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We calculate the transition form factors that occur in heAwype baryon semileptonic decays such as, e.g.,
in Ap—AJS+1"+7,. We use Bauer-Stech-Wirbel-type infinite momentum frame wave functions for the
heavy A-type baryons which we assume to consist of a heavy quark and a light spin-isospin zero diquark
system. The form factors af?=0 are calculated from the overlap integrals of the initial and fihalype
baryon states. To leading order in the heavy mass scale the structure of the form factors agrees with the HQET
predictions including the normalization at zero recoil. The leading o&ddependence of the form factors is
extracted by scaling arguments. By comparing the model form factors with the HQET predicto(&/iat;, )
we obtain a consistent set of model form factors u@{d/mg). With our preferred choice of parameter values
we find that the contribution of the nonleading form factor is practically negligible. We use our form factor
predictions to compute rates, spectra, and various asymmetry parameters for the semileptonic decay
Ap— AL+ +v,. [S0556-282(97)07819-3

PACS numbsgps): 13.30.Ce, 12.39.Hg, 14.20.Mr

I INTRODUCTION (Ac(02)|V | Ap(01))=U(2) (Y7, + fYv1,+ Fva,)u(vy),

The first evidence of semileptonit, was reported by the — A A
ALEPH and OPAL Collaborations who saw an excess of (Ac(v2)|ALAp(v)) =u(v) (F1y,¥s+ 201,75
correlatedA (| ~ pairs overA * pairs(with high p; leptons +fé\vzﬂ5)u(vl)‘ (1)
from Z decays[1,2]. The A~ excess was readily inter-
preted as evidence for semileptonic decays of bottdm

baryons via the chaith,—Ac— A [1,2]. In the meantime | the following we switch to a more generic notation and
some of theA. in the event sample have been fully recon-igentify the labels andc with 1 and 2, respectively. In Eq.
structed using the decay channkf —pK~ 7" [3]. Most (1) we have used velocity covariants to define our form fac-
recently, the Collider Detector at Fermil@BDF) Collabora-  tors as is appropriate when discussing the ramifications of
tion [4] at the Tevatron Collider measured the lifetime of theheavy quark symmetry. We define the velocity transfer vari-
Ay using its semileptoniqSL) decay based on an event ablew by w=v;-v,, as usual. We use a conventional state
sample of 19% 25 reconstructed semileptonic decays. Fromnormalization and normalize our spinors by=2M. The
the experience with SL bottom meson decays, one expectsader 1 HQET predictions for the form factors read as fol-
significant fraction of the SIA,— A S XI p, transitions to  lows [7-9]:

consist of the exclusive mod&,—A_ |1 »,. One can be

quite hopeful that fully reconstructed S\,— A ; events will

become available in the near future. order 1: fY(w)=f{(w):=F(w)
It is therefore important to study theoretical models for
the Ap,— A transition form factors including their velocity fy(w)=F3(w)=fw)=15(w)=0. 2

transfer (or momentum transférdependence. In the heavy

meson sector there has been a calculation oBtheD (D*)

current-induced heavy meson transition form factors in termsrne order 1 reduced form fact®i(w) satisfies the zero re-

of the Bauer-Stech-WirbgBSW) form factor model which  5i| normalization conditiorF (w=1)=1[8,9].

was improved t00(1/mg) by comparison with the heavy  Before writing down theO(1/mg) corrections we note

quark effective theoryHQET) [S]. It is the purpose of this  that there are two different sources for ©§1/m) correc-

paper to provide a corresponding form factor calculation forions that come into play. First one has a local contribution

the baryonicA,— A transitions using again BSW-type form from the 1iq corrected HQET current which is proportional

factors improved by HQET. to the product of the binding energy of the, baryon de-
Let us briefly review the order 1 an@(1/mg) structure  noted by A (A~Mq—my~600 MeV) and the order 1 re-

of the Ap— A form factors as predicted by HQE®B]. For  duced form factoiF (w). Second there is a nonlocal contri-

that purpose we choose to define the three vector and axidution coming from the kinetic energy term of th

vector form factorsY andf#* by corrected HQET Lagrangian. The evaluation of this contri-
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bution brings in a new reduced form factor which will be 1 11 A
denoted by 7(w). Accordingly we havdsee, e.g.[10]) fY(w,my,my)=fNw,m;,my)| 1+|—+ —|—]|,
m mylot+l
\% 1 1 ne \% A A 1 ‘/T
fl(w,my,my)=F(w)+ > m—c—l— Hb (7(w)+ AF(w)), f3(w,my,my)=f5(w,my,my)=—f(w,my,my) m_ —
f},/(w,ml,mz)=—f§(w,m1,mz)
1 1 - _
Fi(w:mymp) =F(w)+ 5| -+ o n(0)AF(0) —— 1 A
2| mg w+1 =—fNw,m;,my) — 5)
1 12 my w+1l’
v A 1 M:(w) where theO(1/mg) zero recoil normalization condition now
1‘2((1),m1,m2)=fz(w,ml,mz)z—m—C Tre reads
f?(wvmlvmz)zl' (6)

i AF (o) 3) It is not difficult to see that the two representatids and
m, 1+w’ (5) are equivalent aD(1/mg) but start to be different at
O(l/mQ) The representatiofb) is somewhat S|mpler in that
e . N .. _there is only the oneo-dependent functloril(w m;,m,).
w?er_e f;cg)osa\l/tllzﬂre\;vtsvrzitetg% roelj:totlrlmn]ormal(ljzeatg): dg(r)]?:glﬂ'?n The representatiof3) has the advantage that the various
No=21)= 1,M; dep ~order 1 andO(1/mg) contributions remain clearly identified.

:Eg 2::%lljinmeg$uzmree (:?rtref?/;trci)(;i ;ncg;ldtﬁ{)s%;rlgairrllyé;h'b'tlt is for this reason that we shall work with the representation
9 " (3) in the following.

Equatl'on(3).shows that, up t@(1/mg), the SIX form factors Let us now turn to our model calculation to determine the

are given n .terms of the order 1 functicfi(w), the o dependence of the order 1 reduced form fa&bw) and

O(ll.mQ) function 1), and _the constank. One of the en- the[order 1+O(1/mg)] form factorff(w), or, in the rep-

trgatlng features .Of HQET |s-that, up.(.b(llmQ), one re- resentation(3), of the O(1/mg) reduced form factory(w).

tains a zero recoil normalization condition for the form fac- We employ the method introduced by Neubert and Rieckert

tors which read$6] [5] which allows one to determine the hadronic form factors
as functions of the scaling variabdeonce they are known at

(1) + (1) +Y(1)=1, g®=0. The idea of Neubert and Rieckert is as follows: For

general momentum transfer squagdthe relation between
g? and the scaling variable is given by

fg(wvml!mZ): _fé(wimlimZ): -

A —
i (1)=1. (4) M2+ M2 g2
w=vl'vz=TlM2. (7)
Note that the linear combinations of amplitudes written
down in Eqg.(4) are nothing but the vector and axial vector Neubert and Rieckert propose to compute quark model form
currents-wave amplitudes, respectively. They give the domi-factors atq?=0 where one hds
nant contributions at pseudothreshdlor zero recoil as
w—1. Put in a different language, the vector combination s 1 (Mg M;
and axial vector term in Eq4) make up the so-called al- ©(@=0)=3 M, M)
lowed Fermi and Gamow-Teller transitions, respectively,
which are induced by the time componery of the vector ~ Then by varying the ratid1, /M, at the pointg?=0 in the
current and space componeAs(i = 1,2,3) of the axial vec- quark model calculation one can extract the form factor val-
tor current. It is important to keep in mind that only the ues for all values of the scaling variable=1 provided one
s-wave amplitudes Eq(4) are constrained by HQET to is using appropriate scaling form factors. The appropriate
O(1/mg) at zero recoil.

A different but equivalent representation of the

order 1+0O(1/mg) HQET result Eqs(2), (3) may be writ- 2The maximum recoil poing?=0 is privileged in the IMF quark

®

ten down in the forn{6] model approach of BSWL1]. At g?=0 the IMF overlap integrals
allow for a specific interpretation in terms of space integrals of the
order 1+ O(l/mQ): good” current components that are the charges of a broken col-

linear symmetry at infinite momentum. This means that, in the limit
of a strict collinear symmetry combining spin and flayoe., an
SU(4)y symmetry acting on two spin states and two appropriate
Y1t is important to realize that there is no contribution from the quark flavors, the normalized overlap integrals of the “good” cur-
chromomagnetic i, term in the HQET Lagrangian in the case of rent components are generators of this collinear spin-flavor group.
the A,— A transitions since the light-side transition is a spin-0 to A drawback of the IMF ag?=0 is that it cannot be related to a
spin-0 transition in this case. frame of finite momentum by any Lorentz transformation.
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scaling form factors of the quark model are identified byBecause the diquark always shows up as a spectator in the
comparison with the HQET structure E@) or (3). Explic-  overlap integrals it is of no significance whether or not it is a
itty, we shall relate the form factors a?=0 to overlap true bound state. Color indices are omitted for convenience.
integrals as is done in the BSW scheme. Using a diquarkb;(x;,p,) denotes the hadronic IM@ull plane wave func-
model for the infinite momentum fram{éMF) wave function  tion normalized to one wheiie=b,c. This momentum space
[11], the overlap integrals can be evaluated. It follows trivi-wave function is assumed to factorize into its longitudinal
ally that the order 1 form factor‘s}l’:f’f:F(w) are normal- and transverse momentum dependence, i.e., intoatsdp

ized forM;=M, or w=1 since they correspond to an over- dependence as usual. Large transverse momenta are assumed
lap integral which is normalized to one, i-éMQIMQ>= 1 to be strongly suppressed by introducing an exponential cut-
for identical hadron states. The overlap integrals and thus theff. Such a picture is corroborated by many observations in
quark model form factors can be expanded with respect tinclusive processes. One thus has

the inverse heavy quark masses. One can identify the zeroth

and first order terms in this expansion with the same expan-

sion in HQET and thereby compute thedependence of the D;i(xq,p,)=N;di(x)exp — bizpf}. (11
order 1 andO(1/mg) reduced form factors that appear in
Egs.(3) or (5) by varying the mass rativ /M. N; is a normalization factor whose value is fixed oncesthe

dependence of;(x,) is specified. The oscillator parameter
b; characterizes a soft process scale below which there is no

II. INFINITE MOMENTUM FRAME WAVE FUNCTIONS suppression by the wave function. It may be su_bject to mass
. corrections. Therefore we make the andatzb+b/M;. In-
As explained before we shall emplgy the approach oferpreting the transverse momenta as Fermi motion of the
BSW [11] to calculate form factors ag®=0 in terms of  paryon constituents, the oscillator parameteris adjusted
relativistic bound state wave functions in the infinite momen-g,ch that realistic meap, ’s are obtained, i.e., a meam is

tum frame. In the relativistic BSW approach the hadrons arey the order of a few hundred MeV. From this consideration
described as relativistic bound states of a heavy active quagke expect a value of order-12 GeV! for b. Guided by

Qi a.nd.a hegvy or Iight spectator state, which, .in. our case i?esults for mesonic decay42] we expect to be about 0.1.

a spin-isospin zero light dlqu_ark state. A relatlwsnc bound Thex, dependence of the hadronic wave functigyix,)

state of a quark-diquark pair in the IMF is written as is controlled by the long distance behavior of QCD. The
calculation of thex; dependence would require nonperturba-
tive methods as, e.g., lattice gauge theories. As there are no

|P,|\/|i;\],\]z>:‘/§(2ﬂ-)3/22 d®p,d3p,s° nonperturbative results yet we have to rely on educated

8152 guesses. Most appropriate for our purposes is the wave func-
X(P—py—po) 7Py, X1i51.5)) fer

T T o
X@u(P,s2x(pz5210) © (%) =Nix3(1—x;)™expl ~ BPM2(xy ~xi0)%). (12

WhereaI(pl,sl) denotes the creation operator for the heavy o o

quark andai(p,,s,) the creation operator for the light di- 11iS Wave function is a generalization of the meson wave
quark and wherep(p2), S1(Sp) represent the momentum function proposed by Bauer, St_ec_h, and WirbEd]. It has_

and spin of the heavy quatkght diquark, respectively. The already been used for the description of heavy baryons in the

fraction of the longitudinal momentum carried by the activeIarge recoil region/13] as well as for light baryons in a

heavy quarkQ, is denoted byw;=p1,/P, p1, =(Pix,P1y) quark-diquark modd]14]. . .
is the relative transverse momentum of the active yheavy The wave function(12) exh|b|ts a pronounced maximum
quark. We use a conventional state normalizatiortt Xio=1~@i/M; wherea; is the difference between the
(P'|P)=2P°(2m)35%(P—P') so that masses of thel heavy hadron and the heavy qu'ark, ie.,
a;=M;—m; which can be expanded in terms of inverse
powers ofM; [15]. We take into account only the first two
terms of this seriesy;=a+ a/M;. In the zero binding ap-
> f dzpldx|(I>i“”Z(pl X;81,8,)|2=1. (10)  proximation « is approximately equal to the diquark mass
S152 and lies in the range of 0:51.0 GeV. The size of the cor-

. _ rection terma has been estimated from baryonic QCD sum
In the following we suppress spin labels. The IMF heavyrules to amount to 020.3 Ge\? [16]. Finall N. is a fur-
ground state baryon wave function is constructed in com; T ' Y, N

plete analogy to the heavy ground state meson case. Tﬁl&er normalization constant fixed by the requirement

light antiquark in the meson case is substituted by a light

diquark in the baryon case. In our definition the wave func- 1

tion describes a quark-diquark Fock state for theype f dx, ¥ (X1) di(x1) =1, (13)
baryon in which the spin degrees of freedom decouple from 0

the momentum. The two light degrees of freedom are treated

as a single quasielementary constituent and are representetiich depends on the values chosen for the endpoint powers
by a spin-isospin zero diquark wifud] quantum numbers. n andm.
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The behavior of the wave functiofi2) in the endpoint The good relations between the form factors correspond-
regionsx;—0 andx;—1 is controlled by the power depen- ing to the 0 and 3 components of the current transitions at
dent terms<] and (1-x;)™. As the endpoint behavior of the q?=0 read
light diquark system can be expected to be the same as that
of the heavy quark the choia@=m seems to be a natural Y(w,M{,M,) + }

. . . . . 1 ’ 1,2
one. We note that for light baryons this choice is not optimal 2
[14]. Finally, in our numerical work we take=m=1/2.
This is suggested by the similarity of the baryonic heavy
quark-light diquark system and the mesonic heavy quark-
light antiquark system for which this choice has been found
to be appropriat¢ll]. For the sake of comparison we also f/i\(w M, M,)+ E
compute numerical results for the powens=m=1. We T 2
mention that the polarization predictions of our model are
only weakly dependent on the choice mfand m, whereas
the rate prediction does depend on the choicea ahdm.

M_1+M_2 (Mo (w,M1,M))

+ M (0,M1,M)=1(w,M{,M5), (14)

101 .
M. M, (M,f5(w,M1,M5)

+M1f5(0,M1,M2)=1(w,M1,Mp), (15)

wherel (w,M1,M5) is an overlap integral between the initial
and final state baryons and is given by

Ill. MODEL FORM FACTORS

1
— *

To leading order in the IMF momentuf one finds two H(0,M1,Mz)= fo dXq. b2 (X1) p1(X0)- (16)
relations for the heavy baryon decay form factors. These two
relations correspond to the 0- and 3-component of the tranNote that in the elastic casé, =M, (which impliesw=1 at
sition current which represent leading order contributions ing?>=0) one reads off the normalization conditions
the IMF momentumP and are thus termed “good.” The 1 fY(1)+fy(1)+f3(1)=1 and f{(1)=1 from Egs. (11)—
and 2 components are “bad,” because in the latter, particle$15). We emphasize, though, that Eq41)—(15) imply no
moving withx<<0 orx>1 cannot be excluded. For these the normalization condition foM;# M, at w=1.
extra powers oP in the denominator can be compensated by In order to extract further information from Eq&ll)—
similar factors in the numerator from the matrix elements of(15) we have to expand the form factor$(w,M,M,) and
J; andJ,, thus mimicking a constant behavior though theyff\(w,Ml,Mz), and the overlap functioh(w,M,M,) into
may hide terms proportional t& as P—o. A more phe-  appropriate scaling functions that depend on the scaling vari-
nomenological argument why we have decided to keep onlgple » only.
first order expressions in the matrix elements is that many [ et us first expand the overlap functibw,M,M,) into

approximations were made in our parton model approachnyerse powers of the heavy baryon masslil/i.e.,
First of all, though we sex=p,,/P, there may be compo-

nents of the heavy quark momentum perpendicular tozthe

direction ofP. Such transverse momenta, as well as off-shell ©)
effects, the light cone factorization inandp, , which is not l(®,M1,M2)=1""(w)+
rotationally invariant, and the decoupling of spin and orbital
momenta lead to modifications of ordeP1/Despite of this 1 1 -

the bad current relations are in agreement with HQET as we =19(w)| 1+ .t M—}|(l)(w)+ e
show in an Appendix, there is only a little difficulty with the ! 2 (17)
reduced form factorw). Our subsequent analysis is based

on the good current components only. where

1 1
— M 4.
M, Mz}l (@)

2w Hom(k) ’ (18

, 0~ 1] Hom(k\(w+1)/2w)

1O(w)= 1wt lexp[ —K

Homt1(k V(0 +1)/20)

om+1b

- -1 — — Homx
|<1>(w)=wT 5 B—\/?K(%Jrab)ﬂab/(\/iw) +‘/% ;—(ll(:;)—\/z/w(ml) A Ty
2m omkV(w w
1 | Hyn(k) Hom(kV(w+1)/2w) 1 _ -1 Hom(kV(w+1)/2w)
— —(ab+ab) —V2w(w+1) +—ab .
V2 Hom(x) Hom(kV(0+1)/20) | 2 Vo(w+1) Hop(kV(w+1)/20)

(19
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FIG. 1. Dipole form factor and IMF quark model predictions for the order 1 reduced form f&¢w) as functions ofo=v4-v,
(n=m=1/2,1; k=0.7,1.5.

Furthermore we have introduced the following abbrevia- Of interest is also the slope of the order 1 reduced form
tions: factorF(w) at w=1 which can in fact be obtained in closed
form. In terms of the usuab=1 parametrization

_ * I o—22
H,(x)—f_xdz(erx)e , Flw)=1—p2(w—1)+--- , (23

H{ (x)=dH,(x)/dx one finds

k=v2ab. (20) , 2m+1 1 1 Hju(k)
p= + -kt -k .
2 2 4" Hyop(k)

(24)
Note that the scaling function$”(w) andl*)(w) obey the
normalization condition$(®(1)=1 and!)(1)=0.

It is clear that the two constraint relatioi$4), (15) do IV. NUMERICAL RESULTS
not suffice to determine the six unknown form factors. How-
ever, when one inserts the HQET relatiq8sor (5) into the
determining relations one can then solve for the reduce
HQET form factors. Using, e.g., the representati@rfor the
HQET expansion of the form factors one can then solve th%e
two q°=0 relations Eqs(14), (15) to obtain

We are now in a position to discuss the numerical impli-
ations of the IMF quark model in terms of decay spectra,
ecay rates, and asymmetry parameters.

In Fig. 1 we plot our model predictions for the depen-

nce of the order 1 reduced form factefw) for the two
valuesn=m=1/2 andn=m=1. In both cases(w) is
evaluated for either value ofx, 0.7 and 1.5. For
a=0.5-0.6 GeV the latter value ofx corresponds to
b=1.7—2.1 GeV ! which is characteristic of light baryons

@) [14,17. x=0.7, on the other hand, corresponds to
b=0.8—1.0 GeV ! which implies aA,, radius about half as
large as that of light baryons. A value of about 1 GéYor

It is quite evident that up to ord@(1/mg) the solution(21)  the parameteb seems realistic to us. For the sake of com-

satisfies the zero recoil normalization conditi@h for the parison we also plot the dependence of a dipole-behaved

form factors since=(1)=1 and (1)=0. Note thatF de-  form factor F9"°¢ ) which is appropriately normalized to

pends onk only, i.e., on the product of the two model pa- one at zero recoil. The normalized dipole form factor is

rametersa andb whereasz, depends on all the parameters, given by

a,a,b,b.

It is noteworthy that theg?=0 constraint relationg14),
(15 provide no constraint on the HQET paramefer For 3By rewriting Eq.(25) in terms of the momentum transfer variable
consistency reasons we fix g®> one recovers the familiar dipole representation
_ FaiPole(g2) = N(q?) (1— g?/m2p) ~2, whereN(g?) normalizes the di-
A=a. (22 pole form factor to one at the zero recoil poift=(M;—M,)2.

order 1: F(w)=19(w),

w—1

O(1img):  n(w)=1(w) 2T(1)(w)—/\_w+l
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FIG. 2. IMF quark model predictions for th@(1/mg) reduced form factoryw) as functions olw=v,-v, (M=n=1/2).

2M My(w—1) | 2 29 p?=1.81"5 Y stah = 0.3 sys). (29)
MEe— (M1 —Mp)?

FaPol )= 1+

The IMF model valuegln=m=1/2, k=0.7) and the dipole
As the form factor massngg in the dipole form factor we model value both lie within the error bars of this measure-
take the expected mass value of tHe=1"(bc) vector me- ment.
son, i.e.mge=6.34 GeV. For the\, andA . masses we take As explained in Sec. Il our preferred choice for the end-
M;=M, =5.621 GeV[4] andM,= M, =2.285 GeV. point behavior of the heavy quark-light diquark IMF wave

The IMF quark model form factors(w) fall more  function isn=m=1/2. In the following we shall no longer
quickly than the dipole form factor except for our preferreddiscuss the choice=m=1, in particular as the slope of the
choicen=m=1/2 andx=0.7. We mention that the QCD corresponding order 1 form factor at=1 seems unrealisti-
sum rule analysis of18] results in a form factor behavior cally big for any reasonable value af
which is well approximated by In Fig. 2 we show our results for th®(1/mg) reduced

form factor 7(w) obtained with various sets of the model

parameters. It turns out thajw) is very small in theA,
(26) decay region and, depending on the parameter values, it can
be positive or negative. Judging from the smallness of the
nonleading reduced form factof{w) it will not be an easy
task to measure it. Our results for the form facigiw) for
b=1.0 GeV ! anda=0.2 GeV are close to those obtained
from QCD sum rule$20].

Inserting the reduced form factos(w) and 7(w) into
Eq. (3), we evaluate the form factofy* to O(1/mg). We

1.44 IMF model (n=m=1/2, x=0.7) use particle masses throughout in E8). This is perfectly
legitimate since the difference between particle and quark
p’=4 3.04 IMF model (n=m=1, k=15  (27) masses is aiD(1/m3) effect. In Fig. 3 we exhibit thew
1.77 dipole model. dependence of the form factof?:"A for our preferred set of
parametersn=n=1/2, «=0.5 GeV, ancb=1.0 GeV ! as

To set the scale of the slope we remind the reader that theell as, according to the discussion in Secdk0.2 GeV
normalized dipole form factor in the infinite mass limit is andb=0.1. Looking at Fig. 2 this choice of parameters gives
given by[1+ 2(w—1)]"? and thus has a slopg#=1. We  a nonleading reduced form factafw) which is practically
mention that in the heavy meson case slope values betweeero. The Iihg corrections to the form factors can be seen to
p?=1 and p?=2 are being discussed in the literature. Asbe quite moderate as the comparison with the order 1 re-
mentioned before the slope of the sum rule form factor ofduced form factor F(w) shows (remember that
[18] is alsop?=1. fy=fy=f5=f4=0 at order 1. The axial form factoff}(w)

A first measurement of the slope parameter in the transiis predicted to be rather similar to its order 1 counterpart
tion A,— A has been reported [19]. The value quoted is F(w): the difference amounts to maximally3% at way.

Flw)=

2 9?1 w—1
w+1ex —(2p7 )w+1

with p=1. Thus, the form factor of18] is even slightly
flatter than our preferred form factor. The falloff behavior of
the various form factor§ (w) in Fig. 1 can be conveniently
characterized by comparing the charge radiiof the form
factors defined in Eq23). We obtain[see Eq(24)]
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FIG. 3. Order ®O(1/mg) IMF quark model form factors as functions ef=v,-v, (n=m=1/2). Order 1 form factoF () is also
shown.

The form factorsfy , fy, f5, andf4 acquire slight nonzero whereH\x"Z”*AW are the helicity amplitudes for the vectov)

values atO(1/mg) which are IargestAat zero recoil. They ang axial vector &) current induced 12— 1/2" + Wi e

never amount to more tham 10% of f;' though. _ transitions(\, and Ay are the helicities of the final state
To proceed further let us first state the linear relationsyaryon andWo...o, respectively. The upper and lower

between the “velocity” form factors defined in Sec. | and gjgns in Eq.(29) stand for the vector\() current and axial
the helicity amplitudes that enter into the formulas for physi-,octor (A) current contributions, respectively, where the to-

cal observables. One h{a1] tal helicity amplitude is given by

VaZHYS o= V2M ;M y(0F 1)[(M; = M) {4 H,

M0+ 1) fyA+ M (0*1)f3A],

=Hy , —H} (30)

22w 2w Ahy
for a left-chiraly,(1— vys) transition. The remaining helicity

VA — VA amplitudes are related to the above two helicity amplitudes
Hij 1= —2VMiMy(w+1)f1", (29 py parity. One has

20— dr/dew [10"sec™] .

OIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
w

FIG. 4. o spectrum of decay rate in the dipole model, the orderQi(1/my) IMF quark model, and in the order 1 IMF quark model.
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FIG. 5. w spectrum of decay rate and partial rates into given helicity components for orl€(1/img) IMF quark model.

VA _ L yVA
AT A T A

(31

For the differential decay rate one then obtdiag]

dr G2 q°pM,
%=W|Vbc|2Tl\/ll(|H1/2 PHH_ 1 _qf?

+[Hyp o>+ IH- 12 d?)

di'y, dlly  dIly dl
"~ do * do * do * do ’ 32
where p is the c¢m. momentum of the A,

[p=Myy(w+1)(w—1)]. In the second line of Eq(32)

we have defined rates into particular helicity com-
ponents through I'y (*[Hyz4%), Tr (%[H_12-4/%),
FL+(OC|H1/20|2), andl—'L_(OC|H,l,20|2), whereT andL de-

note the transverse and longitudinal components of the cu
rent transition.

r-

tional to (H_;,,?) dominates except at low. The left-
chiral nature of the underlying— c transition is reflected in
the dominance of the transverse negative tage over the

transverse positive rater, and the longitudinal negative
rateI',  over the longitudinal positive rate . This has

interesting experimental implications as will be discussed
later on. As Fig. 6 shows, the difference between the trans-
verse and longitudinal negative and positive rates is quite
marked for high lepton momenta which are best suited for
experimental detection.

The total decay raté’,,; and the partial rates into given
helicity states of th&V~ (or the currentare listed in Table I.
For the sake of comparison we also show results for the
dipole model, the free quark decay model and from an alter-
native IMF model17] which has many features in common
with the model presented in the present paper. We will com-
ment on the model proposed [ih7] below. In all cases dis-
cussed in this paper the longitudinal rite dominates over

the transverse ratds; andI'y  while the longitudinal posi-

In Fig. 4 we plot the velocity transfer dependence of thetive rateI',  is small. As expected from the left-handed

differential decay rate for the IMF quark model with and

without 1img corrections and again compare them to theg o the transverse

predictions of the dipole model. To be definite we have cho
senV,.=0.044. For other values of,,. the decay rate is to
be scaled byV,/0.044Y. As would be anticipated from the

comparison of the form factors in Fig. 1 the differential rates

current coupling the transverse negative dgge dominates
positive raIér+ and the longitudinal
negative ratd’| dominates over the longitudinal positive
ratel’| .

As already apparent from the differential rates Fig. 4 the

of the IMF quark model are larger than the dipole modellMF quark model has the largest total rdtg;; the O(1/mg)
rates. The IMF quark model spectrum peaks at larger valuesorrections are small and increase the order 1 rate by 3%. It
of w than the dipole model spectrum. In the case of the IMFs quite instructive to compare the computed rates with the

quark model, the M, corrections tend to slightly increase
the order 1 rates.

free quark decay(FQD) rates. Form,=4.73 GeV and
m.=1.55 GeV one obtaind ,,;=7.52x10*° s, If one

In Fig. 5 we show the longitudinal/transverse compositiontakesm,=5.621 GeV andn,=2.285 GeV(a choice which

of the differential decay rate for the IMF quark model calcu-
lated up toO(1/mg). The longitudinal ratel’,  (propor-

incorporates phases space effects corrgctiye finds
I'o=11.42<10'° s, The latter case corresponds to taking
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FIG. 6. Lepton energy spectrum of decay rate and partial rates into given helicity components for er@¢d/ihg) IMF quark model.

structureless form factors in the dipole model or in the ordetively (see[22]). The asymmetry parameters in E§4) can
1 HQET calculatiorf. The difference in rate between the be expressed in terms of the helicity amplitudes and read
form factor models and the “structureless” rate

To~7.52—11.42< 101° s~X would have to be filled out by - Hip of*—|H 1 _4f?

the contribution of higherA, resonances and continuum % = [H,,, 12+ [H_1 —112+ 2([H_12 o>+ H12 o)

states. (3
The decay products in the quasi-two-body decay

Ap—AJd+W-" are highly polarized. The polarization of the  ~ [Hyp 1/*+[H_15 —4[*=2(JH_1; o*+|H12 o)

decay products can be analyzed by monitoring the angular ¢ — Hiz %+ H 12 —112+2([H_12 o2+ [H1m dD’

decay distributions of their subsequent decays. The structure

of the lepton-side decaW™ —I|~+ v, is determined by the

standard model\(—A) coupling and has 100% analyzing [Hio 12— |H_ 12 1|2+ |Huz o 2= H_1 o?

power. For the hadron side the two-body decay a= ) 2 p) 2-

Al — A+ is best suited for this analysis since the decay Huz f5F[H w2 o™+ [Huz o F1H-12 d

structure has recently been determined in two experiments

[23,24] which obtained The asymmetry parametets and o” are specific compo-
00 nents of the polarization density matrix of the off-shall

_ —1.0r04 [23] (33) whereas the asymmetry parameteis the longitudinal po-

¢ | —0.96:0.42 [24]

ap

TABLE I. Total rates and partial rates into given helicity states.
for the asymmetry parameter that characterizes the decaow 1: order 1 IMF quark model; row 2: order+0(1/mg) IMF

AC*—>A+ at. quark model; row 3: dipole model; row 4: free quark decay model
The respective polar angle distributions are given by théFQD) (or flat form factor modelwith m,=M, =5.621 GeV and
following expression$22]: me=M, =2.285GeV; row 5: order +O(1/imy) IMF quark
model of[17]. Parameters for the IMF quark model ame=n=1/2,
lepton side: W(®)=1+2a' cos®+a" cos 0, a=0.5,2=0.2 Ge\?, b=1.0 GeV'}, andb=0.1 Rates are given

in units of 13°s™%,

hadron side: W(@A)Zl—l—aaAC cos®,, (39

P Tre Tro Tie T

where® and® , are the polar angles of the lepton and the

in the (“») c.m. system and thd . rest system, respec- Order1 632 061 178 013 379
1
Order 1+0O m—) 6.50 0.62 1.82 0.14 3.92
Q
4Judging from the numbers in Table | the exclusive semileptonicDipole 5.43 0.55 1.58 0.12 3.17
decay rate\,—AJ +1~ + v, would be predicted to amount to 57— FQD 114 0.92 2.90 0.18 7.43
87% (IMF quark mode) and 48—-72%(dipole mode) of the total  [17] 4.89 0.44 1.53 0.10 2.82

inclusive semileptonic ratd,— A S +X+1"+,.
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TABLE Il. Mean values of various asymmetry parameters.right-handed couplings at the lept@nd hadron side one

Model parameters as in Table I. would have the same lepton-side FB asymmetry even though
the b—c transition is right chiraf.
@ @ @ Y ap Yp The hadron-side FB asymmetry measure involResdd
Order 1 076 -0.11 —053 055 039 —0.16 SPin-momentum correlations and thus is a direct measure of

the b—c chirality whereas the lepton-side FB asymmetry

Order 1+0 i) —-0.77 —-0.11 —054 055 0.40 —0.16 involves P-even momentum-momentum correlations only
Mq and is therefore not optimally suited for the determination of

Dipole —-0.75 -0.12 -051 057 0.37 -0.17  theb—-c chirality, unless, of course, one presumes the hand-

FQD —0.81 —-0.10 —0.60 0.50 0.46 —0.14 edness ofN~ — 1"y, is known.

[17] -0.78 —-0.14 —-0.49 0.53 0.33 -0.15 In Table Il we also list the value of the azimuthal asym-

metry parametety which describes the azimuthal correlation

o of the lepton-side and the hadron-side decay planes. The cor-
larization P, of the daughter baryon .. Mean values of the  responding azimuthal distribution is given by

above three asymmetry parameters are listed in Table II. In
calculating the mean asymmetries one has to integrate nu- dr 372
merator and denominator separately. We also show results do%d «l— ya, COSY, (39
for asymmetry parameters in Table Il obtained from the di- a-dx 322
pole model, the free quark decay model and from the alter-
native IMF model[17]. where
Alternatively one can define forward-backward asymme-
tries by averaging over events in the respective forwa ( _ 2ReH_y; HIp 1+ Hap oH 15 1)
and backward B) hemispheres of the two decays and then ¥~ [Hyy 12+ H_12 11+ H_172 o °+|H12 o°
by taking the raticArg=(F—B)/(F+B). One then has

a' and wherey is the relative azimuth of the two decay planes
(see[22)).

The asymmetry parametercan be seen to be the trans-
verse componer®, (in the lepton planeof the polarization
vector of the daughter baryoh.. Since we have taken the
decay amplitudes to be relatively real there isfyocompo-
nent (out of the lepton planeand correspondingly no azi-
where the forward hemispheres are defined with respect tmuthal term proportional to sig in the angular decay distri-
the momentum direction of thew™ and A,, ie., bution(39). The presence of &, polarization component
m2<=O <7 and 00 ,<m/2, respectively. Judging from would signal the presence @P-violating effects and/or fi-
the large value of the measured asymmetry parametein  nal state interaction effects which we shall not discuss in this
Eq. (33) and the numbers in Table II, the FB asymmetry onPaper.
the hadron side can be expected to be comfortably large in For completeness we list in Table Il also the values for
comparison to the small FB asymmetry on the lepton side. the asymmetry parametets, and vy, relevant for polarized

The FB asymmetry measures are quite interesting wheA decays. They are related to polar and azimuthal correla-
one wants to determine the chirality of the-c transition. ~ tions between the polarization vector of thg and the mo-

In the left-chiral case, as predicted by the standard model, th@entum of theA . and the decay products of the, as de-

c quark, and thereby th&, baryon, is predominantly in the scribed in[22]. An analysis of these decay correlations is of
negative helicity state. As the asymmetry parametgr is ~ relevance forA,’s originating fromZ decays which are ex-
also negative, and thereby the helicity of tlr\epredocmi- pected to be produced Wlth a substantial amount of pol_anza—
nantly negative, the helicities want to align, and one has afjon [26]._We_ must rflentlon, though, that a f'rSt analysis of
altogether positive FB asymmetry. A right-chital-c tran- f[he polarlzat|.on ofA,’s from thezZ C!Id r]ot confirm theoret-
sition would, on the contrary, yield a negative FB asymme-C& €xpectations of a larg&,, polarization[27].

try. The size of the predicted FB asymmetry is large enough 'ablé Il shows that the asymmetry parameters are not
to accommodate even large errors in this measurement iy dependent on whether the IMF quark model or the di-
exclude or confirm the SM prediction for the chirality of the POl€ modelis used as input despite the fact that there are rate
b—c transition. dn‘fgrenges betwegn the two. When taking the asymmetry

The FB asymmetry on the lepton side is again predicted tgatios differences in they depen.dencg of the form f'actors.
be positive if theb— c transition is left-chiral. Again this can tend to drop _out_and one remains with the _underlylng spin
be understood from simple helicity arguments. There aredynamics Wh'C.h Is approximately the same in b.Oth models.
however, two reasons that the lepton side FB asymmetrfve” when \gomg t/(g the extreme case of choosing flat form
measure is not optimal. First, it is predicted to be quite smalfactors forf; and fy the asymmetry values do not change
(Agg=0.167 in our mode] and second, one uses the left
handedness of the lepton current as input to analyze the
chirality of theb—c coupling. If the weak interaction were  °A viable model involving a right-hande®p that is consistent
mediated by a non-SM right-handed gauge bo®ésn with with all present data has been recently proposed in [R&l.

lepton side: Agpg=-———,
ke 1+ 3 a”

1
hadron side: AFB=§aaAC, (38
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much (see Table ). We have checked that the same state-There is first experimental evidence thatm=1/2 is the
ment holds true when one chooses m=1 for the endpoint  preferred choicg19]. For a given value o the magnitude
power behavior in the IMF quark model. of the O(1/mg) reduced form factor and thereby the rate
Finally we remark that the form factors and the numericalincreases witm. Whereas the rates are strongly dependent
rate values presented in this paper are derived from unrenoon the choice oh andm our polarization predictions show
malized current vertices. The renormalization effects caronly a weak dependence on the choicencind m.
easily be incorporated as discussed in detail28] and in Before concluding this paper we would like to comment
[17]. The renormalization effects are very small close to theon an alternative IMF quark model calculation of the
zero recoil pointw=1 and become largest at maximum re- A,— A transition form factor§17]. The IMF approach of
coil g?=0. Numerically they tend to increase the rates by[17] has many features in common with the present model
approximately 10% but leave the asymmetry values practicalculation: The large form factorfs’ and f/ are calculated
cally unchanged. from overlap integrals of the initial and final state hadronic
wave functions for which the same quark-diquark light-cone
wave function is used as here. The other form facfdrs
V. SUMMARY AND CONCLUSIONS fy, f5, andff are estimated in the same way as we do here,
pamely from the HQET relations.

We haye used a infin_ite momentum frame quark model o Gitference between the two approaches is thit 7
that was improved by using results from HQET to calculatey,g qyerlap integrals are evaluated for all values of the mo-

the_Ab—>AC transition form factors and to give detailed pre- mentum transfeg? (or w) for given massedl . ,M, while in

: k X P Yhis paper we use overlap integrals onlygdt=0 varying
ables in the semileptonic decay,—Ac +17 +» (I=&4).  through the mass ratil ./M, . As was mentioned above the
We have employed heavy quark-light diquark IMF waveqyeriap integrals ag2=0 are on rather safe theoretical
functions in which thex dependence of the wave function g5 nds, whereas those @i+ 0 are somewhat less reliable.
resembles that of a mesonic heavy quark-light antiquarioy, the other hand, the IMF that is being used here cannot be

system. In our analysis we have only made use of the SQpached from any frame of finite momentum by a Lorentz
called good components of the quark transition currents.  ransformation.

It is important to realize that any BSW-type infinite mo- g results of the two models are, on the other hand,
mentum frame quark model calculation does not take intQather similar mathematically as well as numericalty.
account possible spin-spin interactions between the heawgpes |, 1)). This gives us additional confidence in our pre-
side and the light side as they occur in general @(d/mq)  jctions. The main difference between the predictions is that
HQET treatment. It is for thls reason that a calcu_latlon suchnhe form factors used in this paper exhibit a singularity at
as the one pres_en_te_d [iB] will lead to inconsistencies When =0 [see Eq.(18)] which has no physical interpretation
comparing the infinite momentum quark model results withhile the form factor singularity ifi17] appears ab=—1 at
the generalO(1/mg) HQET structure. In the case of the yhysical threshold. However, due to the normalization con-

calculation off 5] this inconsistency can be exhibited by tak- yition at zero recoil this difference does not matter much
ing also theB* —D* channel into account, in addition to the numerically in the decay region.

B—D,D* treated in[5]. As mentioned before there are no

spin-spin interactions between the heavy side and the light

side in the case of tha,— A transitions and thus the infi-

nite momentum frame structure is fully consistent with the ACKNOWLEDGMENT

O(llmQ.) HQET structure in this special case. _ J.K. was supported in part by the BMFT, FRG under Con-
At this point it is appropiate to summarize the uncertain-

Lo T : tract No. 06MZ865.

ties in our model predictions. The most important parameters

aren and m controlling the powers ok, and 1-x; in the

wave function. Of less importance are the oscillator param-

eterb and the mass difference which determines the posi- APPENDIX: FORM FACTOR RELATIONS INCLUDING

tion of the maximum of the wave function. The order 1 re- THE BAD CURRENT COMPONENTS

duced form factorF(w) depends only omn and on the In this appendix we list the two additional equations re-

product of a and b while the O(.llmQ) form fgctor ) lating form factors and quark model overlap integrals when
depends on all parameters. While our analytical results are ) N~

. : also the bad quark current components are used. Using simi
given for all values oh andm we have discussed two spe-

cific choices of the parameters and m in our numerical lar techniques as in the main part of the paper one finds

analysis, namelyn=m=1/2 and n=m=1. The choice

n=m=1/2 is characterized by a relatively small value of the v _Mm—m;

charge radiug? and, hence, a large exclusive semileptonic fil@My,Ma)=Gr— (0, M1,Ma),
decay rate of theé\;, which will amount to a substantial frac-

tion of the total inclusive semileptonit, decay rate. Larger

values ofm lead to larger values of the charge radius and f/l\(w,Ml,Mz):
thus to smaller exclusive semileptonic decay rates. Although

we favor the choicen=1/2 the question of which value one

finally has to choose fom has to settled by experiment. where one now has a different overlap integral

m;+m,

mJ(w,Ml,Mz), (A1)
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1 1
J(w,M,M3)= Jo dxq 3 (X1) X_1¢>1(X1)- (A2)

It is clear that only the form factor§} and f{ associated

with the covariantsy, and vy, ys enter into the bad current

relations since the covariants ,, v,,, V1,¥s, andv,,vs
have no transverse components.
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obtains for the form factors if the combined set of four equa-
tions (14), (15) and(Al) is used as a starting point. In par-
ticular one can ask oneself whether one can now derive the
HQET relations Eqs(2), (3) or (5).

At order 1 one derives from the bad current relations Eq.
(A1) £YO(0)=1O(w)=1(w)=F(w) where the zero
recoil condition f}¥(w=1)=1 is satisfied. Substituting

Proceeding as in the main text we expand the overlaghis result into the good current relations E¢s4), (15) one

integralJ(w,M4,M,) according to

1+

i+i}'j<1>(w)+...),

J(w,M{,M,)=19(w) vot W,
(A3)

where

i 1 Hom+1[ K V(0+1)2w]
2b Jo(w+1) Hopc(w+1)2w]

(Ad)

IV (w)=1V(w)+

Note that the zeroth order coefficient #fw) is identical to
the zeroth order coefficient”(w) [see Eq(17)]. Similarly
we expand the mass factors in E@l) up to O(1/Mg)
usingm; + ;=M. One obtains

m1+m2
M;+M,

o . ml_mz_l
o+l M;—M,

(A5)

1 1
My M

In Sec. lll we have argued that the relatidAd) obtained

finds ¥ ©(w)M,+f5O(w)M;=0 and {5 (w)M,+f5©
(w)M=0. Further one has the charge conjugation relations
fYO(0)=1YO(w) and f5V(w)=—15(w) which then
imply that fy(@=fY0=fX0=¢20=0  This then estab-
lishes that the order 1 HQET result E@) can in fact be
derived when both the good and bad current quark model
relations are used.

Turning now to theO(1/mg) results, the bad current re-
lation Eq.(Al) immediately leads to the first of the HQET
results in Eq.(5) upon using the expansidi5). As for the
good current relations, one has to identify the HQET param-
eter A with the quark model parametes, i.e., A=qa.

The reduced form facton(w) [see(3)] can also be calcu-
lated from the bad current relatiofa1) upon using the ex-
pansion(A5) again. In fact one finds

Moo(®)=1(0)[ 23V (w)— A], (A6)

which differs from the solutiori21) obtained from the good
current relations. While the reduced form factgy . is fairly
small in theA,— A . decay region as comparedfdw) it is
not zero atw=1. With regard to the approximations in-
volved in the bad current componerigee the discussion in
Sec. ) this little inconsistency in th€©(1/mg) results can

from the bad current components are not so reliable. One cédpe tolerated allowing us to conclude that even the bad cur-
nevertheless ponder the question which kind of relations onegent relations are in reasonable agreement with HQET.
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