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We show how to incorporate baryons in the heavy quark effective theory. A convenient
formalism is exhibited and applied to semileptonic weak decays of heavy baryons. In general, the
heavy quark effective theory reduces the number of form factors necessary to describe the matrix
elements for transitions among heavy baryons. We also note that in semileptonic weak decays of
A, one arrives at an important and experimentally testable prediction that two form factors
suffice to describe this process. As a further application of the formalism we discuss exclusive
production of heavy baryons in e e~ annihilation.

1. Introduction

The physics of heavy hadrons has recently attracted a great amount of attention.
One of the reasons is that the experimental data have improved considerably over
the last couple of years. Another reason is that new theoretical ideas which lead to
a formulation of an effective heavy quark theory [1-7] have been put forward. A
number of interesting predictions based on this theory have been found, and this
paper shows how the effective theory can be applied to heavy baryons.

Cine of the main points of the heavy quark effective theory is the fact that it
possesses two additional symmetries compared to the full theory of QCD. The first
one is a heavy flavor symmetry, namely an SU(N,) (N, denotes the number of
heavy flavors), under which the heavy quarks may be rotated into one another.

The second symmetry is the so-called spin symmetry, which is due to the
decoupling of the spin degrees of freedom in the heavy quark limit.

These symmetries have been applied very successfully to weak decays of heavy
mesons [4,8,9] and to exclusive heavy meson production in e*e™ annihilation
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{10, 11]. In addition, since the heavy quark effective theory is a well-defined limit of
QCD, gluonic radiative corrections may be calculated systematically [8, 10].

The purpose of the present paper is to extend the formalism of spin symmetry to
baryons containing a heavy quark. This has also been discussed by Isgur and Wise
[12] by explicit application of the commutation relations of spin and heavy flavor
symmetry. In the present paper, we exhibit a convenient formalism which strongly
simplifies the counting of form factors compared to ref. [12]. A brief outline of this
formalism is found in ref. [13]. As applications we discuss semileptonic decays of
heavy baryons and exclusive heavy baryon production in € "¢~ annihilation. Note
that the issue of heavy baryonic form faciors has also been addressed by Hussain
et al. [14] using a phenomenological model.

For the sake of clarity later on, let us briefly discuss the nomenclature of the
baryons containing heavy quarks. We adopt the scheme of the Particle Data Group
[15]. In this scheme, the ground-state baryons are

Aw=[(aa)oh]i 2, E;=1[(as)oh] 2,
3y =[(aa)h]i 2. Ey=1[(as)ih]1)2,
Q.= [(ss)ihlij2,  Zf=[(9a") k52,
¥ =[(as)ih]s2, Qi = [(55)1h]3/2-

Here g, q’ refer to u- and d-quarks, g # q' for the A, but g may be the same as ¢’
for the ¥, and 3. The first subscript (0, 1) is the total spin of the light pair, while
the second subscript (1/2,3/2} is the total spin of the baryon. For later conve-
nience, £, may refer to any of the two baryons A, or Z. Similarly, we denote any
of the three baryons 3,, 5, and 2, as o,, and 3}, 5 and 2} as of.

Section 2 of this paper mainly contains the group theoretical framework of heavy
flavor and spin symmetry, which is applied in sect. 3 to semileptonic decays of
heavy baryons and to exclusive heavy baryon production in e *e~ annihilation.

2. The formalism of spin symmetry for baryons

In this section we exhibit the group theoretical framework of spin symmetry
(SUQ),,;,) of heavy hadrons which arises in the limit mgy > Agcp, Where m,
denotes the mass of the heavy quark. As discussed in ref. [6], heavy quark systems
may be described by an effective theory in which the heavy quark part of the
lagrangian is given by

3

d'v  _ _
oy = f_,-—(ih,f%h;“ +ih Fh). (1)

Uy
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& is the covariant derivative, and A& (h7) annihilates (creates) heavy quark
(antiquark) states with 4-momentum

Pr=my* +k*, (2)

and k, is of the order Aqcp.

The dynamics described by .}, differs from QCD by terms that go to zero as
m, — =, at least logarithmically: the differences are due to terms suppressed by
powers of agep(m,) or Agep/m . If we neglect these effects, different velocity
sectors do not communicate leading to the so-called velocity superselection rule.
Note also that the lagrangian £, contains no reference to the mass of the
heavy quark, which has been formally sent to infinity. Consequently, if we have
different species of heavy quarks which obey m > Aqcp, the effective theory has
an additional heavy flavor symmetry corresponding to exchanges of heavy quarks.

In each velocity sector of the theory described by (1) there is a second new
symmetry, called spin symmetry, which arises because QCD interactions of a heavy
quark become independent of its spin degrees of freedom in the heavy quark limit.
This means that for each r there exists a separate SU(2) spin symmetry. The
generators of this symmetry can be associated with three unit vectors €/ (i = 1,2,3)
which are orthogonal to ¢* :¢;- v =0,e? = — 1. Let us introduce a triplet of quark

spin operators S*(r, €) (e =¢€,, €5, €;). The commutation relations for the opera-
tors § are

[S* (e ed, h}) = vspgh, . (3)

Note that if we consider a system with a heavy antiquark, the QCD interactions
again dc not depend on the polarization state of the heavy antiquark. Analogously
then, one can introduce three operators S (1, €) which obey

[S7(v.e),h ] = —ysttd™h . (4)
Also

[S*)(v,e),nP)] =0, (5)

and S*(r,€) and S~ (v, €) commute with each other.

Now consider a heavy baryon built out of a heavy quark and two light quarks.
‘The mass M of the baryon in the spin symmetry limit tends to the quark mass
M =m (1 + O(Aycp/m,)). Such a baryon is moving with an “infinite” momentum
P* = Mr* and obviously the only keavy quark states present in the baryon’s wave
function come from the r* sector of the theory. In this sector we have the
symmetry generated by the operators $* (i, €) and all hadron states in the sector
must occur in multiplets of SU(2), ;. On the other hand, the operators S *(r', €) do
not commute with total angular momentum, which means that they may connect
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states of different spins. In other words, each irreducible representation of
G = Lorentz & SU(2),,,;, in general may describe states whose spins differ by unity.

Here we would like to identify the representations of G that correspond to the
light baryons. The simplest baryons are the £,. The nontrivial Lorentz structure of
¢, is due solely to the two polarization states of the heavy quark. This means that
the SU(2),,;, rotations constitute a subset of the Lorentz transformations, i.e. that
SU(2),,i, connects polarization states of the same particle. It follows that the
representation of G which contains &, can be described by an ordinary Dirac
spinor u ,_fh(v). The Lorentz transformations are

u,(v) > D(A)u(Ar), (6)

where A denotes the fundamental representation matrix of the given Lorentz
transformation and D(A) is its spinorial representation. Note that the spinor
indices have been suppressed. The spin transformations are

ue () = —ysfdu(r), (7)

which transform one polarization state of £, into another.

On the other hand, consider the baryon states in which the light quarks are
paired into spin one. These are the w,, and w§ states. These states have nontrivial
Lorentz structure coming from both the light system polarizations and the heavy
quark polarizations. In this representation of G there are spin-1/2 states (v, ), and
spin-3 /2 states (w#). In fact there is a slight ambiguity as io which representation
of G describes the w,, and w} states. This is because under the Lorentz group the
light quarks’ indices can transform either as a pseudovector or as an antisymmetric
tensor. In the first case one has to introduce a pseudovector-spinor object R*,
where ¢, R* = 0 and the spinor indices have been suppressed. Note that in general
y,R* #0 because R* describes a spin-1/2 particle together with a spin-3/2
particle. In other words, R* contains a Rarita~Schwinger field as well as a Dirac
field. Under the Lorentz transformation,

R*(r) » A", D(A)R"(Ar), (8)

and under the spin transformation,
RE(r) > —ys#dRH(1). (9)

The parity transformation of R* is

RE(0%) = —y"Ry(r,). (10)
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An alternative representation is to introduce a spinorial object with two vector
indices, P*", which is antisymmetric under the exchange u < v and obeys v, P**
= () (spinorial indices once again are suppressed). The Lorentz transformation of
Pis

P (v) -—)A"GA”BD(A)P"B( Av), (11)

and the spin symmetry transformation is

P (1) = —vysid PP (1) . (12)
Under parity,

PE () = yo P, (1) . (13)

In what follows we discuss the formalism in terms of both P’s and R’s and we
will check whether those two descriptions are equivalent. Before we continue it is
important to identify the parts of R (P) that correspond to spin-1/2 and those
that correspond to spin-3/2 states. Spin-3/2 states can be easily projected by
contraction with Vs

Y. RL: =0, (14)
and equivalently

‘y[.L-YIJ oI;LﬁV = O * (15)

The rest of the independent components of R (P) correspond to w,,,

1
Row= 7 (" +e9)ysu,,, (16)

where u,, is the Dirac spinor of the w, state. Analogously

1
Po = (e =y ek =3l y D, (17)

The power of the spin symmetry formalism lies in the observation that a generic
operator h [I'h, transforms as a spinor under SU(2) (and of course indepen-
dently as a spmor under SU(2),.). Suppose we look at the matrix element of
h, T'h., sandwiched between heavy hadron states. One of the hadron states must
cor respond to the ¢, velocity sector (and the other one to the v,-sector). The
irreducible representation of G which describes the heavy hadron state of velocity
v, decomposes into a direct sum of the spinors of SU(2) In such a representation
thc different SU(2), , $pinors correspond to all the mdcpcndcnl polarization states
of the light quark syqtem (and for this reason the indices which label the spinors
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are termed light quark indices). The Wigner—Eckart theorem tells us that for each
independent SU(2)l.l spinor in the given representation of G there is only one
SU(2), -invariant amplitude that describes the matrix element of 71“1" h k.

On the other hand, Lorentz transformations mix the light quark indices, which
means that the set of all the SU(2),; -invariant amplitudes transforms as some
tensor representation (not necessarily irreducible) of the Lorentz group. Such a
Lorentz tensor can only be built from the velocity vectors vi,rs and invariant
tensors g*,e***f. In other words, the requirement that the hadron matrix
element transforms properly under the Lorentz group means that the light quark
indices must be contracted with a Lorentz tensor built out of r¥, vy, g* and
€***B_ The number of irreducible components in such a tensor corresponds to the
number of independent form factors describing the heavy hadron matrix element
of h, Th, .

As we have discussed above, £, baryons are described by the simplest possible
representation of G, a single spinor. This means that the matrix elements which
describe processes involving &, particles will be most constrained by the require-
ment of the spin symmetry. For example let us look at the matrix element

(En(0)RTR (")) = A(r -0 (v) T, (27), (18)

where we have allowed for the possibility of two heavy quark species % and #'.
G-symmetry tells us that there is only one independent amplitude A(c-r').
Moreover, if we put I" =y, then the matrix element (18) corresponds to the matrix
element of the effective flavor symmetry current and in the forward limit it is
uniquely specified,

AQ) = Jmym, -1, (19)

where the factor ‘/m ¢, means ihat the hadron states in eq. (18) are normalized
relativistically. The case of £, is special because it is the only hadron for which
spin symmetry connects different polarization states of the same particle. This
means that the number of independent Lorentz amplitudes will be reduced not
only for heavy — heavy transitions. As we show later in this section, in the case of
the semileptonic decays &, — light baryon the a priori six independent amplitudes
describing such a transition get reduced to two.

As a way of verifying our group theory argumenis which lead to a resuli like (18)
one can present a derivation of (18) where the spin symmetry constraints are
imposed explicitly via commutation relations (3). Let us first introduce matrix

* Likewise, for each spinor in the representation that describes the hadron moving with velocity ¢,
there is only one SU(2), -invariant amplitude.
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elements of the vector and axial currents,
(en(O)|Fnaljen(e) ) = (0){a(e -2y y, = ib(r £ a0 =) Jug (¢7) . (20)

(e Tnarst (e ) = T () el e)mys + (- 0) (0 = ) uyshug (27), (21)

where we have used the flavor symmetry of the effeciive theory to get rid of the
second-class currents. Without any loss of generality we can assume that ¢’ =
(1,0,0,0) and that the two polarizations of &, correspond to s.=1/2 and
s.= —1/2 states. We may adopt the phase convention

(65, = 172 = S(eyt") €5, = —1/2), (22)

where e, = (0, 1.0,0). Spin symmetry tells us that

<§h( l‘)|7ry#h'|§h.( r'),s. = 1/2> =< En( L‘)l7175¢'¢_\.h'|§h,( r'),s.= — 1/2) . (23)

In particular, if we put u = 3 and use y>yg'¢, =iy’ together with the form of the
vector current matrix element given in eq. (20), we get the consistency condition
b(v - ') = 0. Next, we may put p =0, use y"ys¢t'¢, = —y'ys and the form of the
axial and vector currents (20),(21) to obtain a(t -v')=c(r-¢'). Lastly, putting
p =1 and using y'ys#'¢, = —y"ys we get d(¢ - ") = 0. In conclusion, we see that
the matrix elements of the axial and vector currents are given by one form factor
a(r - ') =c(r - ¢'). Similarly, we can use the projection equation #'A' = h' to show
that other matrix elements (§h(z')|71Fh'|§h.(1")) are indeed given in terms of a
single form factor.

The little exercise we have just performed shows that the results obtained on the
basis of general group theory arguments are indeed correct and from now on we
forego the use of explicit symmetry commutators in the discussion of the other
heavy baryon matrix elements®.

Now let us discuss a matrix element related to a &), = o (w{) transition. Again,
the constraint of G-invariance tells us that only one amplitude consistent with
Lorentz invariance and spin symmetry can exist,

<w‘h* ’(z')|71,,l‘h,..|§h> = G(z‘-l")ﬁﬁ(h*)(v)l"ugh,(z")t',; , (24)

where we have used the R-representation to describe w, and . The use of the
P-representation again leads to a single form factor,

(@b (B, Thi[g,) = G'(r1") P ) Tty (1) €™t (25)

Let us note that in ref. [12] all of the relations due to spin symmetry have been derived explicitly.
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But in fact eqs. (24) and (25) are consistent only with the subset of the proper
Lorentz transformations. If we use the parity properiies of R or P we see that
parity forces G(v-v')=G'(v-¢)=0. In ref. [16] spin symmetry arguments in
combination with parity and angular momentum conservation explain that (24) and
(25) in fact had to be equal to zero.

Now consider the matrix element between !’ and w!"’,

{ @ (0)| R T N = R_f,(h*»( E)TR U B(e-r)g,, + C(r-v)ee,}. (26)

G-invariance allows two independent form factors (without parity there could be a
third one). The same result is obtained with the P-representation,

(@f7(0)| R, Th |y (e))
= Fa‘,‘(‘;,( v)IP5( L")gaB{B'( v-r')g,, +C(c- L")l‘,’Ll‘V} , (27)

where again parity was used to eliminate one additional invariant.

As in the case of the A, — A, transitions, we can make a statement about the
normalization. Taking a matrix element of the (conserved) vector current between
two identical w,’s, we find that B has to be normalized at zero momentum
transfer in the same way as A is normalized in eq. (18).

We conclude our discussion of the formalism of heavy — heavy transitions by
noting that all the above arguments hold for pair creation matrix elements of heavy
baryons as well. This will be used in sect. 3 to discuss the exclusive production of
heavy baryon pairs in € "¢~ annihilation.

Finally we comment on the heavy — light transitions. Note that, in general, spin
symmetry multiplets contain particles which decay electromagnetically or strongly.
This means that even if spin symmetry relates some weak heavy — light amplitudes
for the particles in the given representation, many of these relations have little
chance of being tested experimentally. One important exception corresponds to
the &, particles. Here spin symmetry relates different polarizations of the same
particle and imposes interesting constraints. Consider for example the matrix
element of an operator /', between a heavy £, and a light spin-1/2 baryon B,. It
is described by only two form factors,

<Bllirhr |§h(U)> =i, (p){Fi(p-v) +¢F3(P’l‘)}ru§h(l')- (28)

Thus in this particular case spin symmetry greatly reduced the number of the
independent Lorentz-invariant amplitudes which may describe the heavy — light
transitions.
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3. Applications

In this section we discuss some applications of the formalism outlined above. In
subsect. 3.1 we discuss weak decays of heavy baryons. In subsect. 3.2 we calculate
the exclusive cross sections for the production of heavy baryons in electron—positron
annihilation.

3.1. WEAK DECAYS OF HEAVY BARYONS

We focus here on the discussion of semileptonic decays, where we need to give
the matrix elements of the left-handed hadronic current only. The semileptonic
decays fall into two classes: the ones involving a transition of a heavy quark into a
heavy quark, such as a b —c transition, and the ones with a heavy to light
transition, such as b —u or ¢ —s,d transitions. In general, due to the higher
symmetry the heavy to heavy transitions are described by fewer form factors than
the heavy to light decays.

Before we discuss the weak form factors, we peoint out that all of the form
factors discussed in sect. 2 are real. This is easily seen by noting thai the general
form for the vector current of a specific quark species g between spin-1/2 baryons
B and B'is

(B, p",5'|3v,a|B. p,s) =8(p', " fia?)y, — if(a)0,.0" +f(a%)q,|u(p.s),

(29)

where f,, f, and f; are real. The form factors of sect. 2 may be expressed in terms
of these.

For the heavy A’s, we find (cf. eq. (18))

fi=4. f=f;=0. (30)

For tr casc of a heavy lambda (4, ) decaying into a light one (A(uds)), we have
{cf. cq. 2b6))

m 1
f|=F1+MF2» f2=“f3=_;l‘F2a (31)

where M is the mass of the hecavy A and m is the mass of the light one. Finally, for
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the form factors for the transition between the w, we find (cf. eq. (26))

fi=—3[B(e-v'—4)+C(v-v'—1)(v-0' = 3)],

fr= [B+C(r-1'~1)],

C3(M+M)

f3=0. (32)

Let us now discuss the semileptonic decays of a heavy A, say A,. Its semileptonic
weak decay into A, involves the matrix element of the charged current which, due
to spin symmetry, may be parametrized in terms of a single form factor,

(AL |Ev 1+ 79)b|A(r) Y= A(e ), (), (1 +y5)u (). (33)

As has been pointed out in sect. 2, the form factor A is normalized at ¢ - ¢’ = 1.
Consequently, as in the case of the semileptonic decays of heavy mesons, this fact
may be used to extract V, of the Cabibbo-Kobayashi—-Maskawa (CKM) matrix
using these semileptonic decays.

An even more interesting statement may be made about the weak decays of a
heavy A, in which there is a transition of a heavy quark into a light one. Since the
A,, baryons are the only case where a spin symmetry multiplet consists of the same
particle in different polarization states, spin symmetry reduces the possible six
amplitudes to two independent ones. Using eq. (28) from sect. 2, the relevant
current is given by

(A(P)|57,L1 +y5)h|A( L‘)>
=a,(pWF(v-p) +¢F(v-p)}y,(1+vs)u,(v). (34)

The phenomenological and experimentally testable applications of (34) have been
worked out in more detail in ref. [17].

In addition, heavy flavor symmetry coupled with these relations may allow access
to the value of V,, of the CKM matrix. The idea is similar to the corresponding
decays of heavy mesons*. Applying (34) to both A, and A, one may use heavy
flavor symmetry to find that the form factors F, and F, are the same in both cases.
In the first process, the ¢ — s transition yields a final state which is a A, while in
the latter the b — u decay produces a nucleon. Although it is experimentally much
more difficult than the corresponding decays of heavy mesons, these relations will
relate the Cabbibo angle to V..

* We thank M. Wise and N. Isgur for a discussion on how to extract a relation between the Cabibbo
angle and V,,, from the decays of heavy mesons into light ones.
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The above relations may also be used to analyze different polarizations in the
decay of the A, into A, or A. This has been discussed in ref. [18], where Lorentz
invariance alone was imposed and six real functions were introduced to parametrize
the amplitudes. Using the ideas of the heavy quark effective theory, relations
between these functions may be found, and this reduces the number of indepen-
dent real functions to one in the case of an h — h’' transition and to two in the case
of a heavy to light decay.

We turn now to decays of heavy £, baryons into w, baryons. As has been
pointed out, spin symmetry and parity considerations tell us that the semileptonic
decay of a A, into a X, baryon is suppressed, since the corresponding matrix
element of the left-handed current vanishes in the heavy quark limit. This means
that the amplitude for such a decay is of higher order in agcp(m, ) and
Agep/m ,,; so that this decay may serve as a test of higher-order corrections to the
heavy quark effective theory.

Matrix elements like (26) for the weak decays of heavy w, and wi will in
general not be measurable, since these particles are expected to decay dominantly
electromagnetically or strongly. One exception is the £2,[(ss),h], ,2*, which can
neither decay electromagnetically, nor there is enough phase space for its strong
decay. In this case the weak decay will be observable and is described by two form
factors,

<.Qh( 1‘)!71,7#(1 + 'ys)hj,.]ﬂh,(l") > = ﬁ?lh( r)y,(1+ YS)R';),,.( r')
X{B(r 1) g+ C(r ) rie). (35)

Our final comment concerns the case where at least one of the light quarks is an
s-quark and the heavy quark is a b-quark. In this case the heavy baryon may decay
weakly in three different ways, since any of the transitions s > u, b > ¢, or b—u
may occur. The decay of the heavy quark is suppressed by small CKM matrix
elements, but the phase space for the heavy quark decay may be large enough to
overcome this suppression. Consider the case of a heavy baryon with quark content
bs/, where / denotes any of u,d,s. The phase space for its semileptonic decay is

1
Y64 (4M2

[M4—m4]—m"'ln(—/v£)), (36)
m
where we have neglected the lepton mass, and M (m) denotes the mass of the
initial-(final-) state baryon. For the s — u transition the final state still contains a
heavy quark and the mass difference between the bs/- and the bu/-baryon will be
small compared to the total baryon mass. In this case the phase space (36) may be

* We thank N. Isgur for a discussion on this point.
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TaBLE 1
Comparison of phase space ratios to the ratios of the absolute
squares of the CKM matrix elements

Vo2 1V, 12 D(s — u)/Pb —c) m, /GeV
0.053 + 0.021 0.018 53
0.053 + 0.021 0.011 6.0
|V |2 /V,s 12 @ (s > u) /Db - w) m,, /GeV
(75+57 %1074 75% 1073 5.3
(75+57 %1074 55%x1073 6.0

expanded for small mass differences and we find

P = i
Note that (37) depends only on the mass difference which may be estimated by
using, for example, the A-nucieon mass difference. We may now analyze the
b — ¢ and b — u decays versus the s = u decays by comparing the ratios of the
absolute squares of the CKM matrix elements to the ratio of the available phase
space. In table 1 we compare these ratios. Since there is no firm data as yet on
bottom baryons we compare for different values of its masses. The lower value is
the mass of the B-meson which should be a lower limit on the bottom baryon mass,
while the higher value is a more realistic guess. Furthermore, we have used in table
1 a value of 200 MeV for the mass difference.

From this simple estimate we sce that the phase space for b — c transitions may
indeed be sufficient to compensate for the small CKM matrix element. One would
expect that the rate for a b — ¢ decay would be about five times as large as that for
an s — u decay. In the case of the b — u decays, phase space does not compensate
the very small value of |V, |. This simple estimate yields a branching ratio an order
of magnitude smaller than the corresponding s — u transition.

(M—m)z. (37)

3.2. EXCLUSIVE CROSS SECTIONS FOR e*e~ INTO HEAVY BARYONS

In this subsection we describe in some detail the calculation of exclusive
production of heavy baryons in e*e” annihilation. These cross sections have
already been considered in connection with the production of charmed baryons,
using spin counting arguments [19], and a helicity amplitude formalism [20]. The
heavy quark effective theory provides not only the behavior at threshold, but also
shows how the cross sections change as the energy is increased above threshold.

The easiest case is the production of &, barvons. As discussed above, the
appropriate description of the &, state is to represent it by the spinor of the heavy
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guark. From these considerations we infer that the current for the pair creation of
a &,&, pair may be parametrized in terms of a single form factor and is therefore
given by

(E(O)E( Ry, h|0) = (e )T (1) v, h (). (38)

Thus the hadronic tensor is, up to the form factor |n(r - L")!z, the same as for a
massive pointlike fermion with the mass of the £&,, and we may make several
predictions. Aside from the cross sections for the various combinations of polariza-
tions we can also predict the angular distribution of the £, £, pairs to be

1 de 3 2m?
oo 42 8w 2m’+s

s

[(1 — 02 0) + ——(1 +c052@)], (39)

4m

where @ is the c.m.s. scattering angle.

Things are a little less trivial for the w,, and w{* baryons. As discussed in sect. 2,
spin symmetry relates these two baryons so that relations between the exclusive
cross sections may be found. The matrix elements of the relevant current of the
heavy quarks may be expressed in terms of the spinors given in sect. 2. Since the
w,, and the o} lie in the same multiplet of spin symmetry, all the matrix elements
may be parametrized in terms of only two form factors 4 and B*,

<‘”h( v)@,(1)|hy,h |0> =R}, (0)7,05 () (A(v -t gu + B(v-v)v)e,)
= —31(D)Ys(vs + 1)V Y — 1) Y5 (D)
X(A(L'-L")g’“‘+B(L‘-L")L""L"‘), (40)

(@F(0)B(1")| Ry, h|0) = RA(£)7,05 (0))(A(L - ') gy + B(v - ') ,)
1 D '
=ﬁRw;¢A(v)n(vK—vK’)wsv(p)

X(A(v-v)g™ +B(v-v)e™ex), (41)

(0 ()@ () R,k [0) = RAu(0) 7,05 () (A(r - ') gy + B(r - 1) 0je,),
(42)

where we have denoted the corresponding antiparticle spinors by Q,, and Q.

In contrast to the case of the weak decay matrix elements the form factors in the present case are in
general complex functions of 1+,
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These relations may be employed to give a prediction of the relative exclusive
production rates of w,@,, wiw, and wiwi near threshold. Note that in the spin
symmetry limit the threshold for all these processes is the same, since the mass
splitting between w,, and wf is of higher order in Agcp/m,,.

Experimentally, these cross sections are only interesting near threshold, since
the form factors will decrease rapidly for higher c.m.s. energies Vs . Thus we focus
on the region near threshold and expand s = 4m? + ¢? for small g2. We find for
the cross section for w,®, production

ale+e_—iwh5h 4

2 4
«— [IDI12(12m2 + 5q%) — 84> Re C*D] (1 + 0(%—)) . (43)

where C and D are given in terms of 4 and B as

s
—A+B—, a4
C iz (44)
b As—2m2 Bs(s—4m2) (45)
- +

2m? 4m*

Using for the polarization sum of the Rarita—Schwinger objects [21]

Y u,(p)a,(p) = 2(¢+ D] g, — 3.0, — 307 — Fnr — %))
Pol

the remaining two cross sections are

16 q
Ue+e_—'—wr:t—u-ha E[|D|2(12m2+5q2) _8q2 Re C*D] 1+0 '_n-:"_ . (46)
20 s , , ) . q* -
Oere- utat & 55 IDIP(12m? +547) = 8¢’ Re C*D] |1+ O - | | (47)

Using this we f.i¢ thiominteresting resuit for the ratios near threshold,

o, wi ot = 1:84+0(g*/m*):10 + O(q*/m*), (48)

ete” - whop *

0,

cte” —ofay, *

Oete= o
which vary quite slowly as we move away from threshold*.

At threshold, the heavy quark effective theory exactly reproduces the result of
ref. [19]. This is because in general the hadronic tensor has two form factors (after

* Note that due to parity and G-parity invariance, the cross section for production of wi@,, is the
same as that for w, @,
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summation over polarizations), one of which is proportional to g,,, and the other
is proportional to v, ¢, , where v, =v, —v,;. Near threshold, v, vanishes like
Vs/4m* —1 so that, assuming that the second form factor is not singular at
threshold, the cross sections may be described by a single form factor, and the
ratios may be calculated independently of any unknown parameters. In addition,
since the spin degrees of freedom of the heavy quark decouple in the heavy quark
limit, our result must agree with spin counting arguments. Finally we note that this
result does not disagree with ref. [20], since in the heavy quark limit threshold for
the production of the heavy quarks coincides with that for baryon production.
When the appropriate threshold conditions of ref. [20] are met, they recover the
same results.

Of course, the ratios (48) have to be taken with some caveats. As is known, the
prediction in the case of heavy mesons [22] is somewhat different from the
experimental results [23], due largely 10 the effects of the heavy charmonium
resonances near ihreshoid. We expect that (48) may also be different from the
experimental findings, although at the energies for heavy baryon pair creation
resonance effects are much smaller.

4. Conclusions

In this paper we have extended the heavy quark effective theory to describe
baryons containing a heavy quark. The group theory of the additional symmetries
{heavy flavor and spin symmetry) was elaborated for the case of baryons and the
corresponding spin symmetry multiplets were identified.

As was the case for the heavy mesons these additional symmetries strongly
reduce the number of form factors for the current matrix elements involving heavy
baryons. In addition one may obtain absolute normalizations which may be
important for the extraction of CKM matrix elements from future measurements
of semileptonic decays of heavy baryons. .

An additional interesting statement may be made about the heavy £, -baryons.
Since these are the only baryons for which a spin symmetry multiplet consists of
the same particle in different polarization states, spin symmetry allows us to
resirict the number of form factors even for a heavy — light transition. This will
facilitate strongly the analysis of the semileptonic decays A, — Aev [17], which
should be observable in the near future.

Finally we have discussed the cross section for exclusive production of heavy
baryons in e "¢~ annihilation using the heavy quark effective theory.

The extension of the effective theory for heavy quarks to baryons will allow the
calculation of corrections of the order A p,/m, and QCD radiative corrections to
the form factors in heavy baryon semileptonic decays. Furthermore, since the data
on heavy baryons might continue to improve, all the predictions, including correc-
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tions of the order Agcp/m, and agep(my,), will probably be testable in the near
future,

We gratefully acknowledge helpfu! and enlightening discussions with H. Georgi,
N. Isgur and M. Wise. We glso thank B. Bruen and F. "Wyslouch at MIT for
computational advice and facilities. One of us (T.M.) acknowledges the warm

hospitality of Lyman Laboratory of Physics at Harvard University, where most of
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