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Bounds on heavy-to-heavy baryonic form factors
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Upper and lower bounds are established on theLb→Lc semileptonic decay form factors by utilizing
inclusive heavy-quark-effective-theory sum rules. These bounds are calculated to leading order inLQCD/mQ

andas . TheO(as
2b0) corrections to the bounds at zero recoil are also presented. Several form factor models

used in the literature are compared with our bounds.

PACS number~s!: 11.55.Hx
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I. INTRODUCTION

In the early development of heavy quark physics, mu
attention was given to the semileptonic heavy meson dec
B→D (* )l n̄ in order to extract information about th
Kobayashi-Maskawa matrix elementuVcbu @1#. Semileptonic
heavy baryon decays can also serve as another indepe
determination ofuVcbu @2–4# as more and more data acc
mulate.

We have recently performed a thorough analysis of
bounds on theB→D (* ) weak decay form factors using in
clusive sum rules for semileptonic decays to orderLQCD/mQ

and first order inas @5#. The O(as
2b0) corrections at zero

recoil were also included. In the present paper, we would
to extend the techniques in our previous work to baryons
contain a heavy quark.

As in the case of heavy mesons, heavy-to-heavy baryo
form factors are mainly taken from models. They are ext
sively used in the studies of backgrounds and efficiencie
experiments, and, for this reason alone, constraining the
important. ForLb→Lc transitions, where the initial and fi
nal baryons have the same light degrees of freedom,
heavy quark effective theory~HQET! relates all six form
factors to a single Isgur-Wise function and predicts a spec
value at zero recoil in the infinite mass limit@6#. In the
HQET, the form factors and Isgur-Wise function are usua
written as functions ofv5v•v8, with v being the four-
velocity of theLb baryon andv8 that of the recoilingLc
baryon.

The analysis for heavy baryons is almost parallel to t
for heavy mesons. One difference is the HQET parame
and heavy hadron masses appearing in each case. An
difference is that heavy baryons have an extra light qua
However, we will see that the power of inclusive sum ru
still applies, regardless of the intricacy among the light d
grees of freedom.
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The layout of this paper is as follows: In Sec. II, we li
the sum rule formulas for the model-independent bounds
form factors defined in Sec. III. Section III also gives th
proper combinations of structure functions used later for
bounds on each of the baryonic form factors. Section
provides the bounds on individual form factors explicitl
with the structure functions given in@5#, and discusses the
influence of the various parameters appearing in the exp
sion of the bounds. Some popular form factor models
compared with our bounds in Section V. OrderaS

2b0 correc-
tions to the bounds at zero recoil are computed in Sec. VI
Section VII, the bounds on theLb→Lcln decay spectrum
and its slope are given. Our conclusions are summarize
Sec. VIII.

II. INCLUSIVE HQET SUM RULES

The sum rules are obtained by relating the inclusive de
rate, calculated using the operator product expansion~OPE!
and perturbative QCD in the partonic picture, to the sum
exclusive decays rates, calculated in the hadronic pict
Since these had been derived previously@7–9,5#, we just
write down the results below. The same formalism can
applied to all types of heavy baryons. Nevertheless, we
concentrate exclusively onL-type ground-state baryons an
denote them byLQ .

Let uLQ(v,s)& be the state of the heavy baryonLQ with
mass MLQ

and spin s moving with four-velocity v and

uLQ8(v8,s8)& that of theLQ8 with energyELQ8
and spins8

moving with four-velocity v8. ELQ8
5AMLQ8

2 1q3
2, where

q3 is the z component of the momentum transfer,q, to the
leptonic sector andqW is pointing in thez direction. Consider
the time ordered product of two weak transition currents
tweenLQ baryons in momentum space,
Tmn5
i

2MLQ

1

2 j 11 (
s
E d4x e2 iq•x^LQ~v,s!uT„Jm†~x!Jn~0!…uLQ~v,s!&

52gmnT11vmvnT21 i emnabqavbT31qmqnT41~qmvn1vmqn!T5 , ~1!
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whereJm is a Q→Q8 axial or vector current andj is the spin ofuLQ(v,s)&. The bounds are then

1

2p i EC
de u~D2e! T~e!S 12

e

E12ELQ8

D <
MLQ8

2 j 11 (
s,s8

u^LQ8~v8,s8!ua•JuLQ~v,s!&u2

4MLQ
ELQ8

<
1

2p i EC
de u~D2e! T~e!, ~2!
t

hi
n
is

lt
m

/

pe
lu

o
r-

r
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ise

ore
e

a
di-
whereT(e)[am* Tmnan , the product ofTmn and four-vectors
am* an . The integration variablee5MLQ

2ELQ8
2v•q will

be integrated from 0 toD, andE1 is the energy of the firs
excited state, with massML1

, more massive thanLQ8 .
The upper bound is essentially model independent, w

the lower bound relies on the assumption that there is
multiparticle production of hadrons in the final state. Th
additional assumption is in accord with the largeNc limit
and is supported as well by current experimental resu
These bounds can be used for the decays at arbitrary mo
tum transferq2. Since 1/(E12ELQ8

);1/LQCD, the lower

bounds will be limited to first order in 1/mQ . The upper
bounds, on the other hand, can be calculated to order 1mQ

2

without additional HQET parameters.
The above formulas are presented in terms ofL-type

baryons, however, they can be readily applied to other ty
of baryons too. Later on, we will restrict our analysis exc
sively to the L-type semileptonic decays withQ→b and
Q8→c, i.e., theLb→Lcl n̄ decays for whichj 51/2.

III. HADRONIC SIDE

The hadronic matrix elements for semileptonic decays
a Lb baryon into aLc baryon are conventionally paramete
ized in terms of six form factors defined by

^Lc~v8,s8!uVmuLb~v,s!&

5ūLc
~v8,s8!@F1~v!gm1F2~v!vm

1F3~v!v8m#uLb
~v,s!,

~3!

^Lc~v8,s8!uAmuLb~v,s!&

5ūLc
~v8,s8!@G1~v!gm1G2~v!vm

1G3~v!v8m#g5uLb
~v,s!.

One may relate the parameterv to the momentum transfe
q2 by v5(MLb

2 1MLc

2 2q2)/(2MLb
MLc

). With proper

choices of the currentJm and the four-vectoram , one can
readily select the form factor of interest and, from Eq.~2!,
form the corresponding bounds. To subleading order in 1/mQ
in HQET, these form factors satisfy the relations@10,11#

F15z~v!F11L̄S 1

2mc
1

1

2mb
D G , ~4!
01600
le
o

s.
en-

s
-

f

G15z~v!F11L̄S 1

2mc
1

1

2mb
Dv21

v11G ,
F2~v!5G2~v!52

L̄

mc

1

v11
z~v!,

F3~v!52G3~v!52
L̄

mb

1

v11
z~v!.

In the above equations, we have absorbed the correct
from the subleading kinematic energy into the Isgur-W
function, z(v).

To boundF1 ~or G1), one may chooseJm5Vm ~or Am)
and am5(0,1,0,0). Then the factor to be bounded is@(v
21)/2v#uF1(v)u2 „@(v11)/2v#uG1(v)u2… and the sum
rule used to bound isT1OPE5T1Hadronic . In this and the
following cases, the corresponding first excited state m
massive thanLc that contributes to the sum rule is th
Lc(2593) state.1

It is impossible to boundF2 andF3 individually with any
choice ofam. The next best thing we can do is to bound
linear combination of them. To prevent the bounds from
verging at zero recoil, we chooseJm5Vm and am

5(AELc
/MLc

21,0,0,2AELc
/MLc

11). Then the factor to

be bounded is@(v221)/2v#uF22F3u2, and the sum rule
requires the following combination of structure functions:

T~e!52T11~v21!T21~MLb
1MLc

2e!2~v21!T4

12~MLb
1MLc

2e!~v21!T5 . ~5!

A similar situation occurs for G2 and G3.
Here the choice would beJm5Am and am5„1,0,0,
2A(ELc

2MLc
)/(ELc

1MLc
)…. The bounded factor is@(v

21)/2v#uG21G3u2, and

T~e!52
2

v11
T11T21~MLb

2MLc
2e!2T4

12~MLb
2MLc

2e!T5 ~6!

is the combination for the sum rule.
From Eq.~4!, we knowuF22F3u25uG21G3u2;1/mQ

2 at
this order in HQET.

1Sc(2455) is lighter, butLb→Sc(2455)ln is not an allowed tran-
sition because of the isospin.
5-2
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IV. PARTONIC SIDE AND THE BOUNDS

The analysis will be performed to first order
as(mQ) (;0.3 at 2 GeV! andLQCD/mQ and, furthermore,
only terms linear inv21 are kept for the perturbative par
The full v dependence will be kept in the nonperturbati
physics. Corrections of orderLQCD

2 /mQ
2 , as

2 , as LQCD/mQ ,
andas (v21)2 should be negligible in the kinematic regio
that we are considering.

We will use essentially the same notation as in@5#. Since
Lb and Lc are spin-12 baryons where the light degrees
freedom carry zero angular momentum, the chromomagn
energyl250. Also, the heavy quark parametersL̄ and l1
for the baryons are different from those for the mesons. Th
values, however, can be obtained from those of meson
the two relations@12#

L̄B5L̄M1
mb

mb2mc
~MLb

2M̄B!2
mc

mb2mc
~MLc

2M̄D!,

l1
B5l1

M1
2mbmc

mb2mc
@~MLb

2M̄B!2~MLc
2M̄D!#, ~7!

M̄B5
MB13MB*

4
, M̄D5

MD13MD*
4

.

In Eq. ~7!, L̄B andl1
B are the parameters for baryons andL̄M

andl1
M those for mesons. Later on, we will go back to t

usual notation without attaching superscripts explicitly.
To form the bounds, one just takes the proper moment

the structure functions according to the combination requ
in the sum rules given in Sec. III. To this order, th
LQCD/mQ corrections will depend on two HQET param
eters:L̄, l1. As mentioned above, we take their values fro
the mesonic ones, where a certain linear relation has b
determined@13#. We will use three different parameter se
to show the dependence onL̄ andl1: ~A! L̄50.74 GeV and
l1520.43 GeV2, ~B! L̄50.64 GeV and l1520.33
GeV2, ~C! L̄50.84 GeV andl1520.53 GeV2.

The sum rule for bounding (v21)uF1(v)u2/(2v) uses
T1 with vector-vector currents. The upper bound is simp
the zeroth moment ofT1, which is by Eq.~2!

v21

2v
uF1~v!u2<I 1

(0)VV1A1
(0)VV. ~8!

The first moment ofT1 is needed for the lower bound, whic
is
01600
tic

ir
by

of
d

en

v21

2v
uF1~v!u2>I 1

(0)VV1A1
(0)VV

2
1

EL1
2ELc

~ I 1
(1)VV1A1

(1)VV!. ~9!

The upper and lower bounds are shown in Fig. 1.2 For this
section, the dashed curves are the bounds without pertu
tive corrections using set~A! above, while the solid and dot
ted curves represent the bounds including the perturba
corrections withD51 GeV andD52 GeV, respectively.
We have shown the bounds in the kinematic range 1<v
&1.25, where the higher order correctionas(v21)2 should
be negligible. The thin solid curves use the other HQ
parameter sets~B! and ~C!.

In Fig. 1, the bounds without perturbative corrections a
proach zero because of the overall factorv21 appearing in
the nonperturbative corrections. As we move the scale oD
from 1 GeV to 2 GeV, the upper bound atv51.25 is only
shifted upward by about 0.01, while the corresponding low
bound is dragged down by more than 0.04. This serves a
indication that in general perturbative corrections have
larger influence on the lower bound. The bounds get wide
small momentum transfer with parameter set~B! while nar-
rower with set~C!. As a general tendency in this and subs
quent plots, varying among the three parameter sets~A!, ~B!,

2For all the figures in this section we takemb54.8 GeV, mc

51.4 GeV,as50.3 ~corresponding to a scale of about 2 GeV!. The

values ofL̄ andl1 are discussed in the text.

FIG. 1. Upper and lower bounds on (v21)uF1(v)u2/(2v). The
thick solid~dotted! curves are the upper and lower bounds includi
perturbative corrections for HQET parameter set~A! described in
the text, andD51 GeV~2 GeV!. The dashed curves are the boun
without perturbative corrections, also for HQET parameter set~A!.

The thin solid curves show the dependence onL̄ and l1, using
parameter sets~B! and~C!, with D51 GeV. Here the outer two thin
solid curves are from parameter set~B!, while the inner two curves
from set~C!.
5-3
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and ~C! usually makes less change on the upper bound t
the lower bound. Here, the variations on the upper and lo
bounds atv51.25 areabout 5% and 11%, respectively.

A similar set of bounds for (v11)uG1(v)u2/2v can be
obtained by simply changingVV ~vector-vector currents! to
AA ~axial-axial currents! in the above formulas.3 The bounds
in this case are shown in Fig. 2. Perturbative corrections d
the bounds lower. From the bounds corresponding toD52
GeV we also observe that the lower bound has been sig
cantly decreased. In this case, the parameter set~B! lowers
the bounding curves, but set~C! pushes them up. The varia
tions of the upper and lower bounds atv51.25 by these
parameter changes are about 1.5% and 17%, respective

One can also derive bounds on the Isgur-Wise functi
z(v), from the current bounds onuG1(v)u2 by utilizing
G1(v)5z(v) in the heavy quark limit. For example, th

FIG. 2. Upper and lower bounds on (v11)uG1(v)u2/(2v).
The curves are labeled the same as in Fig. 1. Here the paramet
~B! gives the lower set of thin solid curves while the set~C! gives
the upper set of curves.
01600
n
er

g

fi-

.
,

bounds on the slope parameterrz
2 of z(v) is

4as

9p S 5

3
2 ln

4D2

m2 D ,rz
2,

L̄

2~ML1
2MLc

!

1
4as

9p S 2D

ML1
2MLc

1
5

3
2 ln

4D2

m2 D . ~10!

One feature is that these bounds purely come from 1/mQ and
as corrections.4 Numerically, they are 0.01,rz

2,1.49. This
is more stringent than the previously derived dispers
bounds, 0,rz

2,4.5 @14#.
The bounds on the other form factors involv

higher moments ofT4 and T5. The upper bound for (v2

21)uF2(v)2F3(v)u2/2v is, from Eq.~5!,

set
FIG. 3. Upper and lower bounds on (v2

21)uF2(v)2F3(v)u2/2v. The curves are labeled the same as
Fig. 1.
F23
upper5~v21!H 2

v21
I 1

(0)VV1I 2
(0)VV1I 4

(2)VV22~MLb
1MLc

!I 4
(1)VV1~MLb

1MLc
!2I 4

(0)VV22I 5
(1)VV

12~MLb
1MLc

!I 5
(0)VV1

2

v21
A1

(0)VV1A2
(0)VV1A4

(2)VV22~MLb
1MLc

!A4
(1)VV1~MLb

1MLc
!2A4

(0)VV22A5
(1)VV

12~MLb
1MLc

!A5
(0)VVJ . ~11!

The lower bound is (v221)uF2(v)2F3(v)u2/2v>F23
lower , with

3This set of bounds has been mentioned in@9#, and we agree with their results.
4The bounds on the slope of mesonic Isgur-Wise function can be found in@9# and are not vanishing asL̄→0 andas→0.
5-4
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F23
lower5F23

upper2
v21

ML1
2MLc

H 2

v21
I 1

(1)VV1I 2
(1)VV1I 4

(3)VV22~MLb
1MLc

!I 4
(2)VV1~MLb

1MLc
!2I 4

(1)VV22I 5
(2)VV

12~MLb
1MLc

!I 5
(1)VV1

2

v21
A1

(1)VV1A2
(1)VV1A4

(3)VV22~MLb
1MLc

!A4
(2)VV1~MLb

1MLc
!2A4

~1!VV

22A5
(2)VV12~MLb

1MLc
!A5

(1)VVJ . ~12!

They are plotted in Fig. 3. Notice that at tree level both bounds are identically zero. This can be easily understood
relations in Eq.~4!, uF22F3u2;L̄2/mQ

2 . Nevertheless, perturbative physics separates the bounds by pushing the upper
higher to around 0.01 over the entire kinematic range while drawing the lower bound negative. Since the factors
bounding are all positive definite, the lower bound is still zero. ChangingD from 1 GeV to 2 GeV loosens the upper boun
by more than a factor of two. Parameter sets~A!, ~B!, and~C! have no influence on the upper bound becauseL̄ andl1 only
enter the upper bound through the tree-level corrections and they vanish to the order under consideration.

The upper bound for (v21)uG2(v)1G3(v)u2/2v is, from Eq.~6!,

G23
upper52

2

v11
I 1

(0)AA1I 2
(0)AA1I 4

(2)AA22~MLb
2MLc

!I 4
(1)AA1~MLb

2MLc
!2I 4

(0)AA22I 5
(1)AA12~MLb

2MLc
!I 5

(0)AA

2
2

v11
A1

(0)AA1A2
(0)AA1A4

(2)AA22~MLb
2MLc

!A4
(1)AA1~MLb

2MLc
!2A4

(0)AA22A5
(1)AA

12~MLb
2MLc

!A5
(0)AA. ~13!

The lower bound is (v21)uG2(v)1G3(v)u2/2v>G23
lower , with

G23
lower5G23

upper2
1

ML1
2MLc

H 2
2

v11
I 1

(1)AA1I 2
(1)AA1I 4

(3)AA22~MLb
2MLc

!I 4
(2)AA1~MLb

2MLc
!2I 4

(1)AA22I 5
(2)AA

12~MLb
2MLc

!I 5
(1)AA2

2

v11
A1

(1)AA1A2
(1)AA1A4

(3)AA22~MLb
2MLc

!A4
(2)AA1~MLb

2MLc
!2A4

(1)AA22A5
(2)AA

12~MLb
2MLc

!A5
(1)AAJ . ~14!
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The bounds on this form factor are shown in Fig.
Again, for the same reason as in the previous case, both
upper and lower bounds at tree level are identically zero,
the upper bound does not split for different parameter s
The perturbative corrections also push both bounds in
current case away from zero; and usingD52 GeV in the
calculation widens the upper bound by more than a facto
2.

At O(LQCD/mQ), the upper bounds will not depend upo
l1. However, since 1/(MD12MD);1/LQCD its value will
affect the lower bounds. It is possible to obtain the up
bounds to orderO(LQCD

2 /mQ
2 ), since at this order there ar

no new parameters in the OPE. These corrections o
slightly modify the upper bounds in Figs. 1 and 2 but grea
loosen the ones in Figs. 3 and 4 to around 0.1 over the e
kinematic range.

V. COMPARISON WITH MODELS

We choose from the literature the following common
used form factor models for comparison with our bounds
01600
.
he
d
s.
e

f

r

ly
y
ire

FIG. 4. Upper and lower bounds on (v
21)uG2(v)1G3(v)u2/2v. The curves are labeled the same as
Fig. 1.
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~1! soliton model@15#,
~2! MIT bag model@16#,
~3! Bethe-Salpeter~BS! model @17#,
~4! relativistic 3-quark model@18#,
~5! covariant oscillator quark model~COQM! @19#.
The soliton model@15# considers baryons with a singl

heavy quarkc ~or b) in the largeNc limit as bound states o
D andD* mesons~or B andB* mesons! with baryons con-
taining only light u and d quarks, which can be viewed a
solitons in this limit. The MIT bag model used in@16# is
actually a modified one that takes into account the fami
picture from the nonrelativistic quark model that treats
light component of a baryon as a diquark. The relativis
3-quark model@18# modifies the interaction Lagrangian b
tween heavy hadrons and quarks by incorporating the
structure imposed by the spectator quark model. Finally,
COQM @19# uses the covariant quark model. All these mo
els give Isgur-Wise functions without a dependence on
heavy quark masses. Thus, we use Eqs.~4! to relate the form
factors to this Isgur-Wise function.

Figures 5–8 show the different form factors from t
models and the bounding curves. In plotting these figures
usedmb54.8 GeV,mc51.4 GeV,as50.3 ~corresponding to
a scale of about 2 GeV!, D51 GeV and current Particle Dat
Group ~PDG! data on heavy meson masses. As mentio
above,l1 andL̄ are not easy to obtain experimentally. He
we pick the parameter set~A! discussed above,L̄50.74
GeV, l1520.43 GeV2. The uncertainty onl1 and L̄ will
correspondingly slightly modify our bounds, as discuss
before.

Figure 5 shows the model values of (v
21)uF1(v)u2/(2v) along with the corresponding bounds f
comparison. The soliton model, relativistic 3-quark mod
and the BS model agree with our bounds over the en
kinematic regime. The MIT bag model only slightly violate

FIG. 5. The model values of (v21)uF1(v)u2/(2v) along with
the corresponding bounds for comparison. The thick solid lines
the upper and lower bounds. The thin solid curve is the soli
model. The long dashed curve is the MIT model, and the sh
dashed curve is the BS model. The dot-dashed curve is the rel
istic three-quark model. The dotted curve is the COQM.
01600
r
e
c

in
e
-
e

e

d

d

l
e

the lower bound, whereas the COQM falls far below t
lower bound at large recoil. If a largerD value is employed,
all the model curves would fit into the bounds as one c
check from Fig. 1.

The curves for (v11)uG1u2/2v are shown in Fig. 6. All
models start from one at zero recoil. This is because they
not incorporate the perturbative renormalization effect. T
COQM quickly becomes too small in the large recoil regim
This, along with Fig. 5, tells us that the contribution fro
Lb→Lc at small momentum transfer is underestimated
the COQM. The other models are consistent with our bou
at large recoil and, presumably, will nicely fit into ou
bounds near zero recoil if renormalization corrections
included.

Figure 7 and Fig. 8 show that all the model predictions
well within our bounds for (v221)uF22F3u2/(2v) and
(v21)uG21G3u2/2v, respectively.

re
n
rt
iv-

FIG. 6. The model values of (v11)uG1u2/2v along with the
corresponding bounds for comparison. The curves are labeled
same as in Fig. 5.

FIG. 7. The model values of (v221)uF22F3u2/(2v) along
with the corresponding bounds for comparison. The curves are
beled the same as in Fig. 5.
5-6
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The scale we chose for these plots wasD51 GeV, since
this gives tighter bounds. Had we chosen 2 GeV as
working scale, the bounds would be less stringent and t
would accommodate the models which originally fell sligh
outside our bounds.

VI. ORDER as
2b0 CORRECTIONS AT ZERO RECOIL

As in the case of heavy mesons, one can perform an
gous numerical calculation to get theas

2b0 contribution to
structure functions and the bounds at zero recoil@20,21#. The
results for the zeroth and first moments of the structure fu
tions are presented in Table I of@5#, for D51,2 GeV.

FIG. 8. The model values of (v21)uG21G3u2/2v along with
the corresponding bounds for comparison. The curves are lab
the same as in Fig. 5.

TABLE I. Bound on form factors at zero recoil, evaluated wi
D51 GeV.

Tree level O(as) O(as
2b0)

Upper
v21

2v
uF1u2 0 0.0063 0.0042

Lower
v21

2v
uF1u2 0 -0.0060 -0.0028

Upper
v221

2v
uF22F3u2 0 0.0127 0.0083

Lower
v221

2v
uF22F3u2 0 -0.0119 -0.0056

Upper
v11

2v
uG1u2 1 -0.0713 0.0159

Lower
v11

2v
uG1u2 1 -0.0885 0.0031

Upper
v21

2v
uG21G3u2 0 0.0111 0.0071

Lower
v21

2v
uG21G3u2 0 -0.0102 -0.0026
01600
r
us

o-

c-

The O(as
2b0) corrections to the upper and lower boun

on the form factors at zero recoil are shown in Table I
D51 GeV. In this case, theO(as

2b0) corrections are seen t
be rather small, which gives us confidence that the pertu
tive expansion for the bounds is under control.

VII. BOUNDS ON SEMILEPTONIC DECAY SPECTRUM
AND ITS SLOPE

The differential decay rate ofLb→Lcln is @22#

dG~Lb→Lcln!

dv
5

GF
2

24p3
uVcbu2mLb

5 z3Av221 F~z,v!2,

~15!

where

F~z,v!25~v21!u~z11!F11~v11!~zF21F3!u2

1~v11!u~z21!G11~v21!~zG21G3!u2

12~z222vz11!@~v21!uF1u21~v11!uG1u2#.

~16!

The combination of structure functions used to bou
F(z,v)2 is

T~e!52v@3~z222v z11!~T1
VV1T1

AA!12~v z21!

3e ~T1
VV1T1

AA!1e2~T1
VV1T1

AA!

1z2~w221!~T2
VV1T2

AA!#. ~17!

The bounds are drawn in Fig. 9.
We define the ‘‘physical’’ sloperF

2 by

F~z,v!5F~z,1!@12rF
2~v21!1•••#, ~18!

ed

FIG. 9. Upper and lower bounds onF(z,v)2. The solid~dotted!
curves are the upper and lower bounds including perturbative
rections for HQET parameter set~A! described in the text, andD
51 GeV ~2 GeV!.
5-7
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One may use the bounds on the decay rate spectrum ove
full kinematic range to extract the bounds on the slope. T
are determined to be 0.22,rF

2,1.22, which is within the
errors ofrF

251.161.0 by the lattice calculation@23#.

VIII. DISCUSSION

Many of the general features of our bounds had b
mentioned in our previous work@5#. In the specific applica-
tion of these bounds to heavy baryons, we find that th
provide more stringent conditions on the leading form fa
tors,F1 andG1. Looser bounds hold for ‘‘subleading’’ form
factors that are suppressed by 1/mQ in magnitude, namely
uF22F3u and uG21G3u. Our bounds typically have muc
better predictive power near maximal momentum trans
However, they are not stringent enough in the above m
tioned ‘‘subleading’’ form factors. This is because both t
form factors are too small and the whole factor is suppres
by v21. However, perturbative corrections do not give va
ishing contributions to the bounds at zero recoil. The bou
also become less stringent asD increases. Therefore, w
should use the smallest value ofD for which the perturbative
expansion still works.

We also observed that theO(as
2b0) corrections to the

bounds at zero recoil are small forD51 GeV. This in turn
suggests that a perturbative expansion in this problem w
s.

s.

v.

01600
the
y

n

y
-

r.
n-

d
-
s

ks

well at this scale, provided that theO(as
2b0) corrections

dominate in the completeO(as
2) corrections. @Typically

O(as
2b0) accounts for about 90% of the completeO(as

2)
corrections.#

The bounds onG1 are used to derive the bounds for th
slope of the Isgur-Wise function, 0.01,rz

2,1.49. We also
show the bounds for the differential decay rate ofLb

→Lcln and give bounds on its slope, 0.56,rF
2,1.07. None

of the models quoted here take into account the renorma
tion corrections, and therefore they fail specific bounds, s
as the one in Fig. 7, asv→1. In particular, this will affect
the extraction of the Kobayashi-Maskawa matrix elem
uVcbu from the zero recoil limit of the semileptonic deca
spectrum. Also, this will give an incorrect estimate on t
experimental backgrounds and efficiencies. Therefore,
models should be properly modified accordingly to ha
more sensible form factors.
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