, its prediction 
for Aa -+ A, (or &, -+ 2,) form factors at order lfmp 
is still too large by a factor of 2 when compared with 
HQET. We have shown that our prescription of quark- 
model calculations does incorporate the features of heavy 
quark symmetry (a careful examination on the underly- 
ing assumptions we have made is discussed in Sec. II) 
and hence can be applied to compute baryon form fac- 
tors beyond the arena of HQET. 

As is the conventional practice, we make the pole dom- 
inance assumption for the q2 dependence to extrapolate 
the form factors from maximum q2 to the desired q2 
point. We argued that a dipole q2 behavior is more pre- 
ferred since it is close to the baryonic Isgur-Wise func- 
tion calculated recently. Nevertheless, one should bear in 
mind that the assumption of pole dominance for form fac- 
tors is probably too simplified and this problem remains 
unresolved. 

We have applied our main results (22) in this paper 
to various decays of heavy baryons. In all model ap- 
plications described in Sec. III, heavy quark symmetry 
is no longer relevant except for in Eq. (65). It turns out 
that the inclusion of a flavor-suppression factor, which oc- 
curs in most heavy-to-light baryonic transitions, is very 
crucial to explain the experimental observation of the 
semileptonic decay A, + Ae+v,. The presence of this 
flavor-suppression factor, which is missed in most liter- 
ature, will of course affect the predictions on the decay 
rates of many decay modes involving a transition from 
heavy to light baryons. It is conceivable that some of our 
predictions can be tested soon in the near future. Ex- 
amples are Z; + E-e++ Ab + Ae-I&, A* + J/+A, 
A, + p#, and Aa + Ay. A particularly interesting decay 
mode is the channel As + J/l/A. Its branching ratio is 
predicted to be 2 x IO@, which is two orders of magni- 
tude smaller than the UAl observation, but consistent 
with the limit set by CDF and LEP. 
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