PHYSICAL REVIEW D VOLUME 56, NUMBER 5 1 SEPTEMBER 1997

Nonleptonic weak decays of bottom baryons
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Cabibbo-allowed two-body hadronic weak decays of bottom baryons are analyzed. Contrary to the charmed
baryon sector, many channels of bottom baryon decays proceed only through the external or internal
W-emission diagrams. Moreovaly exchange is likely to be suppressed in the bottom baryon sector. Conse-
quently, the factorization approach suffices to describe most of the Cabibbo-allowed bottom baryon decays.
We use the nonrelativistic quark model to evaluate heavy-to-heavy and heavy-to-light baryon form factors
at zero recoil. When applied to the heavy quark limit, the quark model results do satisfy all the con-
straints imposed by heavy quark symmetry. The decay rates and up-down asymmetries for bottom baryons
decaying into%++ P(V) and §*+ P(V) are calculated. It is found that the up-down asymmetry is negative
except for Qbﬂ%++P(V) decay and for decay modes witly’ in the final state. The prediction
B(Ap— I/ pA)=1.6X10"* for |V, =0.038 is consistent with the recent Collider Detector at Fermilab mea-
surement. We also present estimates(Igr %* + P (V) decays and compare with various model calculations.
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PACS numbgs): 13.30—a, 12.39.Jh, 14.20.Mr

I. INTRODUCTION our nonrelativistic quark model calculations for
Ay—Jdl A, we would like to present in this work a system-
While much new data of charmed baryon nonleptonicatic study of exclusive nonleptonic decays of bottom baryons
weak decays has become available in recent years, the effor earlier studies, sgd.0,11]). Just as in the meson case, all
perimental study of hadronic weak decays of bottom baryonsadronic weak decays of baryons can be expressed in terms
is just beginning to get in gear. This is best illustrated by theof the following quark-diagram amplitudg¢42]: A, the ex-
decay modeA,—J/¢A which is interesting both experi- ternal W-emission diagramj3, the internalW-emission dia-
mentally and theoretically. Its branching ratio was originally gram; ¢, the W-exchange diagram; ané, the horizontal
measured by the UAL Collaboration to be (£B1)  w-loop diagram. The external and internatemission dia-
X102 [1]. However, both the Collider Detector at Fermilab grams are sometimes referred to as color-allowed and color-
(CDF) [2] and CERNe" e~ collider LEP[3] Collaborations  gynpressed factorizable contributions. However, baryons be-
dlql not see any ewde_nce for this decay_. The theorefucal S't_“i'ng made out of three quarks, in contrast to two quarks for
ation is equally ambiguous: The predicted branching ratiqnesons, bring along several essential complications. First of
ranges from_lO to 107, Two early estl_mate£_;4,5] based all, the factorization approximation that the hadronic matrix
on several different approaches for treating e~ A form element is factorized into the product of two matrix elements

fe}ctors yleld a'brgnchmg ratio c.)f.or.der 1 It was recon- of single currents and that the nonfactorizable term such as
sidered in[6] within the nonrelativistic quark model by tak- Lo L )
o ) ) the W-exchange contribution is negligible relative to the fac-
ing into account the b corrections to baryonic form fac- : : o ;
i torizable one is known empirically to be working reasonably
tors at Zero recoll and the result well for describing the nonleptonic weak decays of heavy
— — 4 ;

ﬁ(?g]TJlélepé\gnzlllli? %v(;s f\g ﬁ do?rtlg;g(e f(s_GS /thi)eir;atoufm mesons[13]. However, this approximation ia priori not

; Y, b v directly applicable to the charmed baryon caseVdsex-

5 . . .
?rgdrﬁr el)? erlirr]nc[;n]t bgngxzﬁg]tmt? foren;;i;:ﬁ;rs aihzergtéiﬁ?s'l change there, manifested as pole diagrams, is no longer sub-
P y 9 9 ject to helicity and color suppressidihat is, the pole con-

approach for form factors to the baryon case. This issue., . : .
has finally settled down experimentally: The de 3/ ribution can be as important as the factorizable one. The

A is observed by CDHF9] and the ratio of cross section
g N : o
times branching fractionos, B(Ap—J/yA) L ogoB(B™— IThis is different from the naive color suppression of inteal

JIyKg)] is measured. The branching ratio 8f,—J/¢A  emission. It is known in the heavy meson case that nonfactorizable
turns out to be (3.71.7+0.4)x10™ %, assumingoy /0= contributions will render the color suppression of intefakemis-
0.1/0.375 andB3(B°—J/yKg)=3.7x10 %, It is interesting  sion ineffective. However, th&/-exchange in baryon decays is not
to note that this is also the first successful measurement aifubject to color suppression even in the absence of nonfactorizable
exclusive hadronic decay rate of bottom baryons, evemerms. A simple way to see this is to consider the laxgeimit.
though the branching ratio &,— A 7 is expected to exceed Although theW exchange diagram is down by a factor oN1/
that of Ap,—J/¢A by an order of magnitude. Needless to relative to the externalV-emission one, it is compensated by the
say, more and more data of bottom baryon decay data will béact that the baryon contaird, quarks in the limit of largeN,,
accumulated in the near future. thus allowingN, different possibilities forw exchange between
Encouraged by the consistency between experiment andtavy and light quarkgl4].
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experimental measurement of the decay modesn order to study heavy-to-heavy and heavy-to-light baryon
Af =30, 3+ 7% and A —E°K™, which do not re- form factors, we will follow[6] to employ the nonrelativistic
ceive any factorizable contributions, indicates tNtex- quark model to evaluate the form factors at zero recoil. Of
change indeed plays an essential role in charmed baryon dgourse, the quark model results should be in agreement with
cays. Second, there are more possibilities in drawingizhe the predictions of the heavy quark effective theGAQET)

and C types of amplitude$12]; in general there exist two fpr ant|tr|p!et-to-ant|tr|plet heavy baryon form factors to the
distinct internal W emissions and several different first order in 1ing and for sextet-to-sextet ones to the zeroth
W-exchange diagrams and only one of the internalCrderin 1mg. The quark model, however, has the merit that
W-emission amplitudes is factorizable. it is applicable to heavy-to-light baryonic transitions as well

The nonfactorizable pole contributions to hadronic weakdnd accounts for i effects for sextet-to-sextet heavy
decays of charmed baryons have been studied in the literRaryon transition. In this paper, we will generalize the work

ture[15—-17. In general, nonfactorizabke andp-wave am-  of [6] to $*—327 transitions in order to study the decays

plitudes for 2*—3*+P(V) decays P: pseudoscalar me- 3*—37+P(V). As the conventional practice, we then

son, V: vector meso)) for example, are dominated by~ make the pole dominance assumption for ¢iedependence
low-lying baryon resonances argl” ground-state baryon to extrapolate the form factor from zero recoil to the desired
poles, respectively. However, the estimation of pole ampli-g? point.

tudes is a difficult and nontrivial task since it involves weak The layout of the present paper is organized as follows. In
baryon matrix elements and strong-coupling constants'of Sec. Il we first discuss the quark-diagram amplitudes for
and 3~ baryon states. This is the case in particular forCabibbo-allowed bottom baryon decays. Then with the form
s-wave terms as we know very little about the states. As factors calculated using the nonrelativistic quark model, the
a consequence, the evaluation of pole diagrams is far morexternal and internalV-emission amplitudes are computed
uncertain than the factorizable terms. Nevertheless, the botnder the factorization approximation. Results of model cal-
tom baryon system has some advantages over the charmedlations and their physical implications are discussed in
baryon one. FirstyV exchange is expected to be less impor-Sec. Ill. A detail of the quark model evaluation of form
tant in the nonleptonic decays of the former. The argumentactors is presented in Appendix A and the kinematics for
goes as follows. Th&V-exchange contribution to the total nonleptonic decays of baryons is summarized in Appendix
decay width of the heavy baryon relative to the spectatoB.

diagram is of ordeiR=32m2|y54(0)|?/m [5], where the

square of the wave functioququ(O)|2 determines the prob- II. NONLEPTONIC WEAK DECAYS

ability of finding a light quarkg at the location of the heavy OF BOTTOM BARYONS

quark Q. Since |eq(0)]2~|hpg(0)|?~(1-2)x 102
Ge\? [5], it is clear thatR is of order unity in the charmed
baryon case, while it is largely suppressed in bottom baryon The light quarks of the bottom baryons belong to either a

decays. Therefore, althouglv exchange plays a dramatic 3 or 536 representation of the flavor $8). The A, = 0A

: . . b1 b »
role in charme_d b_arypn cas@ even domlnatesyoover the and®, A form a3 representation and they all decay weakly.
spectator contribution in hadronic decays\qf and=_ [5]),

- =0S —=-S +,0,— . .
it becomes negligible in inclusive hadronic decays of botto yhedd, , Zp°, 2y, 29 form a6 representation; among
r[}la_em, however, only}, decays weakly.

baryons. It is thus reasonable to assume that the same s Denoting the bott b h d b tet
pression is also inherited in the two-body nonleptonic wea enoting the bottom baryon, charme aryon, ~octe

decays of bottom baryons. Second, for charmed baryon d aryon,  decuplet baryon and octet meson by

cays, there are only a few decay modes which proceeff®’ Be, B(8), .B(10) and M(8), respectively, the two-
through external or internalV-emission diagram, namely, ody nonleptonic decays of bottom baryon can be classified

Y int
Cabibbo-allowed Q0—Q~ 7 (p*), E*KAK*® and O
Cabibbo-suppressetly —p¢, Q2—E 7" (p"). However, (@ By(3)—B.(3)+M(8),
even at the Cabibbo-allowed level, there already exist a sig-

nificant number of bottom baryon decays which receive con-

A. Quark diagram classification

tributions only from factorizable diagranisee Tables Il and (b)  Bp(3)—Bc(6)+M(8), (2.1
) and A,—J/¥A is one of the most noticeable examples. _

For these decay modes we can make a reliable estimate (c) Bp(3)—B(8)+M(8),

based on the factorization approach as they do not involve

troublesome nonfactorizable pole terms. Moreover, with the (d) By(3)—B(10)+M(8),

aforementioned suppression 8§ exchange, many decay

channels are dominated by external or inteMaemission. 54

Consequently, contrary to the charmed baryon case, it suf-

fices to apply the factorization hypothesis to describe most of (6) By(6)—Bu(6)+M(8), 2.2

Cabibbo-allowed two-body nonleptonic decays of bottom

baryons, and this makes the study of bottom baryon decays f

considerably simpler than that in charmed baryon decays. ()
Under the factorization approximation, the baryon decay _

amplitude is governed by a decay constant and form factors. (g9) By(6)—B.(3)+M(8),

By(6)—BgZ (6)+M(8),
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(h)  By(6)—B(8)+M(8), Cabibbo-allowed decays™— 3"+ P(V) listed in Table Il

and 8 channels of " — 2"+ P(V) in Table Ill, 20 of them

receive contributions only from factorizable terms. Further-

more, as discussed in the Introduction, YWeexchange con-
mtribution to the inclusive decay rate of bottom baryons

scheme for the nonleptonic weak decays of charmed bar)f—e'atz've o the spectator decay is of order
ons, which can be generalized directly to the bottom baryors2™ | #bq(0)| /My~ (3—5)%. It is thus reasonable to as-
case. The general quark diagrams for decays in B8  SUmMe that the same suppression persists at the exclusive two-
and (2.2 are the external W-emission A, internal body decay level. The penguin contributiafignd&’ to the
W-emission diagrams3 and B’, W-exchange diagrams Cabibbo-allowed decay modes, e.g.,—D{A,, Ep—

C,, C,, andC’, and the horizontaW-loop diagramss and D$VE., Q,—D{) Q. (see Table Il can be safely ne-

&' (see Fig. 2 of12] for notation and details The quark glected since the Wilson coefficieng(my) of the penguin
coming from the bottom quark decay in diagréthcontrib-  operatorOg is of order 0.0418] and there is no chiral en-
utes to the final meson formation, whereas it contributes tédancement in the hadronic matrix element@yf due to the

the final baryon formation in diagra#i. Consequently, dia- absence of a light meson in the final state. Therefore, by
gram B’ contains factorizable contributions bstdoes not.  neglecting theW-exchange contribution as a first-order ap-
Note that, contrary to the charmed baryon case, the horizorproximation, we can make sensible predictions for most of
tal W-loop diagramgor the so-called penguin diagrams un- decay modes exhibited in Tables Il and Ill. As for the non-
der one-gluon-exchange approximatioran contribute to factorizable internaW-emission3, there is no reason to ar-
some of Cabibbo-allowed decays of bottom baryons. Sincgue that it is negligible.

the two spectator light quarks in the heavy baryon are anti- To proceed we first consider the Cabibbo-allowed decays

symmetrized ilBo(3) and symmetrized iBq(6) and since  By(z")—B(3")+P(V). The general amplitudes are
the wave function oB(10) is totally symmetric, it is clear _
that factorizable amplitudesl and B’ cannot contribute to ~ M[B;(1/27)—B¢(1/2") + P]1=iu(ps)(A+Bys)ui(p;),

(i) By(6)—B(10)+M(8),

whereB? designates a spifisextet charmed baryon. [42]
we have given a general formulation of the quark-diagra

the decays of type), (d), and(g). For example, decays of (2.4
type (d) receive contributions only from th&/-exchange and

W-loop diagrams, namel¢,s, Cs, and &g (see Fig. 1 of M[Bi(1/2")—B(1/2") +V]

12])). There are only a few Cabibbo-allowe,(3) —

E)é)(lo)_i_M(S) decays¥ b( ) = uf(pf)‘?*M[A17y75+A2(pf)M75

Ag*)DOAO, D*OAO; Eg'_HDOE*O’_, D*OE*O’_. +Blyu+82(pf)ﬂ]ui(pi):
2.3 wheree , is the polarization vector of the vector meson. The
QCD-corrected weak Hamiltonian responsible for Cabibbo-

They all only receive contributions from thé/-exchange .
y Y 9 allowed hadronic decays of bottom baryons read

diagramC5. We have shown In Tables Il and Il the quark
diagram amplitudes for those Cabibbo-allowed bottom G
baryon decays that do receive contributions from the external VIRV

o ) S =— ¢,04+¢,0,)+(u—c, d—s),
W-emissionA or internalW-emissionB’. Ttw J2 ebVud( €101+ €200) F (U~ —s)

(2.5

B. Factorizable contributions

At the quark level, the hadronic decays of bottom baryondVith O1=(us)(bc) and O;=(uc)(bs), where @;0y)
proceed the above-mentioned various quark diagrams. At th& d1¥,.(1— ¥s)dz. Under factorization approximations, the
hadronic level, the decay amplitudes are conventionallyexternal or internalW emission contributions to the decay
evaluated using factorization approximation for quark dia-amplitudes are given by
grams.4 and B’ and pole approximation for the remaining

diagramsB, C;, C,, ... [14-17. Among all possible pole A=\ay of p(m;—my) fy(m),
contributions, including resonances and continuum states,
one usually focuses on the most important poles such as the B=\ay of p(m;+m;)gs(md), (2.6)

low-lying 3*,1~ states. However, it is difficult to make a

reliable estimate of pole contributions since they involveand
baryon matrix elements and strong coupling constants of the ) ,
pole states. Fortunately, among the 32 decay modes of  A;=—\ay fymy[gi(my)+g(my)(m—me)],

Ap=—2\ay of ymygo(mf),
2The quark diagram amplituded, B, 5, ..., in each type of
hadronic decays are in general not the same. For octet baryons in
the final state, each of th&-exchange andlV-loop amplitudes has
two more independent types: the symmetric and the antisymmetric, 5
for exampleCia, Cis, Ea, Es, - - -, etc.[12]. Bo=2\ay of ymyfa(my),

B,= )\al,ZfVmV[fl(m\Z/) —fo(m)(m+mp)], (2.7
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where\ =GV Vi 4/ V2 or GEVpVid 2, depending on the evaluate the weak current-induced baryon form factors at
final meson state under consideratibpandg; are the form  zero recoil in the rest frame of the heavy parent baryon,

factors defined byd=p;—p;) where the quark model is most trustworthy. This quark
model approach has the merit that it is applicable to heavy-
(Bi(pp)|V,—A,IBi(p))) to-heavy and heavy-to-light baryonic transitions at maximum
g° and that it becomes meaningful to considengtorrec-
=us(pp{fi(qd v, +ifa(d)o,,0"+f3(0%)q, tions so long as the recoil momentum is smaller thannthe
scale.
—[91(9%) v, +192(0%) 7,.,9" +93(d?)q,] ysHui(p)), The complete quark model results for form factéysand

(2.8 i at zero recoil read6]

m;(my) is the mass of the initigfinal) baryon,f, andf,, are
the decay constants of pseudoscalar and vector mesons, r]e-(qz)/N 1 A_m+ Am
spectively, defined by PHmJE 2m;  4mm,

A

m, (m;+m¢— nAm)

- . A A
8m;m; mg

(OIV,,[V)=(VIV,|0)=fymyey, , (2.9

with the normalizatiorf =132 MeV. £ (a2)/Ne— 1
Since in this paper we rely heavily on the factorization 2(Clm) fi_2_mi+ 4mmg\~ 2my
approximation to describe bottom baryon decay, we digress
for a moment to discuss its content. In the naive factorization _
approach, the coefficients; for the externalW emission 8m;m¢mq
amplitude anda, for internal W-emission are given by
(c1+¢,/3) and €, +c4/3), respectively. However, we have o
learned from charm decay that the naive factorization ap- 2 1 1 A
proach never works for the decay rate of color-suppressed f3(qm)/Nfi_2_mi_ 4mim, 1- 2my (M +me—nAm)
decay modes, though it usually operates for color-allowed

[Am—(m;+my) 7]

[Am+(m;+m¢) 7],

de_cays. For exa_mple, the predicted rateA@f—>_p¢> in tht_e " (M +my+ 7Am), (2.10
naive approach is too small when compared with experiment 8m;m¢mq
[15]. This implies that the inclusion of nonfactorizable con-
tributions is inevitable and necessary. If nonfactorizable ef-
fects amount to a redefinition of the effective parametgrs 2 A/ 1 1
iversal i i 91(Am)/Ngi =7+ - 7
a, and are universdji.e., channel independerin charm or L Hm/TEi 4 \mimq mimg)

bottom decays, then we still have a new factorization scheme
with the universal parametees, a, to be determined from
experiment. Throughout this paper, we will thus traatand ) 1 1
a, as free effective parameters. The factorization hypothesis 92(Am)/Nfi =~ 4\mm, mimg 7,
implies universal and channel independeft and aS" in !
charm or bottom decay.
Since we shall consider heavy-to-heavy and heavy-to- ) Al 1 1
light baryonic transitions, it is clear that HQET is not ad- 93(am)/Ni=— Z( e T )77,
equate for our purposes: the predictive power of HQET for v e
baryon form factors at order 4 is limited only to
antitriplet-to-antitriplet heavy baryonic transition. Hence, wewhereA = m; — mg, Am=m;—my, qr211:Am2' n=1 for the
will follow [6] to apply the nonrelativistic quark model to 3 baryonB;, and 7= — 1 for the 6 baryonB;, andN; is a
flavor factor:

SForD(B)— PP or VP decays P denotes a pseudoscalar meson,
V a vector mesoh nonfactorizable effects can always be lumped [\ :ﬂavor_spir{Bf|bng|Bi>ﬂavor_Spin (2.11
into the effective parametees anda,. ForD(B)— VYV and heavy
baryon decays, universal nonfactorizable terms are assumed under
the factorization approximation. The first systematical study offor the heavy quark) in the parent baryoB; transiting into
heavy meson decays within the framework of improved factorizathe quarkqg (being a heavy quar®’ or a light quark in the
tion was carried out by Bauer, Stech, and Wirp#d]. Theoreti-  daughter baryom; . It has been shown if6] that the quark
cally, nonfactorizable terms come mainly from color-octet currentsmodel predictions agree with HQET for antitriplet-to-
Phenomenological analysesBfandB decay dat420,21] indicate  antitriplet (e.g., Ap,—A., Ep,—E.) form factors to order
that while the factorization hypothesis in general works reasonablfl/mg. For sextet%,—Z2. and Q,—(). transitions, the
well, the effective parameters, , do show some variations from HQET predicts that, to the zeroth order im (see e.g.,
channel to channel. [22)),
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<Bf(v/,Sl)|VM|Bi(U,S)>

1
= — §Uf(v’,S,){[w'yl_,,_2(v+vl)p,]§l(w)

+[(1-0?)y,~2(1-w)(v+v') ]éx(w)}ui(v,9),

<Bf(U’,S’)|AM|Bi(U,S)>

1
=3uiw" s){lwy,+2(v—0v"),Jé(w)
(2.12
+[(1_(1)2)’)/#_2(1"'(1))(1)_U,)M]gz(a))}ui(v,s),
wherew=v-v’', ¢ andé&, are two universal baryon Isgur-

Wise functions with the normalization d¢f; known to be
£1(1)=1. From Eq.(2.12 we obtain

e L F, Fs
1=F1F 5 (mi+my) H—'—E ;
1/F, Fj3
!
1/F, Fj3
=) 219
1 G, Gs
91:G1_§(mi_mf) HJFE ,
1
1/G, G
o 2(E+E>’
1/G, G
93—2 mm)

with
1
Fi1=—G;=— §[w§1+(1—w2)§z],
2
F2:F3:§[§1+(1_w)§2], (2.14
2
Gy= _G3=§[§1_(1+ )&,].

SinceN;;=1 and =1 for sextet-to-sextet transition, it fol-
lows from Eq.(2.10 that

f1(aq) 1[1 (m;+my) ! + = }
= — — —_ m m — — ,
1(Am 3 i f m my (2.15)
PN S RPN T
2(dm) =3 m m)’ (Um) =73 m m)’

1
0:1(qn)=—3.  G2(dR)=0s(qr)=0.

It is easily seen that at zero recail=1, the quark model
results(2.15 are in accord with the HQET predictio(2.13
provided that

1 1
£(1)=56(1)=5. (216

This is precisely the prediction of lardé: QCD [23].

Three remarks are in order. First, there are two different
guark model calculations of baryon form factdr24,25
prior to the work[6]. An obvious criterion for testing the
reliability of quark model calculations is that model results
must satisfy all the constraints imposed by heavy quark sym-
metry. In the heavy quark limit, normalizations of heavy-to-
heavy form factors and hence some relations between form
factors at zero recoil are fixed by heavy quark symmetry.
These constraints are not respected2d]. While this dis-
crepancy is improved in the work ¢25], its prediction for
Ap— A (or E,—E,) form factors at order Mg is still too
large by a factor of 2 when compared with HQEA]. Sec-
ond, the flavor factoNs; (2.11) for heavy-to-light transition
is usually smaller than unitgsee Table)ldue to the fact that
SU(N) flavor symmetry is badly broken. As stressed 26—

27], it is important to take into account this flavor-
suppression factor when evaluating the heavy-to-light baryon
form factors. Third, in deriving the baryon matrix elements
at zero recoil in the rest frame of the parent baryon, we have
neglected the kinetic enerdKE) of the quark participating
weak transition relative to its constituent madsg . This is
justified in the nonrelativistic constituent quark model even
when the final baryon is a hyperon or a nucleon. The kinetic
energy of the QCD current quark inside the nucleon at rest is
of order a few hundred MeV. In the nonrelativistic quark
model this kinetic energy is essentially absorbed in the con-
stituent mass of the constituent quark. As a result, it is a
good approximation to negle¢KE/M,) for the constituent
quarks inside the nucledor hyperon at rest. Of course, this
approximation works best fop— Q' transition, and fairly
good forQ—s or Q—u(d) transition.

We next turn to the Cabibbo-allowed decays

Bp(3T)—B*(2")+ P(V) with the general amplitudes:

M[B;(1/27)— B} (3/27)+P]

=i, uf(p)(C+Dys)ui(py),

M[B;(1/2")—B¥(3/2")+V]

:U_;}(pf)«?*”[gm(cl+D175)+p1v7ﬂ(C2+D2?’5)
+P1,P2,(C3+D3ys) JUi(pi), (2.17
with u# being the Rarita-Schwinger vector spinor for a

spin- particle. The external and internd&l-emission contri-
butions under factorization approximation become
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TABLE I. Nonrelativistic quark model predictions for baryonic form factors evaluateg?atO using
dipole g? dependenceni; being the mass of the parent heavy bajyaxso shown are the spin and flavor
factors for various baryonic transitions. Our flavor factdg for Q2—Q~ and Q2—E*° are two times
smaller than that if32].

Transition 7 Nii f1(0)  f(0)m  f5(0)my 91(0) 92(0)m;  ga(0)m,
Ag—d\;r 1 1 0.530 —0.100 —0.012 0.577 —0.013 —0.109
AEHAO 1 i 0.062 —0.025 —0.008 0.108 —0.014 —0.043
V3
Agan 1 % 0.045 —0.024 —-0.011 0.095 —0.022 —0.051
2
20 E0 1 1 0533 -0.124 -0018 0580 —0.019 —0.135
20 E0" 1 L o083 -0041 -0016 0.143  -0.027 —0.070
2
:’g_—)EO'7 1 % 0.042 —0.028 —0.014 0.083 —0.028 —0.054
20 A0 1 1 0019 -0012 -0006 0041 -0013 —0.025
2\3
QEHQ? _% 1 0.710 0.666 —0.339 —0.195 0.009 0.056
e 1 1
Qp,—E - = — 0.102 0.103 —0.097 —0.028 0.011 0.019
3 B
Qg—>Q§° 1 0.902 0.451 —0.451 —0.606 —0.237 0.490
Q,—-Q" 1 0.320 0.160 —0.160 —0.228 —0.260 0.257
Qp,—E* % 0.158 0.079 —0.079 —0.094 —-0.177 0.141
3
Qg—>9’ 1 1.167 0.837 —0.837 —0.804 —0.916 1.006
09— E*0 1 oo 0471  —0471 -0.390 —0.731 0.634
V3
C=—Nay fp[g1(m2)+(m —m)g,(m2 In deriving Eqg. (2.18 we have applied the constraint
12fpL ga(Mmp) +(m, ) 92(Mp) p,u”’(p)=0. As before, form factors are evaluated at zero
+(ME¢—m?)g3(m3)], recoil using the 'nonrelativisti.c quark model and the results
are (see Appendix A for detail
D =\ay of ol f1(Mp) = (mi+mp) f ,(m3) + (mEy 21 A K
= 1O INgi=—7=| 1+ 55—+ 5—/,
—m}) To(md)], (218 Valo 2mg - 2mg

and

,(g2)/N 1/1+X+K)
q L= y
o B 2 m fi \/§m|\ 2mq 2mQ
Ci=—\agfumygi(mé), Di;=\ayfymyfi(md),

(2.19

f4(92)/Ni= ! 1+ A + A
3(qm) fi__\/gmimf\ zmq 2mQ y

wherei=1,2,3, and the form factor§; as well asg; are

defined by S 2
L - 91(dm)/Ngi=— Ned (2.2
<B?(pf)|VM_AM|BI(pI)>: UF{[ f 1(q2)gv,u+ f2(q2)p1V7M
+ T 3(a%)P1,P2,] s a.(q2 U i A
. 92(0m)/ Ny 73 mgm;”

- [a(qz)gv,u—'—a(qz)plv’)/p,
+05(q)pypz iU (220 93(a5)/Ngi=— f3(ag)/Ny; .
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TABLE II. Factorizable contributions to the decay ratesunits of 1d° s™1) and up-down asymmetries
of Cabibbo-allowed nonleptonic weak decays of bottom bary%)ﬁ& %*+P(V). Also shown are the

quark-diagram amplitudes for various reactions.

Decay Diagram r @ Decay Diagram r a
A—m AL AB.C,C, 0312 —099 EY -7 ES° A,C, 0.32? —1.00
Al—p AL ABC,C, 0442 -0.88 E) —p ESC AC, 0.47a2> —0.88
AS—DJA; AL 0937 -099 Ep —DJE;°  ACE.E  09%7 -0.99
AJ—DX AS A 0747 -036 Ep —D: E!° AcC.&E 07&@% -0.36
AJ— I yA° B 01723 —0.10 Ep —JyE’ B 0.325 -0.10
Ad— ' A° B 0.1485 0.05 EJ —y'E° B’ 0.2722  0.05
A2—DOn B.C' 0.0243 -0.81 Ep) —DS0" B'(C)®  0.02@m3 -0.85
A2—D*n B'.C 0.01m5 —0.42 EJ —D*030 B'(C')®  0.0145 -0.45
Ep—-DOA° B’ 0.00%2 -0.81 E2-D*°A° B’ 0.00%2 —0.44
Qp —m Q2 A 0.3m? 051 Q,—D:f Q? ABE E 0.3m?  0.64
Qp —p Q2 A 0.3%2 053 Q,—D°E" B 0.03%% 047
Q, —D; 02 ABEE 1.0\ 042 Q, —D*°E" B 0.0143 0.54

The decay modeE— D0 D*°30 also receiveW-exchange contributiod’ .

The above form factors are applicable to heavy-to-heavyhe heavy quark limit are in agreement with the HQET pre-

(i.e., 6—6*) and heavy-to-lighti.e., 6—10) baryon transi-

tions.

In HQET the3 " — 2™ matrix elements are given kgee,

e.g.,[22])
(Bf (v")|V,[Bi(v))

1
- U e 6

+u,[(1-v-v")y,—2v,]1&} ysui(v),

1
(Bf (v)|ALIBi(v)) =~ —7=u{(v"){(29,,~ Yuv,) &1

V3

(2.22

To,[(1+v-v")y,—2v,]& (),

where ¢, and ¢, are the baryon Isgur-Wise functions intro-
duced in Eq(2.12. We find that, at zero recaoil,

— 2
fl(qm)= E!

— 1
fz(qm)=m,

[1-26(D)],

L2 5
f3(am=— ﬁ .
(@)= =, G =——
"TTE S G,
2 &)
3( m) \/§mm

SinceNy; =1 for the heavy-to-heavy transition, it is clear that
* form factors(2.21) in

the quark model results f

g -3

(2.23

dictions (2.23 with £,(1)=3 [see Eq(2.16)].

Since the calculation for the? dependence of form fac-
tors is beyond the scope of the nonrelativistic quark model,
we will follow the conventional practice to assume a pole
dominance for the form-factay? behavior

(O o 9O
(1—g2/md)™’ (1—g¥m3)"
(2.24

f(g%)=

wherem,, (m,) is the pole mass of the vect@axial-vectoy
meson with the same quantum number as the current under
consideration. The function

2702 \2
G(q2)=(—_q'§/mp°'e)
1 q / pole

plays the role of the baryon Isgur-Wise functigfw) for
Ag— A transition, namelyG=1 atq2=q,2n. The function
{(w) has been calculated in the literature in various different
models [28—-31]. Using the pole massesy,=6.34 GeV,
ma=6.73 GeV forA,— A transition, it is found if 6] that
G(g?) is consistent with/(w) only if n=2. Nevertheless,
one should bear in mind that tlg behavior of form factors
is probably more complicated and it is likely that a simple
pole dominance only applies to a certajh region.

Assuming a dipoley? behavior for form factors, we have

tabulated in Table | the numerical values Bf(3*)—3",
Bp(37)— 2% andB(3")— 3" form factors ag?=0 calcu-
lated using(2.10 and (2.21). Uses have been made of
|V.p|=0.038[33]: the constituent quark massgight quark
masses being taken from p. 619 of the Particle Data Group
(PDG) book[34]]

=5 GeV, m.=1.6 GeV, m¢=510 MeV,
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mg=322 MeV, m,=338 MeV, (2.25 by treatinga, and a, as free parameters, our predictions
should be most reliable for those decay modes which pro-
the pole masses ceed only through the externdél-emission diagrarm or the
internal W-emission3’. Moreover, we have argued that the
b—c: my=6.34 GeV, my=6.73 GeV, penguin contributions” and £ to Cabibbo-allowed decays
are safely negligible and that th&/-exchange amplitudes
b—s: my=542 GeV, my=5.86 GeV, Cy, C,, C' are very likely to be suppressed in bottom

baryon decays. It is thus very interesting to test the suppres-

sion of W-exchange in decay modes o0By(3)—
B(10)+P(V) that proceed only throughW exchange

[see Eq. (2.3] and in decaysBy(3)—B(3)+P(V),

b—d: my=5.32 GeV, m,=5.71 GeV, (2.2

c—s. my=2.11 GeV, m,=2.54 GeV,

c—u: my=2.01 GeV, my=2.42 GeV, e.g., Ep—m(p)E,, Ep—D{’E,, that receive contribu-
tions from factorizable terms and&/ exchange. Since the
and the bottom baryon masses nonfactorizable internalV-emission amplitudés is a priori

not negligible, our results for Ay,—m(p)A:, Qp
m,,=5.621 GeV, mz =580 GeV, mg =6.04 GeV. _,p*){*) (see Tables Il and IJlare subject to the uncer-
(2.27)  tainties due to possible contributions from the quark diagram

B.
Note that the CDF measurem¢i m,, = 5621423 MeV In order to have an idea about the magnitude of branching

has better accuracy than the PDG value 5680 MeV [34]; ratios, let us takey,~ 1 as that inferred fronB— D) zr(p)

the combined value im, =5621*5 MeV. decays[37] and a,~0.28 as that irB—J/yK*) decays.
Using the current world average
IIl. RESULTS AND DISCUSSION 7(Ap) =(1.23+0.06)x 10 % [33], we find from Table II

that
With the baryon form factors tabulated in Table | we are

in a position to compute the factorizable contributions to the B(AD—DJA})=1.1x10"?,

decay rate and up-down asymmetry for Cabibbo-allowed 0 .
B(Ap—D¥ AJ)=9.1x103,

weak decays of bottom baryom, (3 7)— 3" (31)+P(V). (3.2)
The factorizable external and intern#/-emission ampli- B(A%—m~AF)~3.8x1073
tudes are given by2.6), (2.7), (2.18 and(2.19. The calcu- b ¢ ’
lated results are summarized in Tables Il and (The for- B(AJ—p~A[)~5.4x1078,
mulas for decay rates and up-down asymmetries are given in
Appendix B) For decay constants we use B(A8—>J/¢A)= 1.6x 104,
f,=132 MeV, fp=200 MeV [36], B(AJ— ' A)=1.4x10"%,
fp =241 MeV [36], Our estimate for the branching ratio 4f,— J/ A is consis-
s tent with the CDF resulf9]
f,=216 MeV, f,,=395 MeV, f, =293 'V'e\(/é ) B(A,—JdlpA)=(3.7=1.7£0.4x 10 % (3.3

] Recall that the predictions(3.2) are obtained for
where we have taken into account the momentum depeny ,|=0.038.
dence of the fine-structure constant to deternfipgandf Since the decay mod@?— 7+ Q" has been seen experi-
from experiment. In the absence of reliable theoretical es“'mentally we also show thce estimateldfand « in Table IV

for fp« fo* h kenfps=f .
mates for fp anq pg, We . ave takenfp«=fp and for 09— 2%+ P(V) decays with the relevant form factors
fDZf - st for numerical calculations. being given in Table I. For comparison, we have displayed in

From Tables Il and Il we see that, except for those decayraple IV the model results of Xu and Kamig9],® Korner
modes withy’ in the final state and fof),—3"+P(V)  and Kramer[14]. In the model of Xu and Kamal, tHe-wave
decays, the up-down asymmetry parametds found to be amplitude in Eq(2.17) and hence the parametervanishes

negative! As noted in [11], the parametera in  in the decayQ.—3"+P due to the fact that the vector
1t -1+ P(V) decay becomes 1 in the soft pseudoscalar current is conserved at aif in their scheme 1 and af=0
meson or vector meson limit, i.enp,—0 ormy—0. In prac- in scheme 2. By contrast, th®-wave amplitude in
tice, « is sensitive tom,, but not so tomp. For example,
a~—1 for A,—DgA. andE,—DE even though th®,
meson is heavy, but it changes fromm=-0.88 for 5A fit to recent measurements Bf—J/ 4K (K*) decays by CDF
Ap—pA; to —0.10 for Ap,—J/yA. As stressed in Sec. II, and CLEO yields [38] a,(B—J/#K)=0.30 and a,(B—
JIyK*)=0.26.
5The B andD amplitudes in Eq(4) of [39], where the formulas

“The parameterr of A,—J/WA is estimated to be 0.25 if7], for ' and a in 2*—32*+P decay are given, should be inter-

whereas it is—0.10 in our case. changed.
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TABLE lIl. Predicted decay rategn units of 13° s™%) and up-down asymmetries for Cabibbo-allowed

nonleptonic weak decays of the bottom bar;(bgﬂgtk P(V). Also shown are the quark-diagram ampli-
tudes for various reactions.

Decay Diagram r a Decay Diagram r a

Q-7 QF° A 0.67a3 —0.38 Q,—J/yQ"~ B’ 3.1m5 —0.18
Q, —p QF° A 09%m2 -075 Q,—y'Q" B’ 1.943  0.004
O, —D;Qx° ABEE  08&%Z —0.22 Qp—DE*" B’ 0.2%5 —0.80
O, —D¥ Q%  ABE,E 09&2 -031 O, -D*°E*" B’ 0.27a3 —0.38

our case does not vanish. Assuming that the form factorbranching rations obtained under the monopole ansatz will
f,, f,, fs have the samg? dependence, we see from 9et enhanced, gspecially \_Nhen the fin.al—state baryons are hy-
Egs.(2.18 and(2.21) that the amplitud® is proportional to ~ Perons. Numerically, we find that, while decay asymmetries
(E;—my)/m¢, which vanishes atq?=gq2,, but not at remain essentially unchanged, the decay rates of
g?=m2. Contrary to the decaf); —32*+P(V), the up- Bb(z ) —Bc(z ") +P(V) andBy(3 *)—hyperont P(V) are
down asymmetry is found to be positive in in general enhanced by factors 6f1.8 and~ 3.5, respec-
. . aps . . 2

03+ P(V) decays. Note that the sign ok for tively. In reallty_, the qt|I|zat|on of a swn_plq _dependence,

¢ o . . . o monopole or dipole, is probably too simplified. It thus ap-
Qc—3"+Vis opposite to that of39].” Therefore, it is de-  pears that major calculational uncertainties arise mainly from
sirable to measure the parametex in decays thead hocansatz on the form factar? behavior.
Q.— 3"+ P(V) to discern different models. To have an es- In conclusion, if thew-exchange contribution to the had-
timate of the branching ratio, we take the lafdg-values ronic decays of bottom baryons is negligible, as we have

a;(m,)=1.10, a,(m.)=—0.50 as an illustration and obtain argued, then the theoretical description of bottom baryons
decaying into: "+ P(V) and 3"+ P(V) is relatively clean

B(Qg—wr*Q*):LOX 1072, since these decays either receive contributions only from
external/internaW emission or are dominated by factoriz-
B(Qg—>p+Q‘)23.6>< 102, able terms. The absence or the suppression of the so-called
3.4 pole terms makes the study of Cabibbo-allowed decays of
B(QSH@E*O)zZ.SX 1073, bottom baryons considerably simpler than that in charmed

baryon decay. We have evaluated the heavy-to-heavy and
heavy-to-light baryon form factors at zero recoil using the
nonrelativistic quark model and reproduced the HQET re-
sults for heavy-to-heavy baryon transition. It is stressed that
Efor heavy-to-light baryon form factors, there is a flavor-
built in this work are factorization, nonrelativistic quark SUPPression fac;tqr which must be taken into account in cal-
model, and diople? behavior of form factors. The factor- culations. Predictions of the decay rates and up-down asym-

ization hypothesis can be tested by extracting the effectivénetries forB,—3z " +P(V) andQ.—3" +P(V) are given.
parametersy,, a, from data and seeing if they are channel The parametere is found to be negative except for
independent. Thus far we have neglected the effects of finall,— 3 * + P(V) decays and for those decay modes with
state interactions which are supposed to be less important i@f in the final state. We also present estimated’aind o
bottom baryon decay since decay patrticles in the two-bod¥0r Q.—3"+P(V) decays. It is very desirable to measure

final state are energetic and moving fast, allowing less tim : .
for significant final-state interactions. We have argued that?,he asymmetry parameter to discern different models.

in the nonrelativistic quark model, the ratio (KE/M) is
small even for the constituent quark inside the nuclémn ACKNOWLEDGMENTS

hyperon at rest. As for they? dependence of baryon form  This work was supported in part by the National Science

factors, we have applied dipole dominance motivated by thesquncil of ROC under Contract No. NSC86-2112-M-001-
consistency with the? behavior of the baryon Isgur-Wise 020.

function. Nevertheless, in order to check the sensitivity of
the form factorq? dependence, we have repeated calcula-
tions using the monopole form. Since for a givgh the
absolute values of the form factors in the monopole behavior
are larger than that in the dipole one, it is expected that the Since thet* to 1+ baryon form factors have been evalu-

ated at zero recoil in the nonrelativistic quark mof&| we

will focus in this appendix on the baryon form factors in

/It seems to us that the sign &f andB; (or C; andD; in our 1+ to 2+ transition. Letu® be the Rarita-Schwinger vector-

notation in Eg. (58) of [39] should be flipped. A consequence of spinor for a spins particle. The general four plane-wave so-
this sign change will rende positive inQ.— 3" +V decay. lutions foru“ are (see, for exampld40])

B(Q2—K*OE*0)=3.7x 1073,

where use ofr()) =6.4x 10" 1% s[34] has been made.
Three important ingredients on which the calculations ar

APPENDIX A: BARYON FORM FACTORS
IN THE QUARK MODEL
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TABLE IV. Predicted decay rategn units of 13* s 1) and up-down asymmetrigin parenthesesfor

Cabibbo-allowed nonleptonic weak decays of the charmed bfﬂ{bngﬂ— P(V) in various models. The
model calculations of Xu and Kamal are done in two different schei®@ls

Decay This work Xu and KamdB9] Korner and Kraner[14]
07t 1.3%2(0.17) 2.13%(0) 2.0%2(0) 0.5@?
00—ptQ- 4.6%%(0.43)  11.8%(—0.08) 11.2%(—0.21) 2,932
Q0 KOZ*0 1.5315(0.35) 1.0@3(0) 0.8%5(0) 0.583
00 K*0g*0 2.322%(0.28) 4.562(—0.09) 4.542(—0.27) 3.3@32
= (u,up) = (0.6;uy), (B} (+1/2)|V|Bi(—~1/2)
. - 2lpl 1. 2E. _ iﬁ—_\/EEf»— L f2em
us=(ujz,Uy) = 3mU \/—€1U1 Fmesyn | =14 \/§51ui 3m; €3Uq | ysU| 3my
xup(fyys+ fapysluy, (A7)
R 2lp] 1. 2E.
=(ud,Uz)=| \J2—=U,,—=€Uu;— \/ 2 —€3U n
33 3m 3 3m ) (B¥ (+1/2)|A|B{(—1/2))
(A1)
_ 1. — \/5 Ei. — 2pm
ug=(u3,Us) = (0,62u)), =-0 BT Ngme U N gy,
| . X U1 (9a7+ gap)u, A8
in the frame where the baryon momentuyaris along thez 11927+ g3p)u, (A8)
axis, and -
wherep is the momentum of the daughter baryon alongzhe
axis in the rest frame of the parent baryon. The baryon ma-
1 1 0 trix elements in EqS(A3)—(A8) can be evaluated in the non-
B :i [ c :i —i S (A2) relativistic quark model. Following the same procedure out-
Y2 ol’ N o/’ 8 1] lined in[6], we obtain

(B [Vo|Bi)/Ni=(1),

Note that the spirz component of the four solution@1)
3

corresponds tc3,3,—3,— 3, respectively. Substituting Eq. . 1 AN oL L
* ) S I T f
(A1) into Eq.(2.20 ylelds (BF|VIB;)/N¢ qu(l Ty (q+ioxq)
(B¥(+1/2)|Vo|Bi( + 1/2) Ao
i +4QOf<q I0'><q>,
—\/5 D (Fiys+Ts +fmE A A
= 3meT( 15t famiyoys+ famiEys)uy, (B |A|Bi)/N; = __(1__)+ (5-6),
2m 2m¢/  4mgmy
(A3) q (A9)
(BY (+1/2)|Ag|Bi(+1/2) ) XL
(BF |A[Bj)/Ni=(0)— <(¢T q)q——aq >
4QO
2p—
= 3m, T(gl+ oM Yo+ gam; Eru;, (A4)

whereq=p;—py, Ny=(E;+ms)/2m, m, is the mass of
the quarkg in Bf coming from the decay of the heavy quark
<B}“ (+ 3/2)|\7| Bi(+ ]_/2)> = —f_lglu_T‘ysuT , (A5) Q in By, arE <X> itands for ﬂavor—spir{ B? |X| Bi>flavor—spin-
Form factorsf ; andg; are then determined from EA3) to

. . L Eq. (A9). For examplef; can be determined from the(or
(Bf (+3/2]A[Bj(+1/2))=—g1€e1uuy,  (AB)  y) component of Eq(A5) which is
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(BF (+3/2)|Vy|Bi(+1/2))= N To-q (12— 3/2++P)— pc (my—my)*~m |c|2
[ - ‘ —z—
f x| Bi \/EEf_’_meTO' ax1
I (m'+mf)2_mp
AL (A10) M L
\/E Ef+ mg m;
wherey is a two-component Pauli spinor. From EA9) we 2kReC*D
find X P P 4 a(l/2"—=3/2" +P)=—- —————— ei )2 (B2)
«*|C|*+|D
A Am, : _
(B¥ (+3/2|VX|B(+1/2)>— 1— — 4+ where p. is the c.m. momentum and=p./(E¢+m)

2my - 2momy =J(E;—my)/(E;+m¢). For 3T —3"+V decay we have
><<(0'+—0',)bqbQ>. (a11)  [35°

Since[Ny; being defined by Eq2.11)] r(1/2"—=1/2"+V)
flavor-spir{B?(+3/2)|(0'+_U—)babQ|Bi(+1/2)>ﬂavor-spin pc Eit+ 5 E2 ) )
= g | 28 Pl L (|S+DI PP,
4 o m
=%Nfi ’ (A].Z)
a(1/2°—1/2° +V)
for sextetB; and vanishes f30+r antitripleB; , it i§ evident 4m\2,Re(S* P2)+2E\2,Re(S+D)* P,
that only the decay of),, into 5™+ P(V) can receive factor- = 5 > 5 ~
izable contributions. Indeed the decay’;,(3)—B(10) 2my([S|*+[Pal%) +Ey(|S+D[*+[P4[%)
+P(V) proceed only throughWW exchange oW loop, as (B3)
discussed in Sec. Il. It follows from Eq§A10)—(A12) that
at zero recoil with the S, P, andD waves given by
o S= _All
,(92%)/Nsi= 2 1+ A + ) (A13)
1{Gm)! i Bl 2mg 2mg)” o Pofmitme o
- 1_E_VEf+mf1mi2’
which is the result shown in E¢2.21). The form factorf ,
is then fixed by thex (or y) component of Eq(A7). Substi- Pe
tuting f, and f , into Eq. (A3) determinesf ;. The remain- Pzszl, (B4)
ing form factorsg; are determined in a similar way.
B P2
APPENDIX B: KINEMATICS D=-— EV(Ef+mf)( —miA,),

In this appendix we summarize the kinematics relevant to . _ _
the two-body hadronic decays bt =17+ P(V). With where the amplitudes,, A,, By, and B, are defined in
th lituded2.4) f 1+ p g d Ea(2.1 Eqg. (2.4). However, as emphasized [it4], it is also conve-

e amplitudes2.4) for 3" —3 ecay and EA(2.17  nient 1o express’ anda in terms of the helicity amplitudes
for 37— 2%+ P, the decay rates and up-down asymmetries

read
hy, g v = (B V(M) [Hw|Bi(N))) (BS)

(12" —12" + P)=3 - |A|?

Pe {(m. mg)2—m3
: W|th )\i:)\f_)\v. Then[14]

327Tm2 E (|h>\f Ay 1l |h—>\f,—>\v;—1/2|2)a

2kRe(A*B)

a(1/2 =12t +P)=— ———
|AI?+«?|B|?

(B1)

8The formulas for the decay rate &f"— 3" +V decay given in
and [15,6] contain some errors which are corrected in errata.
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(I, a1l ® =Ty, oayim1d®) where the upper(lower entry is for parity-violating

a= . (B6)  (-conserving helicity amplitude, and
N ([hy, s Iy, -2 ( 9 y amp

The helicity amplitudes fos * — 3" +V decay are given by

[14] Q.=(mxm)?-mi=2m(E;=my). (B
H)TY,;Z;C?L/ZZH)\l,>\2;1/21H—)\l,—)\z;—1/21

JOIA Note that the helicity amplitudes fo} " —3"+V decay

HPY(PO, | =2 QA ' (87)  shown in Eq.(20) of [14] are too large by a factor of2.

Y —VQ_B; One can check explicitly that the decay rates and up-down
asymmetries evaluated using the partial-wave method and
the helicity-amplitude method are equivalent. For complete-

HPY (PO i[ VQ+ (M= M)A = VQ-MiPcAy ness, we also list the helicity amplitudes foF —3+V
1/2,0;1 ’
0 My [ VQ-_(M;+m)B;+ Q. mip:B; decay[14]:
|

H)F:Y,;\Z(;:)llzzHxl,)\z;1/2iH—)\l,—)\z;—1/2a

Hg,ggf’f;fz[ ) ‘Q+Cl], ©9)
o VQ-Dy
PV EO, :3|—¢Q+[cl—2<Q_/mf>cz]
TV B VQIID1-2(Q. /my)D,]

oo 242 [ ~VQu[H(mP-mE—m{)Ci+ Q. (mi+my)Cot mPpZCs]
12,0102 =
V3Mimy | JQ_[3(mZ—m?—m?)D; - Q. (mj—m;)D,+m2p2Ds]
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