PHYSICAL REVIEW D

VOLUME 47, NUMBER 7

1 APRIL 1993

Second order power corrections in the heavy-quark
effective theory.
I1. Baryon form factors

Adam F. Falk and Matthias Neubert
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
(Received 22 September 1992)

The analysis of 1 /sz corrections of the previous paper is extended to the semileptonic decays
of heavy baryons. We focus on the simplest case, the ground state Ag baryons, in which the light
degrees of freedom are in a state of zero total angular momentum. The formalism, while identical
in spirit, is considerably less cumbersome than for heavy mesons. The general results are applied
to the semileptonic decay Ay — A.£v. An estimate of the leading power corrections to the decay
rate at zero recoil, which are of order 1 /mé, is presented. It is pointed out that a measurement of
certain asymmetry parameters would provide a direct measurement of 1/ m% corrections. Finally, it
is shown how the analysis could be extended to include excited heavy baryons such as the £g and

the X5,.

PACS number(s): 11.30.Hv, 12.38.Lg, 13.30.Ce, 14.20.Kp

I. INTRODUCTION

In the preceding paper [1] (hereafter referred to as I),
we have developed the formalism for including in the
heavy-quark effective theory (HQET) terms in the mass
expansion of order 1 /m"’Q That paper focused on the
case of the ground-state pseudoscalar and vector mesons.
Here we extend the analysis to the case of the heavy
baryons, in particular the spin—% Ag. It turns out that
the formalism is far less cumbersome than for the heavy
mesons. The structure of the previous paper may be
taken over almost in its entirety to the baryons, but
with the number of invariant form factors considerably
reduced. Hence to avoid redundancy we will abbreviate
considerably those aspects of the presentation which are
common to the two cases and concentrate instead on fea-
tures which distinguish the baryons from the mesons. In
Sec. II we discuss the Lagrangian of HQET and the ex-
pansion of the baryon masses. Section III reviews the
form of baryon matrix elements in the mg — oo limit
and the corrections of order 1/mg. In Sec. IV we present
the extension of this analysis to order 1/ m2Q. Some phe-
nomenological applications of our results to semileptonic
decays of the Ay baryon are discussed in Sec. V, while
Sec. VI contains a discussion of excited baryons. In
Sec. VII we provide a brief summary.

For the sake of simplicity, we shall completely ignore
radiative corrections in this paper. In particular, we
omit the p dependence of the universal form factors of
HQET and ignore the short-distance coefficients in the
expansion of the currents. All these effects would not
change the structure of the heavy-quark expansion, but
they would complicate the presentation. As discussed in
detail in I, renormalization effects may be incorporated
straightforwardly into our general formalism in a pertur-
bative way.

II. LAGRANGIAN OF THE EFFECTIVE
THEORY

The heavy-quark effective theory provides an expan-
sion of hadronic matrix elements in inverse powers of the
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mass of a heavy quark [2-9]. It is useful when one con-
siders external states containing a single heavy quark,
dressed by light degrees of freedom to make up a color-
singlet hadron. HQET is constructed by redefining the
field operator Q(x) of a heavy quark in such a way that
the heavy-quark part of the QCD Lagrangian can be ex-
panded in powers of 1/mq. This expansion is indepen-
dent of the nature of the hadronic states one wants to de-
scribe. Hence the field redefinition and the construction
of the effective Lagrangian and the effective heavy-quark
currents are the same as described in I.

In brief, then, there are two objects which one must
expand to construct HQET. The first is the QCD La-
grangian. In the limit mg — oo, the heavy-quark field
Q(x) is replaced by the velocity-dependent field

h(v,z) = ™V P, Q(z), (2.1)
where Py = J(1+7) is a positive energy projection oper-
ator. The effective Lagrangian for the strong interactions
of a heavy quark becomes [7, 10, 11]

['HQET = B’L"U -Dh y (2.2)

where D% = 0% — ig,t, A% is the gauge-covariant deriva-
tive. This is corrected by an infinite series of terms
involving higher-dimensional operators, which are sup-
pressed by inverse powers of mg:

1

Loower = %f’ Lo+ (2.3)

1
1 + 35
4mQ
The terms in Lpower are treated as ordinary perturbations
of the Lagrangian Luqer. Omitting operators which

vanish by the equations of motion, the first- and second-
order terms are [12-14]

L1 ="h(iD)*h + Z hsapG**h,
(2.4)
Ly = Z; hvgiDaG*Ph + 225 h 505v,iD*GP7h,
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where sqp = —%aag, and G*P = [iD%,iDP] = ig,t,GP
is the gluon field strength. Expressions for the renormal-
ization factors have been given in I and Ref. [14]. It is
necessary to perform a similar expansion of the heavy-
quark currents which mediate the weak decays of heavy
hadrons. In the full theory these currents are of the form
Q'T Q. At the tree level in the effective theory the ex-
pansion takes the form

QTQoHTh+ — KTiDh+ ——F (—iD)Th
2mq 2mgq:

1 - 1 -
+ prers R T vqvgG*Ph — = B av5GPT h
+-—i——ﬁ'(—"ﬁ)r'12>h+ 2.5

Imamo i i . (2.5)

A more complete form of the expansion, which allows for
the inclusion of radiative corrections, is given in I.

The eigenstates of Luqer differ from those of the
full theory in the baryon sector in the same way as
in the meson sector. The latter case was discussed
in some detail in the previous paper. For the spin-
% Ag baryon, the situation is in fact simpler, because
the light degrees of freedom carry no angular momen-
tum and hence there is no spin symmetry-violating mass
splitting. We expand the mass of the physical Ag as
ma = mq + A+ Am3%/2mq + ---. The mass of the Ag
in the strict mg — oo limit is given by M = mqg + A;
the next term in the series represents the leading correc-
tion to this quantity. Fixing, as usual, the heavy-quark
mass mq so that there is no residual mass term [15] in
the Lagrangian (2.2), the parameter A is well defined and
controls the phase of the effective heavy-baryon state:

|Aq(@))nqeT = e A"*|Ag(0))nQET - (2.6)

Note that A as defined here is not the same as the analo-
gous parameter A defined for the heavy mesons. In order
to make clear the parallels with the analysis for mesons
given in I, and in order to avoid a further proliferation of
nomenclature, we will sometimes use the same (or simi-
lar) names for parameters and form factors appearing in
the description of heavy mesons and baryons. However,
under no circumstances should there be confusion that
these form factors are at all related.

In the rest frame of the Ag, the mass shift Am3 is
given by

(Ag(v,8)| (=£1) [Ag(v, 5))
(Ag(v, s)|hth|Ag(v,s)) ~

The matrix elements which appear in the numerator of
(2.7) are restricted by Lorentz invariance to take the form

(Al h(iD)*h|AQ) = 2MX,

Am?3 = (2.7)

(2.8)
(Aql i sapGh|Ag) =0.

Vector current conservation implies that the matrix el-
ement in the denominator equals 2M. We thus find
AmZ = —)\. At this order in the heavy-quark expan-

sion, then, A and A are the fundamental mass param-
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eters of the effective theory. They are independent of
mg and of the renormalization scale u. Unfortunately,
these parameters cannot be measured directly. While one
may naively estimate A ~ 700 MeV from the constituent
quark model, little is known about the higher-order cor-
rection A.

III. BARYON FORM FACTORS IN THE
EFFECTIVE THEORY

Consider the semileptonic decay of a spin—% baryon A
containing heavy quark Q of mass mg, to a spin-—lz- baryon
A’ containing heavy quark Q' of mass mg. This transi-
tion is governed by the hadronic matrix elements of the
flavor changing vector and axial-vector currents. They
are conventionally parametrized in terms of six form fac-
tors f; and g;, defined by

('@, N QY*Q AP, 9))
=tn (P, ') [f1 Y —ifa0"q + fs q“] un(p; ),
(M@, ") QY1°Q|A(p, )
=t (P, 8) [91 Y —ig2 0" g, + g3 q"] 7 ua(p, s),

(3.1)

where ¢* = p# — p/# is the momentum transfer to the
leptons. For heavy baryons it is convenient to replace
this with a parametrization in terms of the velocities of
the initial and final baryons. We thus define an equivalent
set of form factors by

(A", ) QY Q|A(v, )

= 1up (v, s") [Fl v+ Fyv* + F3 v"‘] ua (v, s),

(A (', ) Qv*°Q |A(v, 5))
= (v, 8) [Gl Y* + Gav* + G3 v"‘] Y2 up (v, 8).

(3.2)

Here ua(p, s) and ua (v, s) are the same spinors and are
normalized to the physical mass ma:

tp (v, 8) ua(v, 8) = 2may . (3.3)

While the form factors f; and g; are conventionally writ-
ten in terms of the invariant momentum transfer g2,
it is more appropriate to consider F; and G; as func-
tions of the kinematic variable w = v - v, which mea-
sures the change in velocity of the heavy baryons. Using
the fact that the spinors are eigenstates of the velocity,
P up(v,s) = ua(v, s), one can readily derive the relations
among these sets of form factors. They are
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2 F As shown by Georgi, Grinstein, and Wise [19], the lead-
fr="F1+ (ma +ma) (2m N + 2'm:j\:) ) ing power corrections to the infinite quark r[nais limit in-
F F volve contributions of two types. The first come from
fo=——— ) terms in the expansion of the current (2.5) which involve
2my - 2ma operators containing a covariant derivative. Their matrix
fa= _F_‘z__ _ B , elements can be parametrized as
2mA 2m A’ (3.4) _ —
G, G (A'|WT%iDy h|A) = Co(v, ') U T*U . (3.10)
91=G1—(mA—mA')( >,
2mp - 2my As in I, we do not have to specify the nature of the ma-
Gy G3 trix I'* in the definition of the universal functions. At the
g2 = T 2ma 2ma ] tree level, however, I'* = I' y®. Matrix elements of oper-
G, Gs ators containing a derivative acting on A’ are, as usual,
g3 =5—

T 2mp 2mpr

Let us now review the analysis of the baryon form fac-
tors in HQET [16-19]. This will allow us to outline the
procedure and to set up our conventions in such a way
that the extension to the next order becomes straightfor-
ward. At each order in the heavy-quark expansion, one
writes the contributions to F; and G; in terms of univer-
sal, mg-independent form factors, which are defined by
matrix elements in the effective theory. At leading order,
one needs the matrix elements of the first operator on
the right-hand side of (2.5) between baryon states in the
effective theory. They have the structure [7, 18]

(N (', ") W T h|A(v,s)) = C(w) U (v,s")T U(v,s),
(3.5)

where {(w) is the Isgur-Wise function for A baryon tran-
sitions, and U (v, s) denotes the spinor for a heavy baryon
in the effective theory. It is normalized to the effective
mass M = mgq + A of the state in HQET,

U(v,s) U(v,s) =2M , (3.6)

and is thus related to the spinor of the physical state by

A
mA:]_———+..._

Uv,s) = Zy P uv,s), Zy = n
M 27’%
(3.7)

At order 1/ m2Q in the heavy-quark expansion we will have
to include this factor.

From (3.5) one can immediately derive expressions for
the baryon form factors in the infinite quark mass limit.
One finds F1 = G; = {(w) and F, = F3 = Gy =
G3 = 0. One can then use the conservation of the flavor-
conserving vector current to derive the normalization of
the Isgur-Wise form factor at zero recoil [3]. From

(A(v, )| Q7° QA (v, 8)) = 2mpr®, (38)
it follows that
Y. FR1)=1 (ma=ma), (3.9)
i=1,2,3
which implies the normalization condition ((1) = 1.

From here on we will omit the velocity and spin labels on
the states and spinors. It is to be understood that un-
primed objects refer to A and depend on v and s, while
primed objects refer to A’ and depend on v’ and s’.

obtained from this by complex conjugation and inter-
change of the velocity and spin labels. The most general
decomposition of ¢, involves two scalar functions, defined
by [19]

Ca(0,') = C(w) (v +V)a +{-(w) (v=2")a.  (3.11)
As in the case of the mesons, one can use the equation of
motion iv-Dh=0 and the known spatial dependence (2.6)

of the states in the effective theory to put constraints on
these form factors. One finds [19]

Aw-1
G (w) = DR C(w), (3.12)

¢ (w) =5 Cw).

From these relations it follows that the matrix element
in (3.10) vanishes at zero recoil.

The form factors also receive corrections from inser-
tions of higher-order terms in the effective Lagrangian
(2.3) into matrix elements of the lowest-order current
J = h'T h. In fact, the contribution of the chromomag-
netic operator vanishes by Lorentz invariance, and the
entire effect takes the form of a correction to the Isgur-
Wise function {(w):

(] i/de{J(O),Ll(a:) }IA) = A(w) W' T U.
(3.13)

It is now straightforward to compute the form factors
F; and G; at subleading order in HQET in terms of A and
the universal form factors {(w) and A(w). Introducing
the functions

Bi(w) = A 22 ¢(w) + Aw),

(3.14)
Byw) =~ ((w),
the result becomes [19]
Fi(w) =) + (50— + 5o ) [Brw) ~ Batw)]
G1(w) =¢(w) + (o= + e ) Balw), -
Faw) = Ga(w) = 5o Ba(w),
Fy(w) = ~Ga(w) = 5 Balw).

2mq
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For the subleading form factors, vector current conserva-
tion [cf. (3.9)] implies

B;(1)=0 <& A(1l)=0. (3.16)
Thus at zero recoil all leading power corrections are de-
termined in terms of Bz(1) = —A, and in particular one

finds that G1(1) = 1 is not renormalized at this order
[19].

IV. SECOND-ORDER POWER CORRECTIONS

We are now in a position to extend this analysis to
include corrections of order 1/m? (from now on m will
designate a generic heavy-quark mass). As in the case
of the mesons, we must discuss separately three classes
of contributions: corrections to the current, corrections
to the effective Lagrangian, and mixed corrections. We
shall take them in turn.

A. Second-order corrections to the current

The effective operators appearing at second order in
the expansion of the current (2.5) are all bilinear in the
covariant derivative, a property which remains true even
if one goes beyond tree level. It is thus sufficient to ana-
lyze the matrix element

(A'| B! (=i Da) DB iDg h|A) = tap(v,v') U TPU.
(4.1)

Considering the complex conjugate of this equation leads
immediately to the relation 1qs(v,v’) = ¥}5,(v',v). De-
composing the form factor into symmetric and antisym-
metric parts, Yag = $[¥55 + ¥agl, We then write down
the general decomposition in terms of real functions of
w:

Yap(v,0") =95 (W) gap + 95 (W) (v + V" )a(v +')g

+§ () (v = V)a(v = ),
(4.2)

bép(v, ") = i (w) (vav — Vavp) -

The equation of motion implies v?1,5 = 0, yielding

P§ + (w+1)¢5 — (w—1)y5 +wyf =0,
(4.3)
(w+1)95 + (w—1)9¥35 —yf =0.

As with the mesons, it is convenient to use an integration
by parts to relate (4.1) to matrix elements of operators in
which two derivatives act on the same heavy-quark field.
We find

(N'| W' T°PiDaiDg h|A)
= %ap(v, V) U T U+ K (v — ") (a(w) T TP U.

(4.4)

In particular, we define form factors for the matrix ele-
ments

(N'|'T (:D)*h|A) = go(w) U T U,
(4.5)
(M| TG op h|A) = ¢1(w) (vavly — vhug) U TP U.
We may then use (4.4) and the relations given by the

equation of motion to write the form factors 1; in terms
of ¢;, ¢, and A:

S _ w—1 5,
¢1—¢0+w¢1+—w+11\ ¢,

¥ =~y [0+ (2w - D
2-w)w-1)
HEmE R
(4.6)
1 w =
Vi =gy [0+ QuH Vo] ~ 5y A7C,
¢f‘=¢l”$—;il_\2<7

where we omit the kinematic argument w in the form
factors. It follows from (2.8) that the function ¢o(w) is
normalized at zero recoil, ¢g(1) = A. The equation of
motion then implies ¢1(1) = —3A. From the relations
(4.6) we see that, as in the meson case, at zero recoil all
matrix elements of second-order currents may be written
in terms of the single parameter A, since
"/’aﬂ(v,v) = % (gaﬁ - 'Uavﬁ) . (4.7)
Furthermore, only the last operator in (2.5) contributes
at zero recoil, yielding corrections of order A/mgmg:.

B. Corrections to the Lagrangian

We now turn to 1/m? corrections which come from
insertions of higher-dimensional operators from the ef-
fective Lagrangian into matrix elements of the lowest-
order current J = h/T"h. These fall into three classes.
First, there are insertions of the second-order effective
Lagrangian £o. Although there are two new operators at
this order, only one of them gives a nonzero contribution.
This follows simply from Lorentz invariance, for the same
reason that the chromomagnetic operator at order 1/m
gave no contribution. We then define

(A] i/de{ J(0), L2(z) YA) = Z, Bw) AT U.
(4.8)

Insertions of £4 are parametrized by the same function.

Second, there are corrections which come from two in-
sertions of the first-order correction £;. These have the
structure

7G4 / de dyT{ J(0), £1(), £1(y) }A)

=Ci(w) U T U+ Z%Copys(v,v') U T Py s*PP, 57U,
By
' (4.9)
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where we decompose

Capys(v,v") = Co(w) (9ary 986 — Jas 98~)
+Cs(w) (ga.,'ubv,'g - gﬁ'y"’c’xvfs

—9asVpVh + gpsUaYY) - (4.10)

The matrix element for a double insertion of £} is given
by the same formula, but with Cyg4s(v,v’) replaced by
Crsap(v',v) = Capys(V', ).

Finally, there are corrections from an insertion of both
L; and L. These have the structure

(]2 / dz dy T{ J(0), £1(x), £} (u) }A)

=Dy(w)U'TU

+Z2'Dogrs(v,0") U s*PIT Py s"U.  (4.11)
We decompose Dqogys analogously to (4.10):
Dopys(v,v") = Da(w) (9ay 986 — 9as 9p)
+D3(w) (JoryVpvs — 98yVals
~9asVpUl + gpsvavy). (4.12)

Note that Dggys obeys the symmetry constraint
Dypys(v,v") = Dysap(v’,v), since we have chosen the
functions D;(w) to be real.

C. Mixed corrections to the current
and the Lagrangian

Finally, we turn to second-order corrections arising
from insertions of £; into matrix elements of first-order
corrections to the current. The structures of interest are

(] / de T{K'T7iD, h, L1(z) } |A)

= E,(v,v") U T"U+ ZEyap(v,0') UT'P.s*?U,

(| i/dm T{F (=iDy)T" h, £1(z) }|A)

= B, (0,) U TU + ZE, 0 5(v,v) U TP, s*° U

(4.13)

Again, insertions of £} give rise to the conjugate ma-
trix elements, with primed quantities interchanges with
unprimed. We parametrize
Ey(v,v") = Ey(w) vy + Ea(w) vl ,
E! (v,v") = B} (w) vy + E3(w) vy,
(4.14)
E‘Yaﬁ(v7 v') = E3(w) (g'yavéa - g’yﬁv&) )
E'/yaﬂ(UY v') = E3(w) (9’7&”23 - 97,3”;) .
The equation of motion implies v? E,, = v"YE/, = 0, yield-
ing By = —w Ey and E} = —w E{. There are no condi-
tions on E3 and Ej.

As discussed in detail in Appendix C of I, the two
matrix elements in (4.13) may be related to each other by
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an integration by parts. Because there are fewer possible
Lorentz structures for the heavy baryons than for the
mesons, here these relations take a particularly simple
form, namely

Ey—E,=K(w—1)yA+uy[do— 2],
(4.15)
Es— E}=0.

Hence we are left with only one new independent form
factor, E3. The others may be written

Ey=—wE; = E%[w$+l_\A],

(4.16)
E, = —wE, = ——w"il [—$+I\A] :
where
a(w) = M (4'17)

w—1

is a nonsingular function as w — 1, since ¢o(1) = .

Finally, we note that the equations of motion imply
that the form factor E., takes the form E, = E3 (v}, —
wv,), which vanishes as v — v'. The expression for E
has a similar structure, while the kinematic structures
multiplying E3 and Ej} vanish at zero recoil. Hence, as
with the mesons, the mixed corrections give no contribu-
tion at zero recoil to form factors which are not kinemat-
ically suppressed.

D. Form factors and normalization conditions

We have introduced a set of ten new universal func-
tions which describe the 1/m? corrections to heavy A-
baryon form factors in the heavy-quark expansion. Two
of these, ¢o and ¢, parametrize the corrections to the
current, seven more, B, C;, and D;, for i=1, 2, and 3,
parametrize the effects of higher-order terms in the ef-
fective Lagrangian, and one, Ej3, is needed to include
mixed corrections to the current and the Lagrangian. It
is now straightforward to express the vector and axial-
vector form factors F; and G; up to order 1 /m2 in terms
of these universal functions. To this end it is useful, as
in the meson case, to collect certain combinations of uni-
versal form factors by introducing the functions

bi=A(+B+C; —3C; +2(w? —1)Cs
w-—1 ~ -
+(w —1) (1 — 2E3) + ] (wo + AA),
2 ~ -
b2——2(¢>1—2E3)—m(’w¢+AA),

_1 _ ~ _
b3=D1+D2-¢1+:—Z—T—1-[A2€—2(¢—AA)],

(4.18)
b= (G- R4,
bs = —2Dy — 2(w — 1) D3 —3(—3’7})5 A%

t— [t + @-wéi +2(3-R4)],
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A2
w+1C
2

Fts B0+ 2+ w) 1] + o (F - RA).

b6 = 2D2 + 2(’(1) + 1)D3 —

Recall that ¢ was defined in terms of other universal func-
tions in (4.17). The term A¢ in by arises from substitut-
ing the relation (3.7) between the physical baryon spinors
u(v, s), which appear in the definition of the form factors
F; and G;, and the effective spinors U(v, s) of HQET,
into the leading order matrix element (3.5). Let us fur-
thermore specialize to transitions of the type Ay — A,
and abbreviate e, = 1/2m;, and €. = 1/2m.. We then
find

Fi=(+ (ec + ) [B1 — By
+(e2 +€3) [b1 — ba] + e b3 — ba] ,

Fy=€.By +e2by +ecep b5,

F3=¢, By +€§b2+€c€bb5,

(4.19)

G1=C+ (6c + &) By + (€2 +£2) by + €cep b3,

Go = 6082+63b2 + £c€p bg

G3=—¢p By — 52 by — e.€p bg -

Order by order in the heavy-quark expansion, the
normalization condition (3.9) imposes a constraint on
the universal functions of HQET. Hence, in addition to
¢(1) = 1 and A(1) = 0, there is a relation at zero re-
coil between the form factors which arise at order 1/m?2.
Evaluating the sum over F;(1) for equal masses, we ob-
tain

2b1(1) + b3(1) — ba(1) + 2b5(1) =0,
which is equivalent to
2B(1) +2C1(1) + Dy (1) — 6C2(1) — 3Dy(1) = —A.
(4.21)

(4.20)

V. APPLICATIONS TO SEMILEPTONIC
A, DECAYS

In this section we apply our results to semileptonic Ay
decays and give some estimates of the size of the second-
order corrections. For simplicity, and in order to focus on
what is new in our analysis, we shall continue to ignore
radiative corrections.

A. Ay — A Lv decays near zero recoil

The semileptonic decay Ay — A, £ v is particularly sim-
ple to analyze near the zero-recoil point w = 1, where the
invariant mass g2 of the lepton pair takes on its maximum
value g2, = (mp, —ma_)?. In the limit of vanishing lep-
ton mass, angular momentum conservation requires that
the weak matrix element (A.(v, s’) | (V¥ — A¥) | Ap(v, 8))
depend only on the function G1(1). The differential de-
cay rate near this point is given by
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lim 1 dl'(Ap — Aclv)
w—1 \/u)2 -1 dw

_ G3| Val?

473
The form factor G;(1) is protected against corrections at
order 1/m [19], but it receives contributions from order

1/m? effects. Incorporating the normalization condition
(4.20), we find

G1(1) = 1+ (ec — €5)? b1 (1) + ecep [ba(1) — 2b5(1)] .
(5.2)

We may estimate the size of the corrections to G1(1) by
considering the form of the corresponding vector current
matrix element at zero recoil, given by

ma. (ma, —ma)?|G1(1)?. (5.1)

(Ac(v, 8) | V¥ | Ap(v, 8)) = 2mF(1) v*, (5.3)
where
F1)= Y FQ)=1+(ec—&)b1(1). (5.4)

i=1,2,3

The function F'(1) measures the overlap of the wave func-
tions of the light degrees of freedom between a Ay and
a A, baryon. While the light quarks and gluons were
insensitive to the mass of the heavy quark in the strict
m — oo limit and in precisely the same configuration in
a Ap and a A, at order 1/m? the wave functions differ
from each other and the overlap is incomplete [F(1) < 1].
We may estimate the size of this difference in a nonrela-
tivistic model in which a Ag baryon is composed of a con-
stituent diquark of mass mg, ~ A = 700 MeV, orbiting
about the heavy quark. In this case the mg dependence
of the overlap integral comes from the mg dependence
of the reduced mass m&d = mggmq/(mqeq + mq) of the
diquark. We then obtain the estimate

bi(1) ® —3A%2 ~ —1.5GeV?Z, (5.5)

This combination is the same as appears in the first term
which corrects G1(1).

The second term, bs(1) — 2b5(1) = %)\ + 4D,(1), is
harder to estimate. However, we note that the function
Dy arises from the double insertion of the chromomag-
netic operator in £, and there are indications from QCD
sum rules that it is likely to be quite small [20]. Further-
more, for heavy mesons sum rules predict a value for the
analogue of A which is positive and about 1 GeV [21].
Let us for the sake of argument assume such a value here.
Using m. = 1.5 GeV and mp = 4.8 GeV, we then obtain

G1(1) ~ 1= T.7% + 4.6%. (5.6)

‘While this estimate is of course quite rough, it is reason-
able to expect at least that the signs of the two terms
are as we claim, such that there is a partial cancellation
of the two contributions. Then if the magnitudes are
even approximately correct, one may argue that l/m2
corrections to G1(1) at the level of 10% would be sur-
prising. Consequently, we expect the semileptonic decay
Ay — AL v to be well described by HQET, if the leading
power corrections are included.
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B. Asymmetry parameters in A, — A, £€v decays

The angular distributions in the cascade A, —
Acfv — A X ?¢v provide an efficient analysis of polar-
ization effects in semileptonic A, decay. This is particu-
larly true at the kinematic end point ¢ = 0, where only
the helicity amplitudes in which a longitudinal virtual W
boson is emitted contribute. Such effects are discussed
at length in Ref. [22], to which we refer the interested
reader for details. Here we shall merely cite the final
expressions.

There are several asymmetry parameters which are
particularly interesting at ¢ = 0 within the heavy-quark
expansion. The simplest comes from the distribution in
the angle 6, between the A and A, directions. The dif-
ferential decay width in this variable is given by

dr’

————— x 14+ aayp,_cosby,
dq2dcos0AO( Ae A

(5.7)
where « is the asymmetry parameter of the A, decay, and
ap, is the measured asymmetry parameter in the decay
A. — A X. For the nonleptonic decay AY — An™, a
particularly useful mode, there are recent measurements
as, = —1.073:4 [23] and ap. = —0.96 + 0.42 [24].

Two additional asymmetry parameters which have in-
teresting HQET expansions may be defined for the decay
of polarized A, baryons. Let P be the degree of polariza-
tion of the Ap, and 0p the angle between the A, polar-
ization and the direction of the A.. Then the parameter
ap is defined by the form of the differential distribution:

dar
dq?dcosfp

Further, let xp be the angle between the plane of the A,
decay and the plane formed by the A, polarization and
the A, direction. Then the angular distribution in xp is
given by

dr w2

—x 1 — Pap_ cos ,
dg? dxp x TP g © YA COSXP

x1—apPcosbp. (5.8)

(5.9)

where yp yet is another asymmetry parameter.

At ¢? = 0, the expressions for o, ap, and vp take
simple forms:
o 1-]ep
T IR
(5.10)
_ 2Re(e)
TP = 1+ |6 |2 )
where
_ f1(0) — g1(0) (5.11)

~ f1(0)+01(0)

At leading order in HQET, this ratio vanishes since f; =
g1 = ¢. In this limit the asymmetries are predicted to
be o = —ap = —1 and yp = 0 [22]. Using (3.4) and
(4.19), we find that there are no 1/m corrections to these
predictions. The leading power correction comes at order
1/m?2:
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yms = ey (€ — o) [ps(w) = bow)

+2¢.6p [2b5(w) — b4(w)] } ,  (5.12)

where w = (m3, + m3_)/2ma,ma,, corresponding to
q2 = 0. Note that the terms proportional to €2 and
€2 in this expression are generated from e.c, terms in
(4.19) when one computes the physical form factors in
(3.4). Based on our previous estimates, we expect €; Jm2
to be of the order of a few percent. A contribution of
similar magnitude comes from perturbative corrections
to the heavy-quark currents at leading order in HQET.
It is given by [25, 26]

205 mpm,
3_213_C_21 _~_24%,
3T my — m2 Me

GQCD = — (5.13)
where we have used o, /7 = 0.09.

In view of its smallness, it will be virtually impossi-
ble to determine |e| from a measurement of a or ap,
since these parameters depend only on |¢|? and should,
therefore, be very close to the asymptotic values given
above. A measurement of a nonzero asymmetry yp, on
the other hand, would provide a direct determination of
Re(e) and yield valuable information about the size of
1/m? corrections.

VI. MATRIX ELEMENTS OF
EXCITED BARYONS

The entire analysis presented here could be extended to
matrix elements involving excited baryons, in particular
to baryons of higher spin. To order 1/m, this was done
by Mannel, Roberts, and Ryzak [27]. The Ag baryons
which we have been considering are extremely simple, be-
cause the light degrees of freedom are in a state of zero
total angular momentum, and hence the polarization of
the baryon is the same as the polarization of the heavy
quark. There is, however, an excited state in which the
spins of the light quarks are aligned so that the light de-
grees of freedom have angular momentum s, = 1. When
combined with the heavy quark, this state becomes a
doublet of an excited spin—% baryon, the X, and a spin-
% baryon, the £7. The analysis of the semileptonic de-
cays of and into these states is analogous to that for the
mesons and Ag baryons, except that the states have to
be represented differently, and the counting of form fac-
tors is modified accordingly. Rather than elaborate the
entire analysis yet again, we shall simply indicate how it
differs from the cases already presented.

As for the pseudoscalar and vector mesons, in HQET
it is convenient to assemble the degenerate doublet
(Eq, ¥3) into a single object. This allows us to im-
plement the spin symmetrles in a compact formalism.
Let us represent the sp1n—— Y@ by the spinor ¢ and the

pln-— L% by the Rarita-Schwinger vector-spinor ¢#. In

the heavy—quark limit, these objects satisfy pv¢ = 1,
Pyt = YH, v, ¢ = y,4* = 0. Then the doublet is
represented by [18, 28]

T =+ (), (6.1)



47 SECOND-ORDER POWER CORRECTIONSIN ... . IL. ... 2989

which satisfies the constraints v, ¥* = 0 and ¢ ¥* = T,
It is straightforward to construct the analogues of ¥# for
baryons of arbitrary spin [28].

From here on the heavy-quark expansion proceeds al-
most exactly as before. For example, for semileptonic
transitions of the form Ag — Zg or Ag — X5, one
repeats the analysis of Secs. III and IV, but with an ad-
ditional index x on all universal form factors. There is,
however, a subtlety which must be considered. The spin
parity s} of the light degrees of freedom may be either
in the series 07,17,2%,..., in which case it is “natu-
ral,” or in the series 0~,1%,27,..., in which case it is
“unnatural.” As noted in Ref. [29], there are additional
restrictions on the universal functions which describe the
transitions between “natural” and “unnatural” baryons
[18, 28]. These restrictions may be imposed [27] by con-
structing form factors which are pseudotensors, rather
than tensors.

In particular, the Ag is a “natural” baryon, while the
Eq and X7, are “unnatural.” Hence at leading order,
¥ — ¥ transitions are governed by a tensor form factor
of the form

(S'|R'Th|T) = K, (v,0') T 4T 0¥
= [Kl(w) 9w + Ka(w) v“v,’,] 4T ov ,
(6.2)

while the leading A — X transitions would require a pseu-
dovector form factor. However,

(Z'|WThI|A) = K,(v,0) T #Tu=0, (6.3)

since no such object K, can be built from the available
vectors v and v'.

Once this subtlety has been taken into account, the
construction of the heavy-quark expansion proceeds
just as before. Order by order, one identifies the
(pseudo)tensor-valued functions which describe a given
type of correction, performs a general decomposition in
terms of velocities to obtain the complete list of universal
functions, and then writes the physical matrix elements
in terms of them. The restrictions imposed by the heavy-
quark spin symmetries are built into the formalism from
the start. For example, one might consider the correc-
tions to ¥ — Y’ transitions which arise from insertions
of the 1/m terms in the effective Lagrangian. One finds
five form factors L;, defined by

(' / dz T{ J(0), R(iD)?h(z) } |%)

= [L1(w) gu + La(w) w0, | T#T 97,

(6.4)

()4 / dz T{ J(0), hs**Gush(z) } |Z)

= [ Ls (w) (gau.gﬂu - gcxugBu.)
+L4(w) (gauv;ivu - gﬂvvzxvu)
+Ls(w) (gapvpv, — gguv;v,’,)] T4T P, s*Pwv

This procedure clearly becomes more tedious as the spin
of the baryons increases and with higher order in the 1/m
expansion; however, the enumeration of form factors is
straightforward, systematic, and complete.

Finally, we note that in the case of b — ¢ weak decays,
it is only the transitions of the form A, — A, &¢, 5%, . ..
which are likely to be of experimental interest. This is
because the excited bottom baryons will decay strongly
(if the mass splitting is sufficient to allow pion emission)
or electromagnetically to the ground state Ay, and thus
their weak decays will not be observable. On the other
hand, the decays A, — X, X% will be particularly inter-
esting, since they arise solely due to effects of order 1/m,
and higher.

VII. SUMMARY

We have extended the analysis of 1/m? corrections in
the heavy-quark effective theory to the heavy baryons.
We have focused in detail on the simplest case, the weak
matrix elements relevant to the decay of a heavy Ag to a
heavy Ag-. Because of the trivial Lorentz structure of the
light degrees of freedom in this system, the description of
the power corrections is considerably simpler than for the
heavy mesons. At order 1/m?, one needs a set of ten new
mg-independent Isgur-Wise functions of the kinematic
variable v-v’, and a single new dimensionful parameter \.
Vector current conservation forces a certain combination
of form factors to vanish at zero recoil.

We have given a rough estimate of the size of the
second-order corrections for the semileptonic decay Ay —
Acfv. We find a partial cancellation of 1/m? correc-
tions at zero recoil, with the conclusion that large de-
viations from the infinite quark mass limit are unlikely,
and the heavy-quark expansion is well under control. In-
vestigating briefly the asymmetry parameters which may
be defined in this decay, we have suggested a particular
measurement which would probe the 1/m? corrections
directly. Finally, we have sketched the extension of the
formalism to excited heavy baryons of arbitrary spin.
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