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Abstract

We calculate the branching ratios of the hadronicΛb decays toη andη′ in the factorization approximation where the for
factors are estimated via QCD sum rules and the pole model. Our results indicate that, contrary toB → Kη(′) decays, the
branching ratios forΛb → Λη andΛb → Λη′ are more or less the same in the hadronicΛb transitions. We find that th
anomaly contribution is crucial inΛb → Λη(′) decays. We obtain the branching ratio ofΛb → Λη(′) to be 11.47(11.33)×10−6

in QCD sum rules, and 2.95(3.24)× 10−6 in the pole model. We also consider the contribution of the charm content in tη′
production inΛb → Λ transition.
 2004 Elsevier B.V.Open access under CC BY license.
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For the last few years, different experimental gro
have been accumulating plenty of data for the cha
less hadronicB decay modes. CLEO, Belle and BaB
Collaborations are providing us with the informati
on the branching ratio (BR) and the CP asymme
for different decay modes. A clear picture is about
emerge from these information. Among theB → PP

(P denotes a pseudoscalar meson) decay modes
BR for the decayB+ → K+η′ is found to be large
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than that expected within the standard model (S
The observed BR for this mode in three different e
periments are[1–3]

B
(
B± → K±η′)
= (

80+10
−9 ± 7

) × 10−6 [CLEO]
= (

77.9+6.2+9.3
−5.9−8.7

) × 10−6 [Belle]
(1)= (67± 5± 5) × 10−6 [BaBar].

In order to explain the unexpectedly large bran
ing ratio for B → Kη′, different assumptions hav
been proposed, e.g., large form factors[4], the QCD
anomaly effect[5,6], high charm content inη′ [7–9],
a new mechanism in the Standard Model[10,11], the
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perturbative QCD approach[12], the QCD improved
factorization approach[13,14], or new physics like su
persymmetry without R-parity[15–17]. Even though
some of these approaches turn out to be unsatis
tory, the other approaches are still waiting for be
tested by experiment. Therefore, it would be much b
ter if besides usingB meson system, one can have
alternative way to test the proposed approaches in
periment.

Weak decays of the bottom baryonΛb can pro-
vide a fertile testing ground for the SM.Λb decays
can also be used as an alternative and complem
tary source of data toB decays, because the und
lying quark level processes are similar in bothΛb

and B decays. For example,Λb → Λη(′) decay in-
volves similar quark level processes asB → Kη(′),
i.e.,b → qq̄s (q = u,d, s). In the coming years, larg
number ofΛb baryons are expected to be produced
hadron machines, like Tevatron and LHC, and a hi
luminosity linear collider running at theZ resonance
For instance, the BTeV experiment, with a luminos
2 × 1032 cm−2 s−1, is expected to produce 2× 1011

bb̄ hadrons per 107 seconds[18], which would result
in the production of 2× 1010 Λb baryons per year o
running[19]. One of peculiar properties ofΛb decays
is that, unlikeB decays, these decays can provide va
able information about the polarization of theb quark.
Experimentally the polarization ofΛb has been mea
sured[20].

In this Letter, we studyΛb → Λη(′) decay. The cal-
culation of the BR forΛb → Λη(′) involves hadronic
form factors which are highly model-dependent. U
ing different models for the form factors, we calcula
the BR for Λb → Λη(′) and investigate the mode
dependence of the theoretical predictions. In part
lar, we focus on the anomaly contribution in the p
duction ofη′. In fact, our results indicate that this e
fect could be very important inΛb → Λη(′).

We also investigate the effect of the charm cont
in the η′ production in theΛb → Λ transition, pro-
posed originally for understanding the largeB(B+ →
K+η′) [7–9]. In this mechanism, the CKM allowe
transitionb → scc̄ in conjunction with thecc̄ com-
ponent of theη′ is suggested to be partly responsib
for the enhancement of theB(B → Kη′). Even though
the effect onB(B+ → K+η′) is generally agreed t
be small, it will be interesting to investigate the cont
bution to theB(Λb → Λη′) due to the charm conten
-

of η′. Indeed, the enhancement arising from the ch
content turns out to be tiny in the main parameter
gion. However, this contribution can be as high as 1
in a specific range of parameter.

This Letter is organized as follows. First, w
present the effective Hamiltonian for the usual�B = 1
transition and calculate the BR forΛb → Λη(′) decay
within the factorization assumption using two d
ferent form factor models—QCD sum rules and
pole model. Then, the anomaly contribution to t
Λb → Λη(′) is investigated and its effects on theη and
η′ production in theΛb decay is pointed out. Finally
we discuss the possible additional contribution toη′
production inΛb → Λ transition due to the charm
content ofη′.

The effective HamiltonianHeff for the �B = 1
transition is

Heff = 4GF√
2

[
VubV

∗
uq

(
c1O

q

1u + c2O
q

2u

)
+ VcbV

∗
cq

(
c1O

q
1c + c2O

q
2c

)
(2)− VtbV

∗
tq

12∑
i=3

ciO
q
i

]
+ h.c.,

where the definition for each operatorsO and the nu-
merical values for the Wilson coefficients can be fou
in the literature[21–23]. In this Letter, we shall take
into account the chromomagnetic operatorO11, but
neglect the extremely small contribution from the el
tromagnetic operatorO12. Considering the gluon split
ting into two quarks, the chromomagnetic operator
be rewritten in the Fierz transformed form as descri
in Ref. [24,25].

In general, the vector and axial-vector matrix e
ments for theΛb → Λ transition can be parameterize
as

〈Λ|s̄γµb|Λb〉
= ūΛ

[
f1γµ + i

f2

mΛb

σµνq
ν + f3

mΛb

qµ

]
uΛb,

〈Λ|s̄γµγ5b|Λb〉

(3)

= ūΛ

[
g1γµγ5 + i

g2

mΛb

σµνq
νγ5 + g3

mΛb

qµγ5

]
uΛb,

where the momentum transferqµ = p
µ
Λb

− p
µ
Λ andfi

andgi(i = 1,2,3) are Lorentz invariant form factors



M.R. Ahmady et al. / Physics Letters B 598 (2004) 203–210 205

-

be-

e
or

-

unt
t

of

an

nd
t

unt
lly

ues

orm

-

in
Alternatively, using theHQET, the hadronic matrix
elements for theΛb → Λ transition can be parame
terized[26] as

(4)〈Λ|s̄Γ b|Λb〉 = ūΛ

[
F1

(
q2) + /vF2

(
q2)]Γ uΛb,

wherev = pΛb/mΛb is the four-velocity ofΛb andΓ

denotes the possible Dirac matrix. The relations
tweenfi, gi andFi can be easily given by

f1 = g1 = F1 + rF2,

(5)f2 = f3 = g2 = g3 = F2,

wherer = mΛ/mΛb .
The decay constants of theη andη′ mesons,f q

η(′) ,
are defined by

(6)〈0|q̄γ µγ5q
∣∣η(′)〉 = if

q

η(′)p
µ

η(′) (q = u, s, c).

Due to theη–η′ mixing, the decay constants of th
physicalη and η′ are related to those of the flav
SU(3) singlet stateη0 and octet stateη8 through the
relations[27,28]

f u
η = f8√

6
cosθ8 − f0√

3
sinθ0,

f s
η = −2

f8√
6

cosθ8 − f0√
3

sinθ0,

f u
η′ = f8√

6
sinθ8 + f0√

3
cosθ0,

(7)f s
η′ = −2

f8√
6

sinθ8 + f0√
3

cosθ0,

whereθ8 andθ0 are the mixing angles and phenom
enologicallyθ8 = −21.2◦ and θ0 = −9.2◦ [28]. We
usef8 = 166 MeV andf0 = 154 MeV[21].

The decay amplitude ofΛb → Λη′ can be written
as[25]

(8)M≡ 〈Λη′|Heff|Λb〉 = iūΛ(a + bγ5)uΛb,

where

a = (X + Y )

[
(mΛb − mΛ)f1 + m2

η′

mΛb

f3

]
,

b = (X − Y )

[
(mΛb + mΛ)g1 − m2

η′

mΛb

g3

]
,

X = GF√
2

[{
VubV

∗
usa2

− VtbV
∗
t s

(
2a3 − 2a5 − 1

2
a7 + 1

2
a9

)}
f u

η′

− VtbV
∗
t s

{
a3 + a4 − a5 + 1

2
a7 − 1

2
a9

− 1

2
a10 +

(
1+ 2pb · q

m2
b

)
af

}
f s

η′

]
,

Y = −GF√
2

VtbV
∗
t sχη′

(
a6 − 1

2
a8 + 5

4
af

)(
f s

η′ − f u
η′

)
,

ai ≡ ceff
i + 1

Nc

ceff
i+1 (for i = odd),

ai ≡ ceff
i + 1

Nc

ceff
i−1 (for i = even),

(9)χη′ = m2
η′

mbms

, af = αs

16πk2
m2

b

N2
c − 1

N2
c

c11.

In the above amplitude, we have taken into acco
the anomaly contribution1 to the matrix elemen
〈η′|s̄γ5s|0〉 [8,23,29,30], which leads to

(10)〈η′|s̄γ5s|0〉 = i
(f s

η′ − f u
η′)m2

η′

2ms

.

The similar expression for the decay amplitude
Λb → Λη can be obtained by replacingη′ by η in the
above Eqs.(8) and (9).

We will see that this anomaly contribution plays
important role inΛb → Λη′ andΛb → Λη decays.
In the case of neglecting the anomaly effect, we fi
that the BR ofΛb → Λη′ is much larger (e.g., abou
5 times) than that ofΛb → Λη for most of the rel-
evant parameter space. However, taking into acco
the anomaly effect, we find that the result drastica
changes: both BRs become comparable.

For numerical calculations, we need specific val
for the form factors in theΛb → Λ transition which
are model-dependent. We use the values of the f
factors from both the QCD sum rule approach[31]
and the pole model[26,32]. In the QCD sum rule ap

1 This anomaly contribution was not taken into account
Ref. [25].
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proach, the form factorsF1 andF2 are given by

F1 = −e2Λ̄/M+m2
Λ/T

2fΛbfΛ

[ νc∫
0

dν

2νz∫
0

ds ρ1
pert

× e−s/T −ν/M − 1

3
〈q̄q〉2

− 1

32π4
〈αsGG〉

T/4∫
0

(
1− 4β

T

)

× e−4β(1−4β/T )/M2−8βz/(T M) dβ

]
,

F2 = −e2Λ̄/M+m2
Λ/T

2fΛbfΛ

[ νc∫
0

dν

2νz∫
0

dsρ2
perte

−s/T −ν/M

+ 1

8π4
〈αsGG〉

T/4∫
0

(
1− 4β

T

)
β

M

(11)× e−4β(1−4β/T )/M2−8βz/(T M) dβ

]
,

where

ρ1
pert=

1

32π4σ 3

{−2z3σ 3 − [−s + z(ν + 2z)
]3

+ 3z2[−s + z(ν + 2z)
]
σ 2},

ρ2
pert= − 1

64π4σ 3

[
s − 2z2 + z(−ν + σ)

]2

× [
νs + 8z3 − 4z2(−2ν + σ)

− 2z(−ν2 + 5s + νσ)
]
,

(12)σ =
√

−4s + (ν + 2z)2.

Here z = pΛ·pΛb

mΛb
= m2

Λb
+m2

Λ−q2

2mΛb
(qµ = p

µ
Λb

− p
µ
Λ)

and the Borel parameterM = 4T
mb

. For the other rel-
evant conventions and notation, we refer to Ref.[31].
In Figs. 1 and 2we show the form factorsF1 and
F2 as a function of the Borel parameterM = 4T

mb

for Λb → Λη(′), respectively. InΛb → Λη(′), F1 =
0.510(0.514) and F2 = −0.058(−0.060) for M =
1.5 GeV, F1 = 0.476(0.481) and F2 = −0.084
(−0.088) for M = 1.7 GeV, andF1 = 0.473(0.479)

and F2 = −0.117(−0.122) for M = 1.9 GeV. The
BRs of Λb → Λη′ andΛb → Λη versusξ ≡ 1

N
for
c

Fig. 1. The form factorF1 for the transitionΛb → Λ versus the
Borel parameterM(= 4T

mb
). The dotted (solid) line corresponds

the case ofΛb → Λη(′).

Fig. 2. The form factorF2 for the transitionΛb → Λ versus the
Borel parameterM(= 4T

mb
). The dotted (solid) line corresponds

the case ofΛb → Λη(′).

different values of the Borel parameterM = 4T
mb

are
shown inFigs. 3 and 4, respectively. Our result show

(13)B(Λb → Λη′) = (6.0–19.0) × 10−6,

and

(14)B(Λb → Λη) = (6.5–17.9) × 10−6.

Forξ = 1/3 (i.e.,Nc = 3) andM = 1.7 GeV,B(Λb →
Λη′) = 11.33× 10−6 andB(Λb → Λη) = 11.47×
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Fig. 3. The BR for the decayΛb → Λη′ versusξ = 1
Nc

for different

values of the Borel parameterM = 4T
mb

. The shaded region denote

the case ofξ � 0.1, which is favored from the analysis ofB → Kη′
decays.

Fig. 4. The BR for the decayΛb → Λη versusξ = 1
Nc

for different

values of the Borel parameterM = 4T
mb

. The shaded region denote

the case ofξ � 0.1, which is favored from the analysis ofB → Kη′
decays.

10−6. We recall that in the case ofB → Kη′ a small
value of ξ (ξ � 0.1) is favored to fit the experimen
tal data on the BR in the framework of the generaliz
factorization[8,21,23,30]. In the figures, the shade
region denotes the case ofξ � 0.1, favored from the
analysis ofB → Kη′. For ξ = 0.1, B(Λb → Λη′) =
14.53× 10−6 andB(Λb → Λη) is 13.91× 10−6.
In the pole model[26,32], the form factors are
given by

(15)Fi

(
q2) = Ni

(
ΛQCD

ΛQCD + z

)2

, i = 1,2,

where ΛQCD ∼ 200 MeV and z = pΛ·pΛb

mΛb
. Using

N1 = 52.32 andN2 = −13.08, we obtain the val
ues of the form factors:F1(q

2) = 0.225(0.217) and
F2(q

2) = −0.056(−0.054) for q2 = m2
η′(m2

η). We
note that the magnitudes of these form factors
less than a half of those obtained in the QCD s
rule method. This would result in the fact that t
BRs forΛb → Λη(′) predicted in the case of the po
model are quite smaller than those predicted in
case of the QCD sum rule approach. Indeed, the
for Λb → Λη′ andΛb → Λη are estimated to be

(16)B(Λb → Λη′) = (1.8–4.5) × 10−6,

and

(17)B(Λb → Λη) = (1.8–3.8) × 10−6,

which are about a quarter of those estimated in
QCD sum rule case. Forξ = 1/3, B(Λb → Λη′) =
3.24× 10−6 andB(Λb → Λη) = 2.95× 10−6. For
ξ = 0.1, B(Λb → Λη′) = 4.08× 10−6 andB(Λb →
Λη) = 3.55 × 10−6. Since the main uncertainty i
our analysis arises from the uncertainty in the relev
form factors, for a more accurate analysis, the exp
mental test for determining the value of the form fa
tors is called for. The form factors can be determin
in the semileptonic decays,Λb → Λ�� or Λb → p�ν̄.

We note that the BR ofΛb → Λη is similar to
that of Λb → Λη′, in contrast to the case ofB →
Kη(′) where the BR ofB → Kη is about an or-
der of magnitude smaller than that ofB → Kη′. This
difference can be understood by noticing the follo
ing two points.First, the difference arises from th
fact that in the factorization scheme, the decay am
plitude forΛb → Λη(′) consists of terms proportion
to 〈η(′)|O|0〉〈Λ|O ′|Λb〉 only (see Eq.(9)), while the
decay amplitude forB → Kη(′) consists of terms
proportional to〈K|Õ|0〉〈η(′)|Õ ′|B〉 as well as terms
proportional to〈η(′)|O|0〉〈K|O ′|B〉 [8,21,23]. (Here
O(′) andÕ(′) denote the relevant quark currents ar
ing from the effective Hamiltonian(2).) In the case
of B → Kη(′), the destructive (constructive) interfe
ence appears between the penguin amplitude pro
tional to 〈K|Õ|0〉〈η(′)|Õ ′|B〉 and that proportional to
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〈η(′)|O|0〉〈K|O ′|B〉, due to the opposite (same) sig
between〈K|Õ|0〉 ∝ fK and〈η(′)|O|0〉 ∝ f

q

η(′) : in par-

ticular,f s
η = −112 MeV, whilef s

η′ = +137 MeV (see

Eq. (7)). In contrast, in the case ofΛb → Λη(′), there
is no such interference between terms in the am
tude because the amplitudecontains terms propor
tional to〈η(′)|O|0〉 ∝ f

q

η(′) only.Second, the difference
also arises from the fact that there is an additio
interference between the anomaly term proportio
to f u

η(′) and the other dominant terms proportional

f s
η(′) both in Λb → Λη(′) and B → Kη(′). It turns

out that in Λb → Λη(′) and B → Kη(′) the anom-
aly term interferes constructively (destructively) w
the other dominant terms. In the case ofΛb → Λη(′),
this interference between the anomaly and the o
dominant terms plays a crucial role to make the B
of Λb → Λη′ and Λb → Λη comparable in magni
tude (see the discussion in the following paragrap
However, in the case ofB → Kη(′), this interfer-
ence between the anomaly and the other terms
comes less important than that between the terms
portional to 〈K|Õ|0〉 and 〈η(′)|O|0〉, as mentioned
above.

In order to examine how large the anomaly con
bution toB(Λb → Λη(′)) is, we calculate those BR
neglecting the anomaly contribution. We find that
the QCD sum rule approach,

B(Λb → Λη′) = 33.28(40.45)× 10−6

for ξ = 1

3
(ξ = 0.1),

B(Λb → Λη) = 6.38(7.97)× 10−6

(18)for ξ = 1

3
(ξ = 0.1),

and in the pole model,

B(Λb → Λη′) = 9.84(1.54)× 10−6

for ξ = 1

3
(ξ = 0.1),

B(Λb → Λη) = 11.83(1.90)× 10−6

(19)for ξ = 1

3
(ξ = 0.1).

Compared to the corresponding results including
anomaly contribution (shown just below Eqs.(14) and
(17)), the above values ofB(Λb → Λη′) are roughly
3 times larger, while those ofB(Λb → Λη) are only
about a half. It shows that the anomaly contribut
is indeed very crucial inΛb → Λη(′) decays: due to
the anomaly contribution,B(Λb → Λη′) is reduced by
about a factor of 0.3, butB(Λb → Λη) is increased by
about a factor of 2.

This feature can be understood by the follo
ing observation. In Eq.(9), the term proportiona
to the decay constantf u

η′ in Y is due to the anom
aly. For Λb → Λη, the similar expression appea
Λb → Λη(′) decay modes are penguin-domina
processes and the main contributions come from
QCD coefficientsa4 and a6. There are three dom
nant terms in the decay amplitudes, entering thro
X andY in Eq.(9): these are proportional to−a4f

s
η(′) ,

−χη(′)a6f
s
η(′) , and +χη(′)a6f

u
η(′) , respectively. Pleas

note the following points: (i) The contribution du
to anomaly appears with a negative sign compare
the other dominant terms. Also, the chiral enhan
ment factors areχη′ ≈ 2 and χη ≈ 0.5. (ii) The rel-
evant decay constants aref u

η(′) = 0.078(0.063)GeV

andf s
η(′) = −0.112(+0.137)GeV. (iii) The QCD co-

efficientsa4 anda6 have the same sign and they a
comparable in magnitude. Consequently, it is straig
forward to see that|X +Y | � |X −Y |. Due to the fact
f1 = g1 � f3 = g3, we see that the dominant co
tribution to the decay rates arises from the terma in
Eq. (9) which is proportional to(X + Y ). Thus, now
focusing only on(X + Y ), we observe that for th
processΛb → Λη′, the anomaly term that is propo
tional to+χη(′)a6f

u
η(′) , interferes destructively with th

other dominant terms. In theΛb → Λη case however
the anomaly term interferes constructively with t
others, due to the negative value off s

η . It is straight-
forward to check that due to the anomaly contributi
the magnitude of the amplitude ofΛb → Λη′ is re-
duced by about a factor of 0.6, while that ofΛb → Λη

is increased by about a factor of 1.3.
Before concluding we investigate what a spec

mechanism, that is proposed as a possible expl
tion of the large branching ratio ofB → Kη′, has to
say forη′ production in hadronic two-bodyΛb → Λ

transition. The experimental observation of the la
decay channel may serve to distinguish the accept
mechanism. For example, Ref.[33] predicts that the
enhancement of theη′ production in mesonicB → K

decay does not apply to the baryonicΛb → Λ transi-
tion. Here we look at the enhancement of the baryo
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Λb → Λη′ decay due to the possiblecc̄ component
of η′.

One can estimate the contribution from the cha
content ofη′ to the decayΛb → Λη′ by including
b → scc̄ transition in the matrix element in Eq.(8)
which is given by

〈Λη′
cc|Heff|Λb〉

= 4GF√
2

[
VcbV

∗
csa2〈Λ|s̄γµLb|Λb〉〈η′|c̄γ µLc|0〉

− VtbV
∗
t s

(
2a3 − 2a5 − 1

2
a7 + 1

2
a9

)
× 〈Λ|s̄γµLb|Λb〉〈η′|c̄γ µLc|0〉
− VtbV

∗
t sχη′

(
−a6 + 1

2
a8 − 5

4
af

)

(20)× 〈Λ|s̄γµRb|Λb〉〈η′|c̄γ µLc|0〉
]
.

The cc̄ vacuum annihilation ofη′, which is parame
terized by the decay constantf c

η′ defined in Eq.(6),
can be extracted from the experimental data onψ →
η′γ , ψ → ηcγ and ηc → γ γ [8,34]. In fact, more
careful estimate of the charm content ofη′ leads to
|f c

η′ | ≈ 2.4 MeV, which is substantially smaller tha
f u

η′ = 78.0 MeV.
Inserting the parameter values in the above eq

tion results inB(Λb → Λη′) = 10.60× 10−6 for ξ =
1/3 andB(Λb → Λη′) = 16.78× 10−6 for ξ = 0.1,
where the QCD sum rule is used to estimate the fo
factors. We observe that the shift in the branching
tio due to the charm content ofη′ is sensitive to the
effective number of colorsξ , resulting in a reduction
of around 6% forNc = 3 and an enhancement of mo
than 15% forNc = 10.

In this Letter, we calculated the BRs for the tw
body hadronic decays ofΛb to Λ andη or η′ mesons.
The form factors of the relevant hadronic matrix e
ments are evaluated by two methods: QCD sum r
and the pole model. In QCD sum rules, the sensitiv
of the form factors to the Borel parameter is roug
the same forη andη′. The variation ofF1 is around
7% for the Borel parameter in the range between
and 1.9.F2 on the other hand, is quite sensitive to th
parameter, changing by a factor 2 approximately
the above range. However, due to the relative siz
F1 andF2, one can see from Eq.(16) that the uncer-
tainty in the amplitude forΛb → Λ transition due to
hadronic form factors is dominated by the variation
the former, leading to about 14% error in the bran
ing ratio. Also, we have checked the variation of t
BRs forΛb → Λη(′) with the effective number of col
orsNc in order to extend our results toξ = 1

Nc
� 0.1

range, which is favored in fitting the experimental d
on theB(B → Kη′) in the framework of general
ized factorization. Our results indicate that the BRs fo
Λb → Λη andΛb → Λη′ are more or less the same
QCD sum rules, 11.47× 10−6 and 11.33× 10−6, re-
spectively, forM = 1.7 GeV andNc = 3.

In the pole model, on the other hand, the fo
factor F1 turns out to be smaller by a factor 2, a
proximately. However,F2 is roughly the same as i
the sum rule case for the smaller values of the Bo
parameter. As a result, the predicted branching
tios in this model,B(Λb → Λη) = 2.95× 10−6 and
B(Λb → Λη′) = 3.24× 10−6 for Nc = 3, are signifi-
cantly smaller than those obtained via QCD sum ru

We showed that the anomaly contribution is ve
important inΛb → Λη(′) decays. Due to the anom
aly contribution, the BR forΛb → Λη′ is reduced by
about a factor of 0.3, while the BR forΛb → Λη is
increased by about a factor of 2.

We also calculated the contribution due to t
charm content ofη′ to the hadronicΛb → Λη′ de-
cay. Our results show that the shift in the branch
ratio due to the charm content mechanism is about
downward forξ = 1/3 and more than 15% upward fo
ξ = 1/10 which might be noticeable.
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