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Abstract

We study nonleptonicΛb → Λcπ , Σcπ andΣ∗
c π decays in the limitmb,mc,Eπ �ΛQCD using the soft-collinear effectiv

theory. HereΣc =Σc(2455)andΣ∗
c =Σc(2520). At leading order theΛb → Σ

(∗)
c π rates vanish, while theΛb →Λcπ rate is

related toΛb → Λc�ν̄, and is expected to be larger thanΓ (B → D(∗)π). The dominant contributions to theΛb → Σ
(∗)
c π rates

are suppressed byΛ2
QCD/E

2
π . We predictΓ (Λb → Σ∗

c π)/Γ (Λb → Σcπ)= 2+O[ΛQCD/mQ,αs(mQ)], and the same rati

for Λb → Σ
(∗)
c ρ and forΛb → Ξ

(′,∗)
c K . “Bow tie” diagrams are shown to be suppressed. We comment on possible disc

channels for weakly decaying pentaquarks,Θb,c and their nearby heavy quark spin symmetry partners,Θ∗
b,c

.
 2004 Published by Elsevier B.V.Open access under CC BY license.
ny
tive

on
is
ase
n
und
ys.
and

ese
[5]

of
-

p-
in
Heavy baryon decays are interesting for ma
reasons. Heavy quark symmetry [1] is more predic
in semileptonicΛb → Λc�ν̄ decay than inB →
D(∗)�ν̄, and may eventually give a determinati
of |Vcb| competitive with meson decays [2]. In th
Letter we concentrate on the more complicated c
of nonleptonicb → cūd baryon transitions, as show
in Table 1. These channels provide a testing gro
for our understanding of QCD in nonleptonic deca
Our analysis is based on heavy quark symmetry
the soft-collinear effective theory (SCET) [4].
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There is considerable experimental interest in th
decays. Recently the CDF Collaboration measured

fΛb

fd

B(Λb → Λ+
c π

−)
B(B̄0 →D+π−)

(1)= 0.66± 0.11(stat) ± 0.09(syst) ± 0.18(BR),

wherefΛb andfd are the fragmentation fractions
b quarks toΛb and B̄0, respectively. Using the in
putfbaryon/fd = 0.304±0.053, CDF quotedB(Λb →
Λ+

c π
−)/B(B̄0 → D+π−) 
 2.2 [5]. The measured

lifetimes, τ (Λb) = 1.23 ps andτ (B0) = 1.54 ps [6],
then imply that Γ (Λb → Λ+

c π
−)/Γ (B̄0 →

D+π−)
 2.7. More experimental results on semile
tonic and other nonleptonicΛb decays are expected
the near future.
 license.
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Table 1
The decays considered in this Letter. Heresl is the spin of the light degrees of freedom [3]. The mass shown for theΣ

(∗)
c is the average of the

charge 0 and+1 states, and for theΞc ’s the mass is the average in the doublet. The stability of the pentaquark statesΘQ (= Q̄udud) and their
value ofsl are both conjectures

Notation sl I (JP ) Mass (MeV) Decays considered

Λc , Λb 0 0
( 1

2
+)

2285, 5624 Λb →Λ+
c π

−

Σc =Σc(2455) 1 1
( 1

2
+)

2452 Λb → Σ+
c π−, Σ0

c π
0, Σ0

c ρ
0

Σ∗
c =Σc(2520) 1 1

( 3
2

+)
2517 Λb → Σ

∗+
c π−, Σ∗0

c π0, Σ∗0
c ρ0

Ξc , Ξ ′
c 0, 1 1

2

( 1
2

+)
2469, 2576 Λb → Ξ ′0

c K0

Ξ∗
c = Ξc(2645) 1 1

2

( 3
2

+)
2646 Λb → Ξ∗0

c K0

Θc , Θb 1 0
( 1

2
+)

mΘc , mΘb
Θ+
b →Θ0

c π
+, Θ0

c →Θ+π−

Θ∗
c , Θ∗

b 1 0
( 3

2
+) ∼ mΘc + 70 Θ∗

c →Θcγ or strongly

∼ mΘb
+ 22 Θ∗

b
→Θbγ

Fig. 1. Diagrams forΛb decays, giving amplitudesT , C, E, andB. Decay toΛc gets contributions from all four terms. Decays toΣ(∗)
c and

Ξc do not haveT andT ,C contributions, respectively.
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The part of the weak Hamiltonian relevant for th
Letter is

HW = 4GF√
2
VcbV

∗
ud

(2)× [
C1(mb)O1(mb)+C2(mb)O2(mb)

]
,

where both the Wilson coefficients,Ci , and the four-
quark operators

O1 = (c̄γµPLb)
(
d̄γ µPLu

)
,

(3)O2 = (d̄γµPLb)
(
c̄γ µPLu

)
,

depend on the renormalization scale which we t
to be mb, and PL = (1 − γ5)/2. The combination
[C1(mb)+C2(mb)/3]|Vud | is very close to unity.

Weak nonleptonic decays are sometimes cha
terized by diagrams corresponding to different W
contractions. As shown in Fig. 1, there are more p
sibilities in baryon than in meson decays. In partic
lar, a “Bow tie” contraction is unique to baryons. T
color structure for baryons also differs from meso
we find that theC diagram is of the same order
the largeNc limit as theT diagram.1 Nonleptonic me-
son decay amplitudes are sometimes estimated u
naive factorization, which would set〈Λcπ |O1|Λb〉 =
〈Λc|c̄γµPLb|Λb〉〈π |d̄γµPLu|0〉. In baryon decays th
extra light quark implies that this procedure is i
defined for all but the tree diagram. In naive fact
ization theΛb → Σ

(∗)
c π decays are very suppresse

since theT contribution vanishes separately in t
isospin and heavy quark limits [7] (just like the sem
leptonic Λb → Σ

(∗)
c �ν̄ decays), theC contribution

vanishes after doing a Fiertz transformation on
four-quark operator, and theE andB amplitudes are

1 If we treated theNc − 3 additional quarks in the baryon
as flavors that are sterile under the weak interaction then c
commensurate would become color-suppressed.
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identically zero since theu andb fields are in different
quark bilinears.

In this Letter we show that more rigorous tec
niques can still be applied to make reasonable pre
tions for all these decays. By expanding inmb,mc,

Eπ � ΛQCD we show that forΛb → Λ+
c π

− the
amplitudes corresponding to the diagrams in Fig
satisfy T � C ∼ E � B, and we find that the ex
perimental result in Eq. (1) is consistent with the
retical expectations. Next we considerΛb → Σ

(∗)
c π

decays, and show the leading contributions to th
nonleptonic rates are suppressed byΛ2

QCD/E
2
π , much

like in B0 → D0π0. Using heavy quark symmetr
we derive a relation between the decay rate toΣc

andΣ∗
c and comment on decays toΞc . Finally we

consider the detection of possible weakly decay
heavy pentaquarks,Θb andΘc, with nonleptonic de-
cays.

The proof of factorization at leading order f
Λb → Λcπ decay follows closely that forB̄0 →
D(∗)+π− [8], so we do not review it here. In this ca
the nonperturbative expansion parameter for SCE
λ = ΛQCD/Eπ [9]. SinceEπ is set by the bottom
and charm quark masses, we take this to be of
same order as the expansion parameter for the h
quark effective theory (HQET), i.e.,λ ∼ ΛQCD/mQ

(Q = c, b). Working at leading order inλ andαs(mb)

and neglecting the pion mass, theΛb → Λcπ matrix
element factorizes in the standard way,〈
Λc(v

′, s′)π
∣∣HW

∣∣Λb(v, s)
〉

= √
2GF

(
C1 + C2

3

)
VcbV

∗
udfπEπ

(4)× 〈
Λc(v

′, s′)
∣∣c̄/nPLb

∣∣Λb(v, s)
〉
,

wherefπ = 131 MeV is the pion decay constant,n
is a light-like four-vector along the direction of th
pion’s four-momentum,pµ

π = Eπn
µ, and the four-

velocities of theΛb andΛc arev andv′, respectively.
Perturbative corrections induce a multiplicative fac
in Eq. (4), 〈T (x)〉π = ∫ 1

0 dx T (x)φπ(x), whereT (x)
is computable andφπ is the nonperturbative light
cone pion distribution function [10,11], and a ter
proportional to the matrix element of̄c/nPRb. At
leading order inαs(mQ), we can set〈T (x)〉π = 1
and the term involvinḡc/nPRb to 0. This implies that
the nonleptonic rate is related to the semilepto
differential decay rate at maximal recoil,
Γ (Λb → Λcπ)

= 3π2(C1 +C2/3)2|Vud |2f 2
π

m2
Λb
rΛ

(5)×
(

dΓ (Λb → Λc�ν̄)

dw

)
wmax

,

whererΛ = mΛc/mΛb , w = v · v′ = (m2
Λb

+ m2
Λc

−
q2)/(2mΛbmΛc), andwmax corresponds toq2 = m2

π

(
 0).
The semileptonicΛb →Λc�ν̄ form factors are

〈
Λc(p

′, s′)
∣∣Vµ∣∣Λb(p, s)

〉
= ū(p′, s′)[f1γµ + f2vµ + f3v

′
µ]u(p, s),〈

Λc(p
′, s′)

∣∣Aµ

∣∣Λb(p, s)
〉

(6)= ū(p′, s′)[g1γµ + g2vµ + g3v
′
µ]γ5u(p, s),

wherefi andgi are functions ofw, and the relevan
currents areVν = c̄γνb andAν = c̄γνγ5b. The spinors
are normalized toū(p, s)γ µu(p, s) = 2pµ. In the
heavy quark limit,

ζ(w) = f1(w) = g1(w),

(7)0 = f2(w) = f3(w) = g2(w)= g3(w),

where ζ(w) is the Isgur–Wise function for groun
state baryons. The differential decay rate is given b

dΓ (Λb → Λc�ν̄)

dw

= G2
Fm

5
Λb

|Vcb|2
24π3

r3
Λ

√
w2 − 1

(8)× [
6w + 6wr2

Λ − 4rΛ − 8rΛw2]F2
Λ(w),

where in themQ � ΛQCD limit FΛ(w) is equal
to the Isgur–Wise function,ζ(w), and in particular
FΛ(1)= 1. In terms of the original form factors

FΛ(w)
2

= [
6w + 6wr2

Λ − 4rΛ − 8rΛw2]−1

× {
(w − 1)

[
(1+ rΛ)f1 + (w + 1)(rΛf2 + f3)

]2

+ (w + 1)

× [
(1− rΛ)g1 − (w − 1)(rΛg2 + g3)

]2

+ 2
(
1− 2rΛw + r2

Λ

)
(9)× [

(w − 1)f 2
1 + (w + 1)g2

1

]}
.
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Combining the above results forΛb → Λ+
c π

−
decay with the analogous ones forB̄0 →D(∗)+π− we
find that

Γ (Λb → Λcπ
−)

Γ (B̄0 →D(∗)+π−)

(10)= 8m3
Λb
(1− r2

Λ)
3rD(∗)

m3
B(1− r2

D(∗))3(1+ rD(∗) )2

(
ζ(wΛ

max)

ξ(wD(∗)
max)

)2

,

where ξ is the Isgur–Wise function forB → D(∗)
semileptonic decay, andrD(∗) = mD(∗)/mB . When the
Λb → Λ+

c �
−ν̄ rate is measured, one can directly t

factorization using Eq. (5) or Eq. (10). In the absen
of this data, we have to resort to using model p
dictions for the baryon Isgur–Wise function. If th
ratio of Isgur–Wise functions in Eq. (10) is uni
then the prefactor in Eq. (10) implies thatΓ (Λb →
Λcπ

−)/Γ (B̄0 → D(∗)+π−) = 1.6(1.8). This enhan-
cement is in rough agreement with the data in Eq.
A similar result also follows from the small veloc
ity limit (mQ � mb − mc � ΛQCD), in which the
nonleptonic rates satisfyΓ (Λb → Λcπ) :Γ (B →
D∗π) :Γ (B → Dπ) = 2 : 1 : 1, while for the semilep
tonic ratesΓ (Λb → Λc�ν̄) :Γ (B → D∗�ν̄) :Γ (B →
D�ν̄)= 4 : 3 : 1.

The largeNc limit provides some support for th
ratio of baryon to meson Isgur–Wise functions be
close to unity at maximal recoil. In the largeNc limit
the heavy baryons can be treated as bound state
chiral solitons and mesons containing a heavy qu
In this picture, the baryon Isgur–Wise function,ζ(w),
is predicted to beζ(w) = 0.99e−1.3(w−1) [12].2 This
gives ζ(wΛ

max = 1.4) = 0.57, which is indeed clos
to ξ(wD∗

max = 1.5) 
 0.55 [13]. Using this model for
ζ(w), |Vcb| = 0.04, τΛb = 1.23 ps, and Eqs. (5
and (8) yield the prediction thatB(Λb → Λ+

c π
−) =

4.6 × 10−3. As expected, this is larger thanB(B̄0 →
D(∗)+π−) 
 2.7 × 10−3. However, the uncertainty i
this prediction is quite large, particularly given th
largeNc strictly only applies forw near 1. The sam
largeNc inputs predictB(Λb → Λ+

c �
−ν̄) ≈ 6%, i.e.,

this channel is expected to make up a large par
the inclusiveΛb → Xc�

−ν̄ rate, with thesPl = 1−

2 Updating the parameters by fitting the mass splitting to g
κ = (0.411 GeV)3, and usingmN = Λ̄ = 0.8 GeV (instead ofMN )
for the mass of the light degrees of freedom leaves the expo
essentially unchanged.
f

excitedΛc states making up a significant fraction
the remainder [14].

OrderΛQCD/mQ corrections to these prediction
may be significant. TheΛb → Λ+

c π
− amplitude re-

ceives contributions from theT , C, E, andB classes
of diagrams in Fig. 1. In SCET,|E/T | and |C/T |
are of orderΛQCD/mQ [15], and we will show
later that|B/T | is further suppressed. InB → Dπ

decay we know fromB(B− → D0π−)/B(B̄0 →
D+π−) 
 1.8 [6] that ΛQCD/mQ corrections af-
fect the amplitudes at the 15–30% level. In par
ular |A(B̄0 → D+π−)| = |T + E| = (5.9 ± 0.3) ×
10−7 GeV and|A(B− → D0π−)| = |T +C| = (7.7±
0.3) × 10−7 GeV. The ratio of these amplitudes c
be reproduced by a power correction involving
hadronic parameter|seff| 
 430 MeV, which is of nat-
ural size [15]. SinceBs → D−

s π
+ only has aT con-

tribution, accurate measurement of this rate will i
prove our understanding of the size ofE andC. CDF
recently measured[fsB(Bs → D−

s π
+)]/[fdB(B0 →

D−π+)] = 0.35 ± 0.05(stat) ± 0.04(syst) ± 0.09(BR)
[16], and usingfs/fd = 0.26± 0.03 yieldsB(Bs →
D−

s π
+)/B(B0 → D−π+) 
 1.35. NeglectingSU(3)

breaking3 this implies |A(Bs → D−
s π

+)| = |T | =
(7.3± 1.5)× 10−7 GeV and that|C| and|E| may be
comparable. The errors are still too large to draw
definite conclusions.

Now we turn toΛb → Σcπ decays. As shown
in Table 1, there are twoΣc states with differen
spin which we refer to asΣc andΣ∗

c . They form a
heavy quark spin symmetry doublet with the spin a
parity of the light degrees of freedom,s

πl
l = 1+. Under

isospin, theΛb is I = 0, theΣ(∗)
c is I = 1, and the

Hamiltonian isI = 1, so theΣ(∗)
c π final state must be

I = 1 (it cannot beI = 0 or 2). Therefore the rates
the two different charge channels are equal,

(11)Γ
(
Λb → Σ(∗)0

c π0) = Γ
(
Λb →Σ(∗)+

c π−)
.

Based onB decay data and the SCET power counti
we expectΓ (Λb → Σ

(∗)
c π) to be up to about an

order of magnitude smaller thanΓ (Λb → Λcπ), since
the leading contributions toΛb → Σ

(∗)
c π are power

suppressed.

3 In the heavy quark limit of theT amplitudeSU(3) will be
tested by the measurement ofBs →Ds�ν̄.
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ξq , the double lines are heavy quarks, the dashed lines are collinear quarks, the solid lines are usoft qu

the “looped lines” are collinear gluons. The nonleptonic weak vertex is denoted by⊗.
ir
of
s
er
atch
d

e-
f

poil
nd

s,

5]

the
the

a-

-

Again, we use SCET to expand inΛQCD/mQ,
ΛQCD/Eπ , and αs(mQ), keeping only the leading

terms that cause theΛb → Σ
(∗)
c π transitions. These

come from theC andE diagrams in Fig. 1 and the
contributions can be studied following the analysis
B̄0 → D(∗)0π0 in Ref. [15]. The leading diagram
in SCETI that determine the matching onto pow
suppressed operators are shown in Fig. 2. To m
the C andE diagrams, two insertions of the mixe
usoft-collinear Lagrangian,L(1)

ξq [17], is required,

each yielding a suppression of
√
ΛQCD/Eπ . This

yields the power counting that|C/T | and |E/T | are
O(ΛQCD/Eπ). In contrast, matching theB diagram

in Fig. 1 requires four insertions ofL(1)
ξq (or other

higher-dimensional terms in the Lagrangian), andB

is therefore power suppressed compared toC andE
by at least an additionalΛQCD/Eπ .

In addition there is a further matching onto SCETII .
The resulting matrix element involves soft and collin
ar operators which factor [15].4 The matrix element o
the weak Hamiltonian,〈Σ0

c (v
′, s′)π0|HW |Λb(v, s)〉,

can be written (neglectingαs(mQ) corrections) as a
convolution integral of a jet function,J (x, k+

1 , k
+
2 ),

4 Since the messenger modes from Ref. [18] do not s
factorization for cases with a product of color singlet soft a
collinear operators, we can neglect them in our analysis.
with the matrix element involving the collinear field
〈π |Oc(x)|0〉 which givesφπ(x), and that involving
the soft fields,〈Σc(v

′, s′)|Os(k
+
j )|Λb(v, s)〉. In what

follows we only need the form of the soft operator [1

Os

(
k+
j

)

(12)

= [(
h̄
(c)

v′ S
)
/nPL

(
S†h(b)v

)][
(d̄S)k+

1
/nPL

(
S†u

)
k+

2

]
,

where h
(Q)
v is an HQET heavy quark field,S is

a soft Wilson line, and the subscripts denote
momentum carried by the fields. For our purposes
most important aspect of the analysis is thatOs only
involves combinationh̄(c)

v′ /nPLh
(b)
v . Thus, by heavy

quark symmetry

〈
Σc(v

′, s′)
∣∣Os

∣∣Λb(v, s)
〉

= 1√
3
ūΣc (v

′, s′)
(
γ µ − v′µ)

γ5/nPLuΛb(v, s)Xµ,

〈
Σ∗

c (v
′, s′)

∣∣Os

∣∣Λb(v, s)
〉

(13)= ū
µ
Σ∗
c
(v′, s′)/nPLuΛb(v, s)Xµ,

where v and v′ are the four-velocities of theΛb

and Σ
(∗)
c , respectively. The spinor field normaliz

tions areū(v, s)u(v, s) = 1 for theΛb andΣc , and
ūα(v, s)u

α(v, s) = −1 for theΣ∗
c .Xµ is the most gen
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eral vector compatible with the symmetries of QCD

(14)Xµ = anµ + bvµ + cv′
µ.

Note that in Eq. (12) the part ofOs involving the
light quark fields is parity violating, so we need n
worry about the fact thatΛb → Σc is an “unnatural”
transition. UsingmΛbv = mΣcv

′ + Eπn to eliminate
the term proportional tovµ in Eq. (14), it is easy to
see that any term inXµ proportional tov′

µ does not
contribute, so onlynµ remains. Hence the ratio of th
rates forΛb → Σcπ andΛb → Σ∗

c π are determined
model independently at leading order inΛQCD/mQ

andαs(mQ), similar to theB̄0 → D(∗)0π0 case. We
find

(15)

Γ (Λb →Σ∗
c π)

Γ (Λb → Σcπ)
= 2+O

[
ΛQCD/mQ,αs(mQ)

]
.

To evaluate the square of the matrix element
Eq. (13), we used the spin sums from Ref. [14]
the various spinΣ(∗)

c states. The explicit calculatio
shows that the rate toΣ∗

c with |s′| = 3/2 vanishes, as
required by angular momentum conservation.

A practical complication in testing this prediction
that theΣ(∗)

c states decay toΛcπ , and so both deca
channelsΛb → Σ

(∗)0
c π0 → Λcπ

−π0 and Λb →
Σ

(∗)+
c π− → Λcπ

0π− contain aπ0 that makes the
reconstruction hard at hadron colliders. This can
circumvented by studyingΛb → Σ

(∗)0
c ρ0 decays. In

this case the final states areΛcπ
−π+π−. Decays

to a vector meson are potentially more complica
due to the fact that “long-distance” contributions c
induce transverse polarizations at the same orde
ΛQCD/Eπ . However, at leading order inαs(mQ) these
long-distance contributions vanish for theρ0 final
state [15] and we obtain

(16)

Γ (Λb →Σ∗0
c ρ0)

Γ (Λb → Σ0
c ρ

0)
= 2+O

[
ΛQCD/mQ,αs(mQ)

]
.

It is also worth noting that

Γ (B̄0 →D0π0)

Γ (B̄0 →D0ρ0)

= Γ (Λb → Σ0
c π

0)

Γ (Λb → Σ0
c ρ

0)

(17)+O
[
ΛQCD/mQ,αs(

√
mQΛQCD)

]
,

where in contrast to Eqs. (15) and (16) this predict
requires a perturbative expansion at the intermed
scale

√
ΛQCDmQ.

The decaysΛb → ΞcK decays are also Cabibb
allowed. (These decays involve “s̄s popping” so only
Ξ0
c K

0 is allowed, notΞ+
c K−.) They are similar to

Λb → Σ
(∗)
c π in the sense that the leading contributi

in the heavy quark limit vanishes. As shown
Table 1 there are threeΞc “ground states”,Ξc , Ξ ′

c,
and Ξ∗

c . The Ξc and Ξ ′
c can mix, but the forme

is expected to be mostly the state that transfo
as 3 under flavorSU(3), while the latter is mostly
a 6. The Ξ∗

c also transforms as a6, and forms a
heavy quark spin symmetry doublet with theΞ ′

c.
Thus, a relation similar to Eq. (15) also holds
this case, i.e.,Γ (Λb →Ξ∗

c K)/Γ (Λb → Ξ ′
cK) = 2+

O[ΛQCD/mQ,αs(mQ)]. This prediction may be har
to test sinceΞ ′

c decays toΞcγ . One can also conside
Cabibbo-suppressedΛb decays, e.g.,Λb →Ξcπ , and
the weak decays of other baryons containing a he
bottom quark.

Perhaps the most exciting possibility is the ex
tence of heavy baryonic pentaquark states. Rece
several experiments claimed to observe a bar
Θ+(1540)with the quantum numbers ofK+n. A pos-
sible explanation is to consider theΘ+ as a bound
state of two spin-zeroud diquarks in a P-wave with
an s̄ antiquark [19]. If diquarks play an important ro
in these exotic states then the analogous heavy
vor states,Θc = c̄[ud]2 andΘb = b̄[ud]2, may be be-
low threshold for strong decays byEE 
 −100 MeV
andEE 
 −160 MeV, respectively [19].5 Since the
spin of the light degrees of freedom issl = 1, we ex-
pect from heavy quark symmetry thatΘQ come with
a doublet partner of similar mass,Θ∗

Q, as shown in

Table 1, with a mass splitting of orderΛ2
QCD/mQ.

From the mass splittings for theΣc andΞc we expect
mΘ∗

c
− mΘc ∼ 70 MeV andmΘ∗

b
− mΘb ∼ 22 MeV.

In this case theΘ∗
Q may also be stable with respe

to the strong interactions and decay toΘQγ . Since

the splitting forΘ(∗)
c is larger, it is possible that th

5 It is possible that theΘQ are above the strong decay thres
olds [20]. The assumptions in our analysis are that (i)ΘQ decay
weakly; and (ii) the spin of the light degrees of freedom issl = 1, as
suggested by [19]. If (i) is correct but (ii) is not, it would be easy
modify our predictions, including Eq. (19).
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Fig. 3. Comparison of the weak nonleptonic decays of theΛb andΘb .
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Θ∗
c is just above the strong decay threshold, mak

the spectroscopy even more interesting (like inD∗ de-
cays).

It may be possible to discover theΘb,c via the
decay chains

Θ+
b → Θ0

c π
+,

(18)Θ0
c → Θ+π− → KSpπ

− → π+π−pπ−

that are Cabibbo-allowed and lead to all charged fi
states. The most interesting aspect of theΘ+

b → Θ0
c

decay is that in the diquark picture the correlation
maintained, as shown in Fig. 3, and so no additio
suppression factor is expected. In weakΘb decays
to ordinary baryons this would not be the ca
While we do not know theΘQ production rates, we
can estimate the branching ratios in Eq. (18). T
lifetime of a weakly decayingΘb,c is expected to be
comparable with other weakly decaying hadrons t
contain a charm or a bottom quark. TheΘ+

b →Θ0
c π

+
amplitude factorizes, and is related toΘ+

b → Θ0
c �ν̄

via a formula identical to Eq. (5). For the nonlepton
rate we obtain in the heavy quark limit

Γ (Θ+
b → Θ0

c π
+)

Γ (Λb → Λcπ−)

= m3
Θb
(1− r2

Θ)
3

m3
Λb
(1− r2

Λ)
3

1

ζ(wΛ
max)

2

1

144r4Θ

× {
4
[
η1

(
wΘ

max

)]2
r2
Θ

(
1+ 18r2Θ + r4

Θ

)
− 4η1

(
wΘ

max

)
η2

(
wΘ

max

)
rΘ

(
1− r2

Θ

)2(1+ r2
Θ

)
(19)+ [

η2
(
wΘ

max

)]2(1− r2
Θ

)4}
,

where rΘ = mΘc/mΘb , and η1,2 are the two Isgur–

Wise functions that parameterize the weakΘb →Θ
(∗)
c

matrix elements whereη1(1)= 1. In particular

〈
Θ̄c(v

′, s′)
∣∣c̄Γ b

∣∣Θ̄b(v, s)
〉

= 1

3

[
gαβη1(w)− vαv′βη2(w)

]
ū(v′, s′)

(20)× γ5(γα + v′
α)Γ (γβ + vβ)γ5u(v, s).

Thus,B(Θ+
b → Θ0

c π
+) is expected to be similar t

B(Λb → Λcπ). If theΘQ states exist then an analys
of theΛQCD/mQ corrections would be warranted,
the mass of the light degrees of freedom is sizable.
expectB(Θ0

c → Θ+π−) to be at the few percent leve
while the other branching ratios in Eq. (18) may be
order unity.

In summary, we studied nonleptonicΛb decays
to Λcπ , Σcπ and Σ∗

c π . Eqs. (10), (15), (16), an
(19) are our main results. In themQ � ΛQCD limit
the Λb → Λcπ rate is related toΛb → Λc�ν̄, and
we found thatΓ (Λb → Λcπ) is expected to be
larger thanΓ (B → D(∗)π), as observed by CDF
At leading order inΛQCD/mQ the Λb → Σ

(∗)
c π

rates vanish, but an analysis of the leading contr
tions suppressed byΛQCD/mQ was still possible. We
predictΓ (Λb → Σ∗

c π)/Γ (Λb → Σcπ) = Γ (Λb →
Σ∗

c ρ)/Γ (Λb → Σcρ)= 2+O[ΛQCD/mQ,αs(mQ)].
We also discussed properties of pentaquarks withb̄
or c̄, including a possible discovery channel if th
decay weakly.
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