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The current status of the physics of hadrons containing a single heavy quark (b or c) is
reviewed. The results of studies of semileptonic decays of heavy baryons with J*=1* using the
relativistic quark model including light-quark confinement are also presented. In particular,

the semileptonic flavor-changing decay modes b—c, b—u, c—s, and c—d are described. The
form factors of these decays are calculated in the limit of infinite mass of the heavy

quarks, my— o (the Isgur—Wise limit). For transitions b— c expressions are obtained for the
baryonic form factors in the leading order in 1/mg together with their first-order

corrections. It is shown that the Ademollo—Gatto theorem is satisfied when the velocities of the
initial and final baryons are equal (v#= v'#). The form factors obtained are used to

calculate the observables of semileptonic decays of heavy baryons: the decay widths, differential
distributions, leptonic spectra, and asymmetry parameters. These results are compared with
those obtained using other theoretical approaches. © 1995 American Institute of Physics.

1. INTRODUCTION: STATUS OF THE PHYSICS OF
HADRONS CONTAINING A SINGLE HEAVY QUARK

The last few years have brought rapid development of
the physics of hadrons composed of light quarks g (u, d,
and s) and heavy quarks Q (¢ and b). Heavy quarks are
those whose masses satisfy the condition m > A ocp, where
Aqcp~0.2 F is the QCD scale parameter. We should first of
all state that we shall not deal with the ¢ quark at all in this
review, because its mass is too large to give rise to bound
hadronic states. Weak decays of heavy hadrons are a unique
tool for determining the elements of the Cabibbo—
Kobayashi—Maskawa matrix, for studying phenomena lying
outside the scope of the standard model, and also for study-
ing the internal structure of hadrons.

The increased interest in such processes is primarily re-
lated to the new possibilities in experimental research in
intermediate-energy physics. In particular, workers at the
ARGUS' and CLEO? setups have studied semileptonic de-
cays of mesons containing heavy quarks in both the initial
and the final states: B—Dev, B—D *ewv. Decays with tran-
sition of a heavy meson into a light one, D—Kev and
D —K*ev, have been studied in the E653 (Ref. 3) and E691
(Ref. 4) experiments and in experiments performed by the
CLEO group.’ The decay of the vector meson D*,
D*—K~ pfv#, has been observed by the E687 group.®
Semileptonic decays of the D, meson, D,—X+u+v,
(X=®, K*, p, 7, 7'), have been studied by the Fermilab
collaboration E653 (Ref. 7).

The ARGUS experiment to study the nonleptonic decay
D°—K%r*m~ should also be noted® The Cabibbo-
forbidden two-particle decay modes of the neutral D° meson
D= 77~ and D’ K"K~ have been studied by the E687
group.” The branching ratios of two-particle decays of the
vector D*(2010) meson D*—D 7 and D*—Dy (Ref. 10)
and the mass difference of the D* and D mesons have been
measured by the CLEO collaboration.!! Quite original ex-
periments to determine the lifetime of the B°, B~ and B°,
B* mesons have been performed by the ALEPH,?
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DELPHL" and OPAL Collaborations.'* Precision measure-
ments of the lifetimes of the D and D* mesons have been
made at the E687 setup.'> The B,-meson mass was first mea-
sured by the ALEPH Collaboration.'

For a long time, experimental studies of heavy baryons
have focused on the study of processes involving only
charmed particles. Semileptonic decays of A baryons,
Af—Ae*X and A —Au*X, have been observed at the
DORIS II setup by the ARGUS group!’ and at the CERS
setup by the CLEO group.'®'® Nonleptonic decays of the
A, baryon, A,— A7 and A,—3m, have been studied by
the CLEO'® and ARGUS groups.?® Multiparticle nonleptonic
decays of the charmed A, baryon, A, —pK mtX, have
been studied at the NA32 setup by the ACCMOR collabora-
tion at CERN.?! The rare decay A, —pK 'K~ has been ob-
served at the E687 setup.”> The ARGUS group? has discov-
ered a new charmed baryon A**(2627) in the decay
A¥ TS A mta.

However, in the last few years there has been consider-
able progress in the study of processes involving baryons
containing the b quark. In particular, the A, baryon was first
observed in the decay A,—J/W A in the proton—antiproton
collider at CERN.?* At LEP the ALEPH and OPAL groups
have studied semileptonic decays of A, baryons:
Ap— A Xev (Refs. 25 and 26). The A ,-production process
has been studied in Z%-boson decays and the lifetime has
been measured by the DELPHI Collaboration.’>?’ In these
experiments it has proved possible to extract rather useful
information about the physical characteristics of heavy had-
rons. In particular, the masses and lifetimes of heavy hadrons
have been measured, together with the branching ratios of
weak decays and the polarization characteristics.

From the theoretical point of view, this lively interest in
weak decays of heavy hadrons is mainly due to the discovery
of a new type of strong-interaction symmetry: a spin—flavor
symmetry in the world of heavy quarks (the Isgur—Wise
symmetry; Refs. 28 and 29) and to the development of a
heavy-quark effective theory (HQET; Refs. 28—43). The lat-
ter is a perturbative computational scheme for studying the
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properties of hadrons containing a single heavy quark.

The Isgur—Wise symmetry is based on the following
physical picture. Let us consider a system consisting of a
heavy quark surrounded by a cloud of light quarks and glu-
ons. This cloud is humorously referred to by Isgur as “brown
muck,” owing to the fact that the properties of a configura-
tion cannot be described from first principles, i.e., by a per-
turbative treatment within the standard model of strong in-
teractions. The typical size of this system R is comparable to
the strong-interaction radius R~1/Agcp~1F, and the aver-
age momentum transfer between the heavy quark and the
light constituents is of order Agcp, i.e., their interaction
arises only from “soft” gluons. However, the soft gluons do
not “feel” the quantum numbers of the heavy quark, so that
the properties of the light degrees of freedom in such had-
rons are independent of the flavor (or the mass) of the heavy
quark (flavor symmetry) and the orientation of the spin of the
heavy quark (spin symmetry). Therefore, hadrons containing
a single heavy quark and differing only by the orientation of
the spin of this quark or by its flavor in the limit my— (the
Isgur—Wise limit) have the same configuration of the light
degrees of freedom.

The appearance of the Isgur—Wise symmetry is easily
demonstrated for the example of heavy mesons. Here there is
a direct analogy with the properties of hydrogen-like atoms.
Let us consider a meson consisting of nonrelativistic heavy
and light quarks Q and ¢, the interaction of which is de-
scribed by a QCD potential similar to the Coulomb potential
of QED. In the limit my>m, the wave functions of mesons
containing a ¢ or b quark coincide, and the reduced mass

QO q

:u*red—mQ_’_mq_"mq (1)
is independent of the heavy-quark mass. Therefore, there is
b« c flavor SU(2) symmetry, in spite of the significant dif-
ference between the b- and c-quark masses. In atomic phys-
ics the analogy with the Isgur—Wise flavor symmetry is
manifested in the fact that different isotopes having identical
electron shell structure possess identical chemical properties.

Another aspect of the Isgur—Wise symmetry, spin sym-
metry, is easily demonstrated for this system. Let us consider
the part of the total Hamiltonian of the Qg system which
corresponds to the spin—spin interaction between the heavy
and light quarks, describing the hyperfine splitting

loly = 2 5.

AHx mgm, $0-5,6°(x). 2
It is easily seen that in the limit my—oo this part of the
Hamiltonian will be suppressed relative to the kinetic part.
Therefore, the orientation of the heavy-quark spin does not
affect the dynamics of the light degrees of freedom. Since
the total spin of the system is conserved, the spin of the
heavy quark will also be conserved. Therefore, the spin op-
erator of the heavy quark is an SU(2) generator. A spin
SU(2) symmetry thus arises. Again here there is an analogy
with hydrogen-like atoms, for which the energy levels of the
hyperfine splitting are nearly degenerate.

The Isgur—Wise symmetry has formed the basis for a
heavy-quark effective theory (HQET; Refs. 28—44). In order
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to explain the main idea behind this approach, let us consider
a hadron of mass M moving with velocity » which contains
a heavy quark of mass m, possessing velocity vy, . The dy-
namics of the heavy quark is described by the standard QCD
Lagrangian:

Fp=0(iD—my)Q, ®3)
where D is the covariant derivative. The starting point of the
HQET is the rather simple hypothesis that the velocities of

the heavy quark and the hadron coincide up to corrections of
order 1/m:

vp=vi+ktimg, 4)

where k* is the so-called residual momentum, which is much
smaller than the mass of the heavy quark. In the Isgur—Wise
limit my—o we obviously have vy— v. Therefore, QCD
interactions do not change the velocity of the heavy quark.
This is the Georgi velocity superselection rule>° In other
words, in the HQET the velocity becomes a conserved physi-
cal quantity, i.c., a quantum number. Expressing the heavy-
quark momentum p,, in terms of the hadron 4-velocity, we
obtain

p5=vag=mQV"+k". 5

This expression implies that the heavy quark is nearly on-
shell (pé—>m2Q, because »*>=1). Then the heavy-quark
fields are redefined in such a way that in the Isgur—Wise -
limit the dependence of the kinetic-energy operator on the
quark mass vanishes. Additional fields are introduced for
this: the annihilation operator A} of a heavy quark with
4-velocity v and the creation operator A, of a heavy anti-
quark with 4-velocity v, which are related to the initial quark
fields as

h, (x)=e"e"*P,Q(x), h,(x)=e"2"*P_Q(x),

(©6)
where P . =(1=*1)/2 are projection operators.
The new fields satisfy the equations of motion
bh (x)=*h, (x). ™

Obviously, in the rest frame of the heavy quark
v=(1,0) the operator &, corresponds to the two upper com-
ponents of the field Q, and 4, corresponds to the two lower
components. In terms of the new fields the QCD Lagrangian
for the heavy quark is written as

Fy=hyiv-Dhy —h, (iv-D+2mgy)h, +h}iD, h,

+h,iD k), ) (8)
where D{=D#=v*p-D is the covariant derivative orthogo-
nal to the quark velocity v: v-D#=0. In the Isgur—Wise
limit my— o, i.e., when the heavy quark is nearly on-shell,
the field behaves as 4, (x)—0 and we arrive at the HQET
Lagrangian in leading order in the 1/m expansion:

tier=hy iv-Dh} . ©

Then, performing the functional integral

z,,=f 5ﬁjf 5hjj 5ﬁ;f 8h;, exp(ifdx z,,) (10)
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over the antiquark fields 7, and h, , we obtain
Z,= f oh} f oht exp(i f dx zHQET), 11)
where

gHQETzﬁ:iV'Dh:

+ lim A} D*

ny +
L 2myiv-D—ie Dih, (12)

e—+0

is the desired Lagrangian of the heavy-quark effective
theory,*® which is conveniently written as an expansion in
powers of 1/mg, with the leading-order term and the correc-
tion of order 1/m, . For this we use the identity

o . 8s N
P, iD, P,=P, (le)2+7<raﬁG Blp,, (13)

where [iD%DP]=ig,G" is the gluon field-strength tensor
and g, is the QCD coupling constant. Then for the HQET
Lagrangian we obtain

Z __ 0 1 2
ZHET=- H())ET+f%H())ET+O(1/mQ)7

BRer=h}iv-Dh}, (14)

gHQET ma h » (iD1) v ‘TaﬂGth:-
The leading term in the Lagrangian of the effective theory,
the Lagrangian ,%(];)&ET, possesses a new type of symmetry,
the Isgur—Wise spin—flavor symmetry (Refs. 28—30), which
is not present in the QCD Lagrangian. The spin symmetry is
associated with the non-Abelian group SU(2). The spin op-
erators S; (i=1,2,3) of the fields 4 are introduced as fol-
lows:

where e} is an orthonormal set of spacelike vectors orthogo-
nal to the velocity of the heavy quark v,: e ”jef='— Sjk»
v,e; =0. Here the operators S; satisfy the commutation re-
latlons

[S7.8] 1=ie:4Sy (16)

i.e., they are SU(2) generators. The flavor symmetry of the
Lagrangian ,%(I%ET arises from the fact that the quark mass is
absent in it. If we have the situation where N, heavy quarks
move with identical velocities v, the original Lagrangian can
be extended to H(&)ET:
Ny
Fioh=2 h'iv-DhY, (17)
i=1

which is obviously invariant under the group SU(N,) of
rotations in flavor space. Finally, combining the two types of
symmetry (spin and flavor), we arrive at the SU(2N,)
Isgur—Wise spin-flavor symmetry in the heavy-quark sector.

The operators of order 1/m, present in Ay ET are easily
interpreted in the rest frame of the heavy quark. 3 The opera-
tor
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1
Oin =7~ h (le)2h+—>——h (iD)*h}  (18)

is none other than a gauge-invariant addition to the kinetic-
energy operator describing the descent of the heavy quark
from the mass shell. The operator

Opmag = i}
mo

mag ™ 4 O'aﬂGth:—»—

£ hiS-Bh:  (19)
Qo

is the non-Abelian analog of the Pauli term describing the

chromomagnetic interaction of the heavy-quark spin with the

gluon field, where S is the spin operator and Bi

=—1e*GI* are the components of the chromomagnetic

field.

The spin—flavor symmetry leads to numerous relations
between the properties of hadrons containing a single heavy
quark.** One of the clearest manifestations of the Isgur—Wise
symmetry is the spectroscopy of heavy hadrons. In particu-
lar, owing to this symmetry, hadron states involving ¢ and b
quarks can be classified according to the quantum numbers
of the light degrees of freedom (the flavor, the spin J,, the
spatial parity P;, and so on). Therefore, owing to the spin
symmetry, each fixed value of the light-quark spin J; corre-
sponds to a pair of degenerate hadron states with total spin
J=J,=1/2. A typical example is the experimental values of
the mass difference of vector and pseudoscalar states con-
taining the charmed quark, mpx—mp=142 MeV, and the
bottom quark, mgx—mp=46 MeV. Obviously, the mass
splitting of heavy hadrons is rather small and is of order
1/m, . Flavor symmetry predicts that the mass differences of
hadrons with different quantum numbers of the light degrees
of freedom approximately coincide for ¢ and b hadrons.
For example, owing to this symmetry it is possible to
expect that the following mass formulas hold:
mBS—mB=mDS—mD=1OO MeV, mp —mpg=mp —mp
=555 MeV, and so on. The first mass formula has been bril-
liantly confirmed experimentally in 1993. The ALEPH group
at LEP16 was the first to measure the mass of the B; meson:

B, =5.368%0.005 GeV, which is in good agreement with

the Isgur—Wise symmetry: m;‘,’e°‘~5.379 GeV.

An important dynamical consequence of the Isgur—Wise
symmetry is the group relations between the relativistic form
factors of weak decays of heavy hadrons (Refs. 28, 29, 40,
and 41). Owing to the spin—flavor symmetry, in the descrip-
tion of the dynamics of the transition H(Qq)—H'(Q'q) the
corresponding matrix element factorizes. That is, the transi-
tion amplitude for H—H' is the product of the transition
amplitudes of the heavy quarks Q— Q' and of the light
quarks. The transition from one heavy quark to another is
described by the matrix element of the current operator
J=Q'T'Q. Using the SU;(2)XSUg(2) group relations, it
has been shown?® that the form factors of weak decays of
heavy mesons of the type B—DIv are described by a uni-
versal function £(w), where o is the scalar product of the
4-velocities of the initial and final hadrons. This result has
been obtained for the case where the heavy quark acts as a
static source of the color field. The generalization of this
method to the case of moving heavy quarks has been pro-
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posed in Ref. 29. Here use is made of the fact that the am-
plitude of the light degrees of freedom is independent of the
heavy-quark mass mg for my— oo, while the ratio pf5/m is
strictly fixed. However, all these investigations have been
carried out for 4-momenta of the light degrees of freedom
which are small compared with m, .

The authors of Ref. 45 have considered the possibility of
violation of the universal function £(w) via breaking of the
heavy-quark symmetry. Their analysis is performed using the
parton model for large momentum transfers. In this approach
the structure of the meson H; is described by a pair of va-
lence quarks: a heavy quark Q; and a light antiquark q. Here
the light degrees of freedom and the heavy quarks are
coupled only through the distribution function relating the
quark quantum numbers to the hadron quantum numbers.

Two possible symmetry breakings are considered:

(1) The momentum of the light degrees of freedom de-
pends on the heavy-quark mass m , while the other constant
quantities are of order A ocp for mp—ce.

(2) The interaction between the heavy and light quarks
induced by the large momentum pr in the function ®; has
range of order mél and vanishes for my— oo (the chromo-
magnetic interaction).

Analysis of these two cases has shown that the relations
obtained for the weak form factors of heavy mesons are sat-
isfied in the entire kinematical region of the b—c transition
and also the b—u, ¢c—s, and c—d transitions. Unfortu-
nately, it is not possible to obtain the specific form of the
Isgur—Wise function by using only the spin—flavor symme-
try. It is only known that the function £(w) must be normal-
ized to unity at maximum momentum transfer, i.e., for
v=v' and v-v'=1 (Ref. 28):

Ew=1)=1. (20)

An upper limit (the Bjorken limit) on £(w) has also been
obtained:>!46

2
fw)</ 5o (21)

Any other predictions about this function are model-
dependent.

The explicit form of the Isgur—Wise function has been
obtained by the QCD sum-rule method*’ on the basis of cal-
culations of the three-point Green function T(p,p'). The
masses of the initial meson M and of the final meson M’
were written as M =m,+ A and M'=m_+ A, where the pa-
rameter A has the meaning of the binding energy. Accord-
ingly, the momenta of the initial state P and of the final state
P' are expressed in terms of their hadron 4-velocities as

P"‘=(mQ+1-X)V“, P"“=(mQ,+1_\)V”‘. (22)

The light-quark propagator contains both perturbative and
nonperturbative contributions. The nonperturbative contribu-
tion was determined by using a nonlocal quark condensate.
Using the sum rule for the vertex function, the following
form of the Isgur—Wise function was obtained:

é(w)==~exp(—0.37Jo’—1). (23)
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The main idea of Ref. 48 is that the argument of the
universal function () can vary throughout the entire kine-
matical region not only with g2, but also with the mass ratio
of the heavy mesons. Therefore, if the hadronic form factor
at g>=0 is known for arbitrary masses, it is possible to ob-
tain the explicit form of the Isgur—Wise function. Here the
form factors at maximum momentum transfer are determined
by the corresponding overlap integrals of the meson wave
functions in the infinite-momentum frame:

1
MM = [ dug i@en @, @9

where u=k/p7 is the ratio of the (infinite) meson momentum
and the momentum transfer pr. In Ref. 48 the integral (24)
was estimated by using the relativistic oscillator model pro-
posed by Bauer, Stech, and Wirbel.*

Using the ground state of the relativistic scalar harmonic
oscillator

M? a\?
<PM(u)=NM\/u(u—1)€XP{ Ry (1—u— —) },
(25)

where the constant N, is determined from the normalization
condition for the meson wave function, (M|M)=1, the pa-
rameter w? is the expectation value of the momentum trans-
fer, w?=(p3), and the quantity

1
const
a—-‘“M—mQ +0(—Q) (26)

determines the difference between the meson mass and the
effective constituent mass of the heavy quark, the following
expression was obtained*® for the Isgur—Wise function:

w—1
{(w)= exp| —(2p*—1) —1 =1 @)

w+1

The Isgur—Wise function has also been obtained in the
confined-quark model: the relativistic quark model based on
certain assumptions about the hadronization and confinement
of light quarks:*®

1.2
(com(w)=0.4-P(w)+ 1T’ (28)

where

1

D(w)= mln(w-% Vw?-1). (29)

The amplitudes of semileptonic baryon decays have a
more complicated spin structure than the amplitudes of the
analogous processes involving heavy mesons. Isgur and
Wise* were the first to obtain model-independent relations
between the baryon form factors describing the transitions
3T —3* and ;7 —2*. It was shown that in the Isgur—Wise
limit the form factors of heavy baryons satisfy the group
relations and can be expressed in terms of three unknown
universal functions: {(w), 7(w), and «(w) (Ref. 38).

In this approach the matrix element of semileptonic de-
cays of heavy hadrons is determined by the currents
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Pi=DyGi;  A=Cvv5C, (30)
which are related to the ordinary weak currents

Vi=077,0 AJ=07y,7sQ: (31)
as

Ji=Cp Zi+.... (32)

We note that in the leading-log approximation the coefficient
functions C;; depend on the scalar product of the 4-velocities
of the initial and final hadrons as

“'[ as(m,-)rl
a(p)] -

In the specific case of b—c transitions a;=—6/25 and
a;=8/27 wr(w)— 1], where

as(mi)

as(mj)

(33)

Cji(“))z[

r(w)=\/%ln(w+ Vo’—1). (34)

For example, the most convenient parametrization of the
matrix element of the current J L’ for the semileptonic decay
1+ 1%+, has the form

Mll (V,V,)=<BQj(V’,S’)IJ;:'BQ[(V,S)>

v,
=ﬁ(v’,s’)F£;u(V,s), (35)
where for the vector current
Ly =F{(0)y,+Fi(0)v, +Fi(w)v,, (36)
and for the axial curent
T} =Gl (0)7,75+ G5 (@), ys+GE(0)v,ys.  (37)

It turned out’® that in the decay A,— A .ev only the two
form factors F; and G do not vanish in the limit mgp—co.
The two form factors coincide and can be expressed in terms
of the function {(w):

Fi(0)=G{(0)=Cl(0)l(w), (38)
and the corresponding matrix element has the form
M, (v,v")=Cl (@) {(@)a(v')y,(1+ ys)u(v). (39)

For the decays Qu(3;)—Q (2 )ev  and
Qu(2,)— QX (2 F)ev the relations between the form factors
are more complicated. Nevertheless, all the form factors can
be expressed in terms of the two functions 7(w) and (w).
An interpretation of the results of Isgur and Wise using the
tensor formalism for describing the symmetry properties of
the baryon wave functions has been given by Georgi.*! The
Bjorken sum rules in the Isgur—Wise limit have been ob-
tained in Ref. 51 for semileptonic decays of (), baryons
Q,—Q.(QF)1lv;; these can be used to obtain model-
independent bounds on the behavior of the baryon form fac-
tors. In Ref. 35 the HQET was used to study semileptonic
decays of heavy baryons and their exclusive creation in
e e annihilation. Using the HOQET Lagrangian (14), rela-
tions were obtained between the semileptonic form factors of
baryons containing the b quark, taking into account the
1/mg corrections (Refs. 52—54). It turned out that the form
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factors determining the decay A,— A ev are expressed in
terms of the axial form factor G (w) (Refs. 52 and 53).
Nonleptonic decays of heavy baryons were studied by using
the effective theory in Ref. 38. It was shown that the Isgur—
Wise symmetry makes it possible to relate the matrix ele-
ments of the transitions Ay,— A D, and A,—A. D] . The
explicit form of the form factors of semileptonic decays of
baryons containing the b quark have been obtained by using
the QCD sum-rule method.®

Exclusive semileptonic decays of heavy baryons have
been studied in considerable detail by using the spectator
quark model (Refs. 55-64). In this approach the baryon
wave functions are constructed with allowance for the fact
that in the limit of infinite mass of the heavy quark the spins
of the heavy and light degrees of freedom ‘“decouple.” As a
result, there is factorization of the contributions of heavy and
light quarks to the baryon wave function B,g,, which is
constructed as the direct product of the free-quark wave
functions:

Baﬂ‘yZ\Pa\Pﬂ\I”y (40)
and obeys the Dirac equation
b\
(m—Q—l aBarﬁ,),:O. (41)

Assuming that the velocities of the heavy quarks and of the
heavy baryons are equal, p,/mgy=P/M, it has been shown
that the wave function of the heavy baryon also obeys the
Bargmann—Wigner equation:

(P—M)%'B 4 5,=0. 42)

The baryon wave functions have been constructed on the
basis of symmetry principles and by taking into account the
Bargmann—Wigner equation. The matrix elements of the
processes 3T — 3%, 37 —3*, and 3* —3* were written in
terms of the tensor function L ,,, which is determined by the
universal functions of the effective theory, {(»), 7(w), and
(w).

According to the results obtained in the heavy-quark ef-
fective theory,*® the matrix element of the decay A,— A, in
the spectator quark model is described® by a single universal
function F,(w), while the transitions 3,—3. and
3,,—2 ¥ are determined by the two independent form factors
F; and Fr. However, the spectator quark model does not
allow the functions F, , F;, and F to be found explicitly.
The momentum dependence of the hadronic form factors
was modeled in accordance with the power-counting rules of
QCD.% That is, the dependence of the baryon form factors
on the squared momentum transfer g> was chosen to be of
the form

mZ n
FF
F(q2)=F(0)(—i—) , (43)
mep—q°
where according to the power-counting rules®® n varies from
2 to 4, depending on the type of form factor, and mgy is the
mass of the corresponding lightest resonance in the vector
channel with a given flavor structure. This is either the
B*(6.34 GeV) meson, if the weak decay of a b-containing
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baryon with flavor change b—c is considered, or the
D¥(2.11 GeV) meson, if decay with flavor change c—s is
considered, and so on. The spectator quark model has been
used to obtain a detailed description of semileptonic decays
of charmed®® and b-containing baryons59 (the decay widths,
differential distributions, and lepton spectra) and of nonlep-
tonic decays of charmed baryons.5! In connection with future
experiments the study of Ref. 62 is particularly noteworthy,
as it gives predictions for polarization effects in semileptonic
decays of A, and A, baryons.

Semileptonic decays of heavy baryons A,— A ev and
3,— 2 ev have also been studied by using the nonrelativis-
tic quark model.*” The decay widths and differential distri-
butions have been calculated.

The decay A,— A ev is also the subject of Refs. 68 and
69, in which calculations were performed in the quark
model, which is based on the picture of a baryon as a bound
state of a quark and a diquark. Here the wave functions in the
infinite-momentum frame were used as the baryon wave
functions. The difference between the approaches is that in
Ref. 68 the Drell-Yan formalism’® was used, while in Ref.
69 the wave functions of the Bauer—Stech—Wirbel model*
were used in the actual calculations.

In this study we analyze semileptonic decays of heavy
baryons in the confined-quark model (CQM; Refs. 71-83),
the relativistic quark model taking into account the confine-
ment of light quarks. The CQM was originally proposed as a
tool for studying the properties of light hadrons (Refs. 71—
78). Several years ago the model was generalized to the
physics of hadrons containing a heavy quark (b or c; Refs.
50 and 79-81). Semileptonic decays of charmed and
b-containing hadrons (both mesons and baryons) were de-
scribed.

In this review we focus on baryon physics. We shall
calculate the form factors of semileptonic flavor-changing
(b—c, b—u, c—s, and c—d) decays of heavy baryons in
the limit of infinite mass of the heavy quarks (the Isgur-Wise
limit). For the semileptonic decays A,—A. v; and
3 ,—31v; we calculate the 1/m, corrections to the leading
order of the asymptotic expansion. The results are consistent
with the Ademollo—Gatto theorem.3* The Isgur—Wise func-
tion of the decay A,— A Ivl is used for a detailed analysis
of the observables of the cascade decay
Ap—A[—-A;7]+ W[ —1v;]: the decay widths, the differ-
ential distributions dI'/dw, the lepton spectra dI'/dE;, and
the asymmetry parameters. The results are compared with
those of other models.

2. KINEMATICAL AND DYNAMICAL
CHARACTERISTICS OF SEMILEPTONIC DECAYS OF
HEAVY BARYONS

Here we shall discuss the kinematical and dynamical
characteristics of semileptonic decays of heavy baryons
Bi(p)—Bgp')+1(k,)+ vi(k;) accompanied by a change of
flavor i—j. The total momentum of the lepton pair is
q=kq+k,. We shall neglect the electron mass in our discus-
sion. The masses of the baryons in the initial and final states
will be denoted by M g, and M B respectively. For the
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heavy-quark mass we introduce the notation mg, with
Q=b,c. The symbol A denotes the binding energy, i.e., the
mass difference of the heavy baryon and the heavy quark
contained in the baryon: A=M By~ Mg The corresponding

invariant matrix element is written as

G ,
M(B;—Blv))= N Vil (@) (v, v"), (44)
where Gr=1.166 GeV™2 is the Fermi constant,

I#=u,y*(1—y’)u is the leptonic current, J ,(v,v") is the
weak hadronic current, Vi, is the corresponding element of
the Kobayashi—Maskawa matrix, and » and v’ are the
4-velocities of the heavy baryons in the initial and final
states, respectively.

We shall start from the hypothesis of a left-handed struc-
ture (left-handed chirality) of the weak charged quark current
(i.e., the transition i—f) in complete correspondence with
the predictions of the standard model of electroweak interac-
tions, i.e., we shall take the weak spin matrix to be of the
form

0o -I
0y=7u(1+75)s YSz(_I 0 ) (45)

This hypothesis of the standard model has been convincingly
confirmed in the case of charged quark currents composed of
the fields of heavy and light quarks. For the b— ¢ transition
this question remains open. The sensitivity of the polariza-
tion characteristics of the semileptonic decay B—D*Iv to
the sign of the chirality of the b— c transition has been ana-
lyzed in detail in Ref. 85. For this the symmetry group of the
standard model was extended to the group
SU(2)XSUR(2)XUy(1), ie., a right-handed W boson
was introduced into the theory. It was shown that mixing of
the left- and right-handed quark currents is not impossible,
and the contribution of the right-handed b— c transition can
be very important. Here the experimental study of the semi-
leptonic decay of the B meson B— D *Ilv did not provide a
solution to this problem. In connection with this there are
great hopes for theoretical and experimental studies of the
analogous decay in the heavy-baryon sector, A,— A lv. We
are planning to analyze the chirality of the b— c transition in
the semileptonic decay of a b-containing baryon in the near
future. In the present study we restrict ourselves to the choice
of left-handed chirality of the b—c transition.

The weak hadronic currents J ,(v,v") are linear combi-
nations of the relativistic form factors depending on the ki-
nematical variable w:

_pp' _Mi+Mi-¢
MM, 2MM;

w

(46)

For J ,(v,v") we shall use the parametrization from the
heavy-quark effective theory.**!
* The transition B;—By:
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J,u,( V’V’) =ﬁf(V’)Ap.( v, V')ui( V)a

(47)
A (v,v')=Fi(0)y,tFy0)v,+F3(0)v,
+G ()Y, Y5+ Gr(w)v,ys
+G3((1))V,IL')’5.
* The transition B;—B} :
J,L(V,V')=l§}w(V')A,m(V,V')Bf(V),
(48)

Ay.a( v, V,)= Yuva[Kl(w) + YSNI(w)] + V;I.VQ'[K2(w)
+ YsNa(0) ]+ v, v,[K3(0) + ysN3(w)]
*+8uo Ka(w)+ ysNy(w)].

In the Isgur—Wise limit the form factors of semileptonic
b—c decays of heavy baryons satisfy the group relations:*’
* The transition A,— A :
Fi(0)=G(@)={(0), Fy(w)=F3(0)=G(w)
=G3(w)=0. (49)
The function {(w) satisfies the normalization condition
£(1)=1. It is also referred to as the Isgur—Wise baryon func-
tion (or the Isgur—Wise function of the decay A,— A 7). It

is important to know the slope of this function at the point
=1, which is usually characterized by the rms radius p:

Lw)=1-p>(w—1)+... . (50)

* The transition 3,,— 3 (2)):

w+1
Fi(0)=G(w)=-

V3
w—l

=-—F=Ki(o)+—

1
V3 23

=-s[2on+(0-1),

Ni(w)+ Ny(w)

1
23

Ky(w)

2
Fy(0)=F3(0)=—=Ny(0)= 1}, (1)

V3

2
Gi(w)=—=Ki(w)= 5 [n+4],

V3

Ni(0)=-K(w),

Gy(w)=—

Ny(w)=K;(0)=0,

2
i=3,4; Fy(w)—Gyw)=- 751\’3(60)-

The authors of Ref. 51 obtained model-independent re-
strictions (Bjorken sum rules) on the choice of form factors
of semileptonic decays of the (), baryon, which, as is well
known, is equivalent to the 3, baryon, because it contains a
pair of light quarks with identical quantum numbers. If we
introduce a combination of the functions 7(w) and «(w):
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w—1 .
G=1-—— 6 £="14 (52)
then the sum rules give the following upper bounds for the
functions ¢;(w) and §2(w):

2_
e

|§2|2

—w?
5 (€ + D). (53)

In addition, we obtain the following bound on the radius
p; of the form factor &;:

pi= -2 £,(1). (54)

The 1/m, corrections to the form factors of the semilep-
tonic decay A,— A lv; were found in Ref. 52 by using the
HQET. In particular, it was shown that the five form factors

(Fi=123, Gi=13) can be expressed in terms of a single form
factor G, and the dimensional parameter
A=MAb—mb=MAc—m
1 1\ A
Fi(0)=G(w)|1+ —b'*‘— 7ol
F G G A 55
(@)= Ga(w) =G (w) - e (55)
A
F3(0)=—-G3(w)= _Gl(w) —_— I+_w

The 1/m_ corrections to semileptonic decays of the Q,
baryon were obtained by using the HQET in Ref. 54.
Whereas in the decay of the A, baryon A,— A lv, the rela-
tions between the form factors are quite universal, for the
decays ,— Q. v, and Q,—Q } v, the picture is quite dif-
ferent. In particular, in addition to the two functions 7% and
¢ describing decays of the (), baryon in the Isgur—Wise
limit, five additional functions and one dimensional param-
eter QZMQb-meMQC"mC are also needed.

For semileptonic decays of the A, baryon into light
baryons in the Isgur—Wise limit (i.e., when the mass of the
heavy quark is mgp—) the corresponding vertex part

A ,(v,v") has the following form: 3555

* The transition Ayp— A :

AM(V,V’)=L(V,V’)‘)/”_(1+‘)’5),
L(v,v")={1(0)+ b (w).

In the limit where the light-quark mass is m ¢—® we should
obtain the vertex part for A,— A, transitions, so that for
m,—~ we have the form factor {,(w)—0 and
{1(0)—{(w). This implies that {,(w) x 1/m,, and the
function {;(w) is related to the Isgur—Wise function {(w) as
£1(@)={(w)+0(1/m,).

The observables of semileptonic decays (the decay
widths, differential distributions, lepton spectra, and asym-
metry parameters) will for the sake of convenience be de-
fined in terms of the so-called helicity amplitudes H{/,\w

(Refs. 59, 62, 67, and 69), where )\f is the helicity of the

(56)
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baryon in the final state, and Ay, is the helicity of the weak W

boson, which is off-shell. The helicity amplitudes are related
to the above-defined form factors of semileptonic decays by
linear relations.”*%* Here we restrict ourselves to the observ-
ables in  the decay of the A, baryon
Ap—A[—A;mw]+W[—1lv]. In this case the helicity am-
plitudes H{ﬂ\w are expressed in terms of the form factors

F; and G;, for i=1,2,3, as®>%®

HY o= \/ [(MA +tMy )F ()

+MAc<w+1)F2<w>+MAb(w+1)F3(w)],

" . wt+1 3
Hyp 0= o 4o [(MAb MAC)Gl(w)

max

My (0=1)Gy(w) =My, (0—1)G3(w)],

HYyp1==2 My My (0—1)F(w),
HA ), =72 MA My (0+1)G (o),
where
M3 +M5
w

T OMA M)

The semileptonic decay widths are calculated from the
expression

1_‘l_f‘"maxd ar
1 ®de’

(57)

dr dFT+ dFT_ er+ er_
+ +

do  do | do | de ' de

where the indices T and L denote the partial contributions of
the transverse (A= *1) and longitudinal (A =0) compo-
nents of the hadronic current. The partial differential cross
sections are

dFTt GF
. \3 |Vbc|
do (2m)

M3
AC
6 (@max— @) sz_ llHtl/Zrl'z,

dI‘Lt G% M?\c 2(58)
do = G Vol 5 (@ N T H e o,

gV _pyA
where H)‘f)\W_H)‘f)‘W H, Ay

The differential distribution dI'/dE; (or the leptonic E,

spectrum, where E; is the charged-lepton energy) is calcu-
lated from the expression
ar, dr,_

dar’ dFT ary_
dE,  dE,  dE, " aE, T aE; 59)

The expressions for the partial lepton spectra have the
form

ary G2

+

+ F 2 M%\c “max
dEI = (27T)3|Vbc| 8 j E)

‘"min( 1

do( 0 — o)
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X(1*cos ©)|H.q/p+1]% (60)
er+ G;- 2 M?\c Dmax
dE = (277)3 'Vbcl 4 fwmm( I do(Omax— )

X (1—=cos? ©)2[H .y /%

Here O is the polar angle between the A, baryon and the
charged lepton ! in the (lv;,) center-of-mass frame. The
charged-lepton energy and cos® are related in the standard
way:

E;nax_ 2EI+MAC(wmaX— (1))

cos O = ,
o8 M No™—1
M,Z\b—Mf\
max _ ¢
El 2MAb ’ (61)
E(E]™-E))
wmin(EI) = Wmax ™ 2 (62)

My (My,—2E)

We note that polarization effects in weak decays are due to
the nontrivial spin structure of the final states (the decay
products). Owing to this, the corresponding density matrices

= H\\.H :,)\, have a nontrivial form. As is

Pxp W

wik }x;‘,
well known, the density matrix plays an important role in the
quantum physics of mixed states, because it allows the cal-
culation of the expectation value of any physical quantity
characterizing the system (including the polarization state).
The angular distributions of the W-boson and final-baryon
decay products are good analyzers of the structure of the
density matrix Prp A A gy The dynamics of W-boson decay'

W—1lv, is well defined in the standard model of electroweak
interactions, and so this process has 100% analyzing power.
On the other hand, nonleptonic decays of the charmed A,
baryon A.— A 7 have by now been studied quite thor-
oughly experimentally (Refs. 18, 20, and 86). In particular,
the asymmetry parameters in A . decay have been measured.
As correctly pointed out in the study of Korner and
Kriamer,%? in principle not only decay with a pseudoscalar
meson in the final state, but also decay with a vector meson
can be used as a “nonleptonic analyzer” of semileptonic
decays.

For example, a possible candidate might be the nonlep-
tonic decay A — A p*. Here, in studying the polarization
characteristics of weak decays of heavy baryons, we restrict
ourselves to the nonleptonic decay A.— A .

Let us consider the polarization characteristics in the
weak two-cascade decay A,—A[—Amw]+W[—ly].
First let us consider the decay of an unpolarized A, baryon.
The corresponding 4-dimensional angular distribution has
the form®?

ar
dw d cos® dy d cos O,

—Br(A,—A,+ )

G: M} .
xﬁlvbcl W(wmax—w)\/w -1
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3
X g (1iCOS @)2|H1/2 1|2(1+6¥A COS ®A)

—+

00w

(1Fcos ®)2[H_;/,_1]>(1—ay cos O)

+

INT™

Sin2 @[IH1/2 0|2(1+aA Cos @A)

+|H_15 o/*(1—ay cos ©,)]

3
:m ay cos y sin O sin ©,[(1

*cos ®)Re(H_y), oHT)y 1)
+(1¥cos ®)Re(Hy), oH® 1 5-1)]]- (63)

Here ®, is the polar angle between the baryons A and
A, in the rest frame of the A. baryon, and y is the angle
between the (Iv;) and (A7) planes in the A, rest frame.
The upper and lower signs in Eq. (63) correspond to the final
lepton states I~ #; and " v, respectively. Br(A . — A+ 7) is
the branching ratio of the nonleptonic decay A, — A+ .
The parameter @, is the asymmetry parameter of the non-
leptonic decay A .— A .

Instead of studying the angular distribution (63), we can
also consider the distributions depending on one of the
spherical angles defining the geometry of the cascade decay:
®,, 0, or x. For example, the distribution as a function of
the polar angle ®, is obtained by integrating the
4-dimensional distribution (63) over the two angles ® and
x in the ranges 0<O=<7 and Osy<2m:

dr

— 1+ 6
dwdcos@,\ocl aay cos O,, (64)
where the asymmetry parameter « is defined as

_ |Hyjp 112 =|H 11|+ |Hypa o>~ |H-12 of?
[Hyjp P+ H 1o 1P+ [Hyp o*+H_12 of*

a

In order to obtain the distribution in the polar angle O,
we integrate the angular distribution (63) over the polar
angle ®, in the range 0<0O , =< and the azimuthal angle
x in the range 0= y<2m:

dr

' ” 2
d——wdcos(@mliza cos @+ a” cos” O, (66)

where the asymmetry parameters @’ and a” are expressed in
terms of the helicity amplitudes as

o= |Hypp 12— H_15-4)?
|Hijp 12+ 1H _12-1*+2([H1pz of*+H 12 o*)’

o' |Hyp 1|2+ H 1221 =2(Hypz of*+1H_112 o|®)
[Hip P+ H 121+ 2([Hipp o> +IH 12 o)

68)

The distribution in the azimuthal angle y is obtained

from (63) by integrating over the polar angles in the ranges
0<O,<7mand 0<O=<m:
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dr 1% 37 (69
oC
o dx +32\/5 ya, cos X, )

where the azimuthal asymmetry parameter 7y is given by the
expression

Y= 2 Re(H_13 oHTj 1t Hyz oHE12-1)
[Hyp 1P+ H 1o 1P+ Hap o> +H_112 o]

In connection with the experiments planned at CERN on
the observation of semileptonic decays of polarized A, and
A, baryons, the theoretical description of the polarization
characteristics in these decays is of interest. Here the density
matrix of the A, baryon consists of the following elements:

P12 12=H12 1/*(1—P cos ©p)
+|Hyjp o/*(1+P cos ©p),
P12-12=P-172 12=—P sin @p Re(Hy 5 oHZ,); o),
(71)
p-12-12=|H_12-1|*(1+P cos ©p)
+|H_1/5 o/*(1=P cos ®p),

where P is the degree of polarization of the incident baryon
A, and O p is the polar angle between the polarization vector
of the baryon A, and the baryon momentum A, .

The corresponding 4-dimensional angular distribution is
given by the expression®

dr
dow d cos Opdypd cos O,

G2 M3
=Br(A —~ A+ m) X5 Vil 57 (0ma— @)
XN@?—1(|Hyjz o*+IH_ 12 of*+|Hyp2 1|
+|H _1/-1]*+ apcos @ (|Hyz of?
—|H_12 o*+|Hypp 1|*=|H_12-4/%
+P cos Op(|Hyyy o>~ |H_1/2 of*—[H1j2 1|
+|H_1/,_1|)+Paycos ©, cos Op
X(|Hyp o> +H 12 o>~ |H12 1> = 1H-12-11)
—2Pa,sin O, sin @, cos xp

XRe(Hy/, oH /3 0)])s (72)

where @, is the polar angle between the A and A, baryons
in the rest frame of the A, baryon, and (7— xp) is the angle
between the plane formed by the A, polarization vector and
the W-boson momentum and the (A7) plane in the A, rest
frame.

We define the two-dimensional angular distributions as
in the case of decays of unpolarized baryons. In particular,
integrating (72) over the angles ®, and xp in the ranges
0<0@, < and 0< yp<2, we obtain

dr

m‘xl—apf’ CoSs @p, (73)
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where the asymmetry parameter « is defined as

=|H1/2 P=1H 101>~ Hyp of*+|H 12 of?
P H o P+ H 1o 1>+ |Hypo o>+ [H_1/2 o*

a

Then, integration of the distribution (72) over the angles
®, and Op in the ranges 0O < and 0O p<27 leads
to the angular distribution as a function of the angle yp:

al 1 il p 75
—_—] — —
where the azimuthal asymmetry parameter yp is given by
3 2 Re(Hyjp oH /3 o)
VP H (P H 1P+ H P+ H 12 o

(@)

In this study we shall calculate the expectation values of
the asymmetry parameters defined as follows. In the expres-
sions for the asymmetry parameters it is necessary to par-
tially integrate the numerator and denominator independently
over the kinematical variable ® with weight
(®max— @) Vw?—1 in the range 1<w<w,,,. For example,
the expectation value of the asymmetry parameter a charac-
terizing the distribution in the angle ®, in the decay of an
unpolarized A, baryon is given by

B Ji™ do(@may— o)V = 1[|Hyjp 1>~ H 121>+ |H1p2 of*=1H 172 o|’]

and so on. The expectation values of the asymmetry param-
eters will be denoted by angle brackets (...).

In conclusion, we note that we are neglecting the effects
of CP (or T) violation, so that all the helicity amplitudes in
our study are real.

3. BARYON STRUCTURE IN THE CONFINED-QUARK
MODEL

The starting point for describing semileptonic decays of
heavy baryons in the CQM is the Lagrangian describing the
interaction of baryons with quark fields

,‘ZB(x)=gBl_3,,(x)J§(x)+H.c., (78)

where a, a, and i are respectively spin, color, and flavor
indices, gp is the coupling constant, Jg is the three-quark

current with the corresponding quantum numbers of the
baryon B (Refs. 71, 74, 75, and 79), and

Jg(x)=Ri1izi3,a a; (x)qaz (x)q:_':as(x)salaza3’ (79)

“1“2"3qi1"1 PL2)

i1i2i3 ,a
aaa3

where R is the product of spin and flavor matrices.

Let us write out the explicit form of the quark currents
that we shall need. We note that for baryons with quantum
numbers 3* there are two equally valid versions of the three-
quark currents, the so-called tensor version and the vector
version (see Refs. 74, 75, and 87 for more detail). These two
currents are equally valid. In the series of studies carried out
by our group (see Refs. 71, 74, 75, and 79) it was shown that
the tensor version of the three-quark current is preferable,
and we shall use it here. In this case the three-quark currents
Jp for baryons B=Ay, 25, A, p, and n have the form

Tr, =€ [Q°(u’C Y d)+ ¥ Q*(u"Cd)],

JEQ= eabc . o.p,v,ySQa(ubca.,u.vuz:),
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I d (0 max— @) Vo = L[ [Hyjp 4[>+ |H -1 >+ |Hyp o>+ [H_1/2 o1

(77)

JAs=s”bc-[s”(ubC75d°)+yss"(udec)], (80)

Jp= . [u®(uPC Y’ d°) + Yu®(u®Cd®))],

J =& [d*(uPCy’d°) + y’d*(u’Cd")],
where C=17"y? is the charge-conjugation matrix and
Q=b,c.

In the case of baryons with quantum numbers 3* there is
only one version of the three-quark current. In this study we

restrict ourselves to only heavy pseudovector baryons 25 ,
which correspond to a current of the form”""*

i
Jﬂ* . eabc_ Qa(ubc,yp.dC)_ 5 ’vaa(ubCO'”’VdC)}.
[
(81)

The full Lagrangian needed for describing semileptonic
decays of heavy baryons is of the form

gfullz 2 $B+$weak+ H.C., (82)
B

where .. is the standard quark—lepton weak-interaction
Lagrangian:

Gr . .
:gweakzﬁ l'uquifO,uqi . (83)

The coupling constant g can be calculated by using the
so-called coherence condition,”! which implies that the
renormalization constant of the baryon wave function is
Zero:

385

where IIj is the derivative of the baryon mass operator and
mp is the baryon mass. It should be noted that in our model
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FIG. 1.

the hadron mass spectrum is not calculated from the corre-
sponding equations for bound states (for example, from the
Bethe—Salpeter equation), since the latter contain too many
free parameters (see Ref. 88, for example). The hadron
masses are treated as input parameters of the model and
taken from the tables of the Particle Data Group.86

Physically, the coherence condition means that the prob-
ability of finding a baryon in the “bare” state is zero. In
other words, the baryon is a bound state of three quarks. It is
important to note that the coherence condition is completely
equivalent to the normalization condition for the baryon
electromagnetic form factor, F.,(q>°=0)=1, where the
baryon has electric charge *1.

In the CQM weak decays of heavy baryons in the lead-
ing order in 1/N, are described by the graph shown in Fig.
la. These graphs do not contain ultraviolet divergences, ow-
ing to the confinement ansatz for light (u,d,s) quarks. By
confinement ansatz we mean the existence of a certain pro-
cedure for averaging light quarks over vacuum gluon con-
figurations. In Feynman-diagram language this averaging can
be written as an integral of the product of the light-quark
propagators of an arbitrary quark diagram with complex
measure do,. For example, in the case where a quark dia-
gram contains only a single light-quark propagator G,(p),
we have

G(p)=f dUZGz(p)=JdozzAg;_ﬁ
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1 p*\ b ( P2)
= —lo| -5+ £ b -2 (85)
Aq Aq A, Aq

Here the confinement of the propagators describing the
propagation of light quarks of different colors is produced
independently.

As is well known, in the heavy-quark effective theory in
the Isgur—Wise limit>* the heavy quark is nearly on-shell,
i.e., it is in the infrared regime. The infrared asymptote of the
one-particle Green function has been studied in the Abelian
theory (quantum electrodynamics) in a number of studies
(see Refs. 89 and 90, for example). The infrared propagator
of an electron has the form

G(p,v)=G(p)s(p*,v), (86)

where G(p) denotes the standard propagator of a free ferm-
ion field:

G(p)=(m—p)~". 87)
The function s(p?,v) is given by the expression
s(p*,v)=(1—-p*m*)". (88)

Here the parameter v is related to the gauge-fixing parameter
d ] as

v=_(ae,/47)(3—4d,)), (89)

where a,, is the fine-structure constant.

In Refs. 91 and 92 the infrared propagator of the Abelian
theory was used as a first approximation in calculations of
the Isgur—Wise meson function. We shall proceed in similar
fashion. In particular, we shall take the heavy-quark propa-

gator to be
1+v
my+p 1
So(p,v)= , (90)
2 mé 1—p2/m2Q

choosing v to be a free parameter. Therefore, generalization
of the CQM to heavy-quark physics leads to the appearance
of two additional parameters: the binding energy
A=M B, Mz, and the infrared parameter v. There are no
experimental constraints on the choice of A. The binding
energy A has been estimated theoretically, using various ap-
proaches: potential models, QCD sum rules, and so on. By
studying the correlator of two heavy-light quark currents,
using the effective theory, it was found that A=0.50%+0.07
GeV (Ref. 93). In our model, by studying leptonic decays of
heavy mesons®> we have obtained a constraint on the choice
of the parameters A and v. In particular, we have shown that
the best agreement with the experimental results for the weak
constants fp and fp, is obtained when the parameters A and v
lie in the ranges 0<A<0.6 MeV and 0sv<1.

According to the Feynman rules, the vertex part describ-
ing the semileptonic decay of a heavy baryon (see Fig. 1a)
B, into a heavy baryon B, and a lepton pair /v, is

/ d*k
AZ° (v,v")>gp 88, 2’ ’ Krlrzj -7 IS¢
I,T,0)T)

X(p' =k, v)0,So(p—k,v)I,
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XJ d*k’ e k' +k e k' —k
s |\ T2 P\ T )

where K r, are the corresponding group coefficients.

The vertex part describing the semileptonic decay of a
heavy baryon B, into a light baryon B, and a lepton pair
lv; has the form

4

04 d’k ,
A2(v,v)xgg,gs, 2 | —=TiG(p'=k)0,S,

r 1ol T,

X(p—k,v)T';

Xf a‘k’ G k'+k G k'—k
s U\ T2 2 T2

To avoid the appearance in the matrix elements of ultra-
violet divergences and singularities related to free-quark cre-
ation, in the CQM it is postulated that the function G(p) is
an analytic function in the complex p plane. The confine-
ment functions a(u) and b(u) are defined as

z 1

a(u)=fdaz ZzT’ b(u)=fd0'zzzTu. (91)

The scale parameter A,, which has the dimensions of
mass, characterizes the confinement region for light quarks
of the corresponding flavor g=(u,d,s). Neglecting the ef-
fects of the unitary-symmetry breaking of strong interactions
at the heavy-quark mass scale, we shall start from the uni-
versal value of the parameter Aq , which is the same for u,
d, and s quarks: A,=A,=A;=A;. In Refs. 71-78 it was
shown that the physical characteristics of light hadrons de-
pend weakly on the explicit form of the functions a(#) and
b(u), and depend only on their integrated characteristics.
Here we shall use a very simple set of functions a(#) and
b(u), the ones used in Refs. 71-76:

a(u)=ay exp(—u*—aqu),

92
b(u)=b, exp(—u’+bqu). 2)
The parameters a;, b;, and A, were found from the best

description of the experimental data on low-energy hadron
physics: ™!

ag=bo=2, a;=1, b;=0.4, A, =460 MeV.

(93)

Since the calculation of the two-loop graphs (Fig. 1a)
involves certain technical difficulties, a quark—diquark ap-
proximation of the two-loop quark diagrams describing the
baryon form factors was suggested in Ref. 75. The basic idea
of this approximation is to replace the two-loop quark dia-
gram (Fig. 1a) by a one-loop quark—diquark diagram (Fig.
1b). According to this hypothesis, the vertex parts of semi-
leptonic decays of heavy baryons are written as

, d‘k
ALZ (v,v")*gp 85, 2’ ' Krr, | 7%

1

X J d(TZFISQ(P’_k,V)O#SQ
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X (p—k,v)T,D 1"2(k?)
and

0ar d*k
Ay (V,V)“gaggﬁq > Krr,| —=

IT,rir, ™
Xf do,I'1G,(p'—k)O .Sy

X (p—k,»)[,D 1 2(k?),
where D:l 2(k2) is the diquark propagator with the corre-
sponding spin:
TiT5 12y _ JTiThny (12 2 1

D,V 2(k*)=d v 2D(k*), D k)= 57— (94)
N z AD—k
Here d"1"2 are Lorentz structures dictated by the form of the
matrices I'] and I'}, and the scale parameter A, which has
the dimensions of mass, characterizes the light-diquark con-
finement region.

In specific calculations it is convenient to define the pa-
rameters d'112 as

d*P=Cpp, d*°=Cgg, d"¥

dTT

=CVVg/.LV’ dAA:CAAguw
=Cr718 na8vp> dAP:_dPA:CAP(ik,L), 95)
d"T=—d"V=Cy(ik.g"*-ikg g"*),

where C rir, are numerical coefficients which must ensure

preservation of the symmetry properties (for example, gauge
invariance) originally possessed by the vertex part of the
two-loop diagram. The requirement of gauge invariance im-
poses the following relations between the parameters
C r; ré .
Css=Cpp=Cps=3Cyy= Cap=Cps=0.
(96)

The coefficient Cyr, along with the dimensional parameter
Ap, remains a free parameter in the calculations. The pa-
rameter A, was fixed from the condition of obtaining the
best description of low-energy nucleon physics:”
Ap=2827.7 MeV.

It should be noted that the quark—diquark approximation
of the two-loop diagrams is closely related to the physics of
semileptonic decays, in which a pair of light quarks does not
participate in the decay and instead plays the role of a hard
core—a diquark. Therefore, the baryons in semileptonic de-
cays are manifested as a bound state of a quark and a di-
quark.

The technique of calculating the matrix elements in the
quark—diquark approximation is demonstrated in the Appen-
dix.

1
2 CTT:

4. FORM FACTORS OF SEMILEPTONIC DECAYS OF
HEAVY BARYONS

Let us give the results of the calculations of the form

factors of semileptonic decays of heavy baryons ;% —3"lv,
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for various modes (i.e., with change of flavor b—c, b—u,
c—s, and c—d). Here in the decays A,— A v, and
3 ,— 317, the form factors are calculated with corrections
of order 1/mg,.

A. The decay Ap—AJy;:

[
1+ —+—
my, m;

7(w,1_\, v)],

Fl(w’Aa V):Gl(wsAa V)

X
1+w

FZ(wyAy V)=GZ(w91-\, V)

- 1 -
=—G1(w,A,v) E_ T(w’A9V))

l1+ow

F3((0,A, V) =- G3((l),1-\, V)

'r(w,[\, V).

: 1
=—Gl(w,A,V) m—b 1+
The function 7(w,A,v) describes the nontrivial internal
structure of heavy baryons. We note that in the HQET
7(w)=1 (Ref. 52). This is explained by the fact that the
HQET Lagrangian is a series in powers of 1/mg consisting
of local operators. In our model the form factors are de-
scribed by a one-loop diagram (Fig. 1b). Here the 1/mg cor-
rections are obtained in the expansion in powers of 1/m of
the corresponding loop integral. Therefore, whereas the
HQET is a tree approximation to the description of heavy-
quark physics, our model makes it possible to take into ac-
count nonlocal corrections. It is important to note that the
CQM in the Isgur—Wise limit completely reproduces the
group relations of the effective theory between the form fac-
tors of semileptonic decays.

The form factor G l(w,/_\, v) can be expressed in terms
of the Isgur—Wise function ¢ (w,[\, v) as

Gl(w,./-\,v)=§(w,/_\,v) l+1-X( ! i)p(a),j_\,u)].

—+
my m, (97)

The Isgur—Wise function { and also the functions 7 and
p can be expressed in the CQOM in terms of the structure
integrals ®;, with i=1,2,3:

. )_Ql(w,j-\,v) N )_cpz(w,[\,v)
{obn=g Thy MG Th’

(98)
P(w[\v) q’3(1,[\,1’) q>3(“”1_\’v)

TO,(LAY) d(aAv)

The structure integrals (I>,-(w,1_X, v) have the following form:
(Dl(w,./_\,v)=j daf d,Bf do,
0 0
(aB)”

><[z2+ a2+,32+2aﬁw—2r(a+/3)]1+2"’
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d)z(w,[\,v)=(w+l)fowdajomdﬂf do,

v a(ap)”
[22+a?+ g2+ 2aBw—2r(a+B)]' T’

®;(w,A,v)= f:da f:dﬂ f do,

x (aB)”
[2Z2+ a?+ B*+2aBw—2r(a+B)]' 1%

1+a(1+v)

> +(1+2v)a

(a+B-1)*+aB(w—-3)+p
22+ a?+ B*+2aBw—2r(a+ B)
where r=A/Ap.
In integrating over the vacuum measure d o, for different
values of v it is necessary to use the identity

J‘ 4 1 _sin(Trn) «© du
7z [2+x]'™"  an fo Ffdaz

1

Xe—m————3
[z°+u+x]

sin(wn) (= du
=— —,,b'(u+x).
n o u

.

Here 0<n<1 and b'(s)=db(s)/ds.

The function p(w,A,v) satisfies the normalization con-
dition p(1,A,v)=0. Therefore, in the limit where the veloci-
ties of the initial (v) and final (»") baryons are the same, the
1/m corrections to the form factor G, vanish. In addition,
since for v=1v’ we have

a(v) =¥ ), u(v)
(99)

=udv')v,u(v), ufv')ysu(v)=0,

this also means that in the full matrix element of the decay
Ap— A v, the corrections of order 1/mg cancel, ie., the
Ademollo—Gatto theorem is satisfied.

B. The decay 3,—3, »;:

Fl(w,[\y V)=Gl(wsAs V)[ 1

+

1 . 1\ A i
m, m, 1+w7(w’ V) s

Fz(w,A, V)=F3(w,./-\,v)= —ZGl(w,[\,v)[l

( 1 1
+|—+

A _
o m_c) Hitw) @A)

’

Go(w,A,v)=—G3(w,A,v)=2G(w,A, u)[ 1

Ivanov et al. 72



1 1 3A i
+(m_b+ )4(1+ iira) @A)

Gl(w,./_\,v)={(a),./-\,v) /_\p(w,l-\,V) .

(1 1
1+ —+—
m, mg

We note that the form factors of the decays A,— A lv, and
3.,— 2 lv; are expressed in terms of the same functions ¢,
7, and p. As in the case of the decay of the A, baryon, the
terms proportional to 1/m, in the matrix element of the de-
cay %,—2.lv; cancel, in complete agreement with the
Ademollo—Gatto theorem.

The results for semileptonic decays of A, and A bary-
ons into light baryons (Ag,p,n) have been obtained in the
special case where v=0.

C. The decay Ag— Ag{p,n}ly,:

Tignl @, A, 1),

A
=_G1(wAll~f) M, 1te

F3(w’Aap‘f) =G3(w’1-\,#'f) =0,

Gy(,A, 1) = gl @, A, ).

Here {jign(w, A ,Mg) is the Isgur—Wise function for the
heavy-light transition, and u;=M/ A.

The functions Zhgm(w A, pp) and Ty, A ,is) can be
expressed in the CQM in terms of the structure integrals as

d)hght((l) A /"f)
Cignl @, A, )= W

_ ) q)light(w 1'\ m )

A A 1 A A T( (U,A, )= _2'—,’—f’ (100)
Fl(w1A’,u'f)=Gl(w’Asﬂ'f)[1+ l‘L_f 1+ w T(l"rAap'f) ’ Ky q)lllgm(l,A,[.Lf)
FZ(w’A’,u'f)zGZ(w,A/“f) where

|
. - ® 173
D (w, A, pup) = fo dafo dp
zs—a— P+
X f do, B A e s
zz(s’2+ p— (sz—s’z)) +a’+ B2+2aBw—2a— Bu;
f
. - d By
O (w,A, pp)= fo de fo dp
2a(w+1)
X f do, B ,
zz(s’2+ — (sz—s'z)) +a?+ B2 +2afw—2a—Bu;
mg
[
with s=A,/A and s’ =Ap/A. . 3
=
o, AV)S 7507, (102)
5. THE ISGUR-WISE FUNCTION ) ) ]
and, accordingly, a lower bound on its radius,

In this section we focus on the calculation of the funda-

mental characteristic of heavy-quark physics, the Isgur—Wise p’=3. (103)

function {(w) of the decay A,— A lv;. In our model the
Isgur—Wise function depends on the parameters A and v:

(I)l(w,Aa V)
Dy(w,Av)°

It is important to note that in the diquark approximation the
form factors of the decay 3,— 3, lv; are expressed in terms
of the Isgur—Wise function {(w,A,v). Taking into account
the Bjorken sum rules,’! this leads to a restriction on the
choice of Isgur—Wise function and its radius. Substituting
into (52) our results for {; and {,, namely, {{=w{ and
{,={, we obtain an upper bound on the Isgur—Wise func-
tion:

Uw,A,v)= (101)

73 Phys. Part. Nucl. 26 (1), January—February 1995

Let us give the explicit expressions for the function @,
for different values of v in the range 0<v=<1.
v=0:

&, (w,A,v=0)= J:daJ:dﬂ b(A),

where A= a?+ B2+2aBw—2r(a+B) and r=A/Ap.
o<v<1/2:

®1(w,A,0<v<1/2)=— sin(27rv)27rv 0 dal% d 0
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du
XW b'(u+A).

v=1/2:

& (w,Av=1/2)=— f:daf:dﬁ b'(A).

el

12<v<1:

sin(m(2v—1))

®(w,A12<v<1l)=——= yar(2r=1)

du
Xuz,,_l b"(u+A),

where b"(s)=d>b(s)/ds>.
v=1:

_ 1 [« .
P (w,Av=1)= 3 Jo dajo dp b"(A).

In the case where A=0 the Isgur—Wise function has the
form
r2+2v) (= a’
r?(1+v) a(1+a2+2aw)1+"'
(104)

In particular, for A=0 and »=0,1 the Isgur—Wise func-
tion is

§(w,j_\,v)=

In(w+ \/wz— 1)
§(w,0,0)=ﬁ2—_??—,

3 o In(w+Vo?-1)
g(w’oyl)—wZ_l \/0)2—1

This analysis showed that for values of the infrared pa-
rameter v lying in the range 0<<v=<1/2 and for any value of
the parameter A the radius of the Isgur—Wise function takes
values which do not satisfy the Bjorken sum rules. This situ-
ation is illustrated in Fig. 2. Here we give the results for the
radius of the Isgur—Wise function as a function of the param-
eters v and A. The numbers label the graphs of the function
p*(v) for certain values of A: 1 (A=0 GeV); 2 (A=0.2
GeV); 3 (A=0.4 GeV); 4 (A=0.6 GeV). In turn, the Isgur—
Wise function for 0<<vp=1/2 lies above the Bjorken limit
(101). Therefore, analysis of the leptonic decays of B and D
mesons’® and the Bjorken sum rules for the Isgur—Wise
baryon function® impose the following restriction on the
choice of the parameter v: 1/2<w=1. In addition, in fitting
the Isgur—Wise function, we tried to obtain the greatest sup-
pression of this function for the maximum value of the kine-
matical variable w. This could be done for »=1. In the
graph shown in Fig. 3 we give the results for the lower and
upper limit of the Isgur—Wise function with the condition
that v=1 and the parameter A takes reasonable values in the
range 0.5 GeV =A=<0.6 GeV.

For the best fit of the Isgur—Wise function we take the
result obtained for the following choice of the free param-
eters v and A: v=1 and A=0.5 GeV. It is in this case that
we obtain the best agreement with the results of the IMF

(105)

1].
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FIG. 2.

model,” in which the wave functions of baryons in the
infinite-momentum frame were used to calculate the Isgur—
Wise function.

In Fig. 4 we compare the results for the Isgur—Wise
function obtained in our model (v=1, A=05 GeV), using
QCD sum rules,® and in the IMF model.° We see that the
Isgur—Wise function obtained by the QCD sum-rule method
lies somewhat higher than our curve and the result of Ref.
69. This difference can significantly affect the results for the
polarization characteristics of semileptonic decay of the A,
baryon.

Let us discuss the results for the radius of the Isgur—
Wise function. In the trivial case where A=0 the radius de-
pends only on the parameter v as

(1+1/)2
3+2v°

2:

p (106)

Obviously, in this case the Bjorken sum rules impose the
following lower bound on the parameter v:

1.0 =
~ Bi
-=20rken fimy
08 | -~
N -
—_— >~ i ~_
3 0.6 \
- -
A B A=0.6 GeV
04 r \
A=0.5 GeV
0.2 r
0.0 L . =
1.0 1.1 1.2 1.3 1.4 1.5
(o9
FIG. 3.
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(107)

The results for p? obtained in our model for v=1 and
for various values of A are given in Table 1. There we also
compare our results for the radius of the Isgur—Wise function
in the case of the best fit (v=1, A=05 GeV) with the results
of other approaches: the IMF model®® and the dipole model
(DM; Ref. 69), in which the explicit form of the Isgur—Wise
function is modeled as a dipole in accordance with the
power-counting rules of QCD% for the asymptotes of the
hadronic form factors:

2.25, CQM,
p?={ 3.04, IMF (Ref. 69),
1.78, DM (Ref. 69).

6. POLARIZATION CHARACTERISTICS OF THE
CASCADE DECAY A, —A[—A,a]+W[—1v]

Let us conclude our discussion by making predictions
for the polarization characteristics of the decay
Ap— A [—A;m]+W[—1v/]. Here in the calculations of
the corresponding physical quantities we shall use the Isgur—
Wise function calculated in the preceding section for the fol-
lowing values of the free parameters v and A: v=1 and
A=0.5 GeV. Therefore, we shall work in the Isgur—Wise
limit, in which, as is well known, the vertex part of the
semileptonic decay A,— A lv, is entirely determined by the
Isgur—Wise function. All the needed definitions are given in
Sec. 2 above. We shall use the experimental values of the
A, and A, baryon masses: m A,=564 GeV and
my =2.285 GeV.

TABLE I. Charge radius of the Isgur—Wise function.

TABLE II. Widths of the decay A,— A v, (in units of 10'* sec™?).

Approach Fow Tz Trp  Tr r, r,, T,

cQM 407 174 047 127 232 011 221
IMF(1) (Ref. 69) 457 188 042 146 269 011 258
IMF(2) (Ref. 68) 489 197 044 153 292 010 282

DM (Ref. 69) 551 217 056 1.61 348 013 335
FQM (Ref. 69) 11.73 390 094 296 11.73 4.09 7.64
SQM (Ref. 59) 499 193 050 1.43 3.06

NRQM (Ref. 67) 5.9 2.7 3.2

Let us begin with the calculations of the width of the
semileptonic decay A,— A lv;. The results of our calcula-
tions are given in Table II. For comparison, we give the
results of other phenomenological approaches: quark models,
in which the baryon wave functions are calculated in the
infinite-momentum frame [the IMF(1) in Ref. 68 and the
IMF(2) in Ref. 69], the dipole model (DM; Ref. 69), the
spectator quark model (SQM; Ref. 59), the free-quark model
(FQM; Ref. 69), and the nonrelativistic quark model
(NRQM; Ref. 67). We see that our results are in good agree-
ment with those of the approaches of Refs. 68 and 69. It

should be noted that our results for the partial widths FT+,
69

Iy ,Tp,,and ', admit a quite reasonable explanation.
In particular, owing to the left-handed chiral structure of the
weak quark current cO b, the negative partial widths I'y_
and I'; _ dominate over the positive partial widths I'y_ and
I'y,, respectively. As in the other approaches, the width
I’y dominates over the widths FT+ and I'y . Finally, the
value of I';  is significantly suppressed in relation to the
other partial widths. In Figs. 5 and 6 we give graphs of the
differential distributions dT"/dw [dT';, (7, )/dw] and the lep-
tonic spectra dI'/dE, [dI’L*(n)/dE;]. 1t should be noted
that our results are in good agreement with those of the IMF
model.® This is the case because in our approaches the be-
havior of the Isgur—Wise function in the kinematical region
1< w< wpy is quite similar. In Table III we give the results
of calculations of the asymmetry parameters, which can
serve as a prediction for future experiments.

7. CONCLUSION

We have used the CQM to study semileptonic decays of
baryons containing a single heavy quark. We have obtained
the following results:

* We have obtained expressions for the form factors in

the limit of infinitely large masses of the heavy quarks
(the Isgur—Wise limit) together with the 1/m correc-
tions to the form factors of the decays A,— A Iv; and
2 b E cl V.

A, Gev 047 048 049 050 051 052 053 054 055 056 0.57 0.58 0.59 0.60

' 3.03 2.67 243 225 210 199 1.89 1.81 173 1.67 1.61 156 150 145
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We have shown that in the diquark approximation in
the Isgur—Wise limit the form factors of the decays
Ap— A v, and 3,—3 v, can be expressed in terms
of a universal function: the Isgur—Wise function {.
We have calculated the Isgur—Wise baryon function
and its rms radius.

For a particular choice of infrared parameter v we
have obtained suppression of the Isgur—Wise function
at the maximum value of the kinematical variable
w=v-v', where v and v’ are the velocities of the
initial and final baryon. Here the Isgur—Wise function
and its radius satisfy the Bjorken sum rules.”!

We have made predictions for future experiments to
study the dynamical characteristics of weak decays of
the A, baryon. We have calculated the widths, the dif-
ferential distributions, and the leptonic spectra of the
decay A,— A lv,. We have also calculated the asym-

metry  parameters of the cascade decay
Ap— A=A w]+W[—1v].
s

dr/dE,

dr /dE, dry/dg,

driE,, (10 s~ GeV™')
N

dry,/dE
0 r \dr':L/
0.0 0,5 1,0 1,9 2,0
E,

FIG. 6.

Our results are in good agreement with the quark
model,% in which the baryon wave function is calculated in
the infinite-momentum frame. We hope that our work will be
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TABLE III. Asymmetry parameters.

Approach (a) (a') () o A{ap)  {p)

CcQM -0.71 -0.13 -046 0.61 0.32 -0.19
IMF(1) (Ref. 69) -0.71 —-0.12 —-046 0.61 0.33 -0.19
IMF(2) (Ref. 68) —0.78 —-0.14 —-0.49 0.53 0.33 —-0.15
DM (Ref. 69) -0.75 -0.12 -0.51 057 0.37 -0.17
FQM (Ref. 69) —0.81 -0.10 —-0.60 0.50 0.46 —-0.14

useful both to theoreticians interested in heavy-quark physics
and to experimentalists involved in experiments on weak de-
cays of heavy baryons.

We would like to conclude with our thanks to G. V.
Efimov, S. B. Gerasimov, M. K. Volkov, R. N. Faustov, N.
Isgur, J. Korner, P. Kroll, and T. Mizutani for fruitful discus-
sions and useful remarks. We would also like to thank the

Russian Fund for Fundamental Research for their support
(Grant No. 94-02-03463).

8. APPENDIX

Let us demonstrate the technique for calculations in the
quark—diquark approximation for the example of the struc-
ture integral

R(V,V’):J iZk-J‘d(rz 2 :
wei [mQ,_(Pl_k)2]1+v
1
X[mé_(p_k)2]l+vZZA12)_k2'

Using the Feynman « parametrization

1 1 T(my+---+m,)
AT am T(my)-T(m,)
-1 ! -1
Xdajai! f da,a’™
0
y (l—a;——a,)
[A1a1+ “+Anan]m1+-”+m"

and integrating over the virtual momentum k, we obtain

ra+2
R(v,v')= F(Z(HV)) f f daa’

o 6(1-a—pB—vy)
XfodBBJdY-Tsz—

where
A=Z’ALy+M;a*+M;B*+20M MaBf—2A
X (Ma+MB)+ A a*+ B?).

Then, making all dimensional quantities dimensionless by
means of the parameter A, performing the integral over the
variable y, and making the change of variables a—a/u;
and B— B/uy, where wi=M;/A and us=M;/A, we obtain
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, _F(1+2V) 1+ Hi rf
R(v,v )——I:m(ﬂiﬂf) fdo‘zfo da 0 dp
a 1+v (aﬂ)v

X 1—;;) W’
where
A2 2
S=22_—D(l——ci)(l—g‘)+a2+,82(1—-a—)
A? i My Mi
#2001 “) 2t (1 “))+“2
wap Mi a+h Mi Mi

a 2

In conclusion, let us consider the Isgur—Wise limit
(i, pug—) in the integral R(v,v'):
. , , ra+2v)
lim R(v,v')=R(v,v )=m (pips
M ,“f—mo

)1+v

® ® (aB)”
Xf ‘“’zfo d“fo B ST

where

AZ
Sw=22 A—§+a2+32+2waﬁ—2(a+ﬂ).
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