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Recently the ATLAS Collaboration at CERN reported on the measurement of the branching ratio
RΛb

¼ ΓðΛ0
b → ψð2SÞΛ0Þ=ΓðΛ0

b → J=ψΛ0Þ. The measured branching ratio RΛb
¼ 0.501� 0.033ðstatÞ �

0.019ðsystÞ was found to be lower than the covariant quark model prediction of RΛb
¼ 0.8� 0.1 calculated

by us recently. We present a detailed analysis of the branching ratio RΛb
using a model-independent

framework for the heavy-to-light form factors based on results from our previous papers.
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I. INTRODUCTION

Recently the ATLAS Collaboration at CERN reported
on the measurement of the branching ratio RΛb

¼ ΓðΛ0
b →

ψð2SÞΛ0Þ=ΓðΛ0
b → J=ψΛ0Þ [1]. The measured branching

ratio RΛb
¼ 0.501� 0.033ðstatÞ � 0.019ðsystÞ was found

to be lower than the expectation from the covariant quark
model calculation [2–8] RΛb

¼ 0.8� 0.1 done by us
recently [6]. Note that in Ref. [6] we have only listed
the central value of RΛb

¼ 0.8� 0.1. The error on the
branching ratio was determined using several overall fits
to a wide spectrum of data on heavy hadron decays all
with similar good χ2 values. The set of fit values lead to
branching ratios within 0.1 deviation from 0.8. We mention
that there have been a number of theoretical quark model
calculations for the decay Λb → Λþ J=ψ based on the
factorization hypothesis [9–15], two of which we will
return to when we present our numerical results.
In Ref. [6] we have presented a detailed analysis of the

branching ratio RΛb
using the covariant quark model for the

heavy-to-light form factors based on results from our
previous papers. In particular, we have shown that our
model transition form factors (see Ref. [7] for heavy-to-
light transitions and Ref. [8] for heavy-to-heavy transitions)
can be approximated to a high accuracy by the double-pole
representation

Fðq2Þ ¼ Fð0Þ
1 − aq2=M2

1 þ bq4=M4
1

; ð1Þ

where M1 is the mass of the initial baryon and a and b are
the fit parameters. In the examples studied by us we noticed
that the fit parameters are approximately related by
b ≈ a2=4, i.e. the q2 behavior of our form factors is very
close to a dipole form

Fðq2Þ ¼ Fð0Þ
ð1 − q2=M2

dÞ2
; ð2Þ

where Md is the dipole mass. The scale set by this mass is
close to the value of the Bs meson massMBs

¼ 5.367 GeV
in the case of the b → s transitions.
Themain objective of the present paper is to show that the

explicit value of the dipole mass is crucial to understanding
the branching ratio RΛb

. Our main result is that Md ∼MBs

leads toRΛb
∼ 1, while increasing (decreasing) values ofMd

lead to decreasing (increasing) values of RΛb
. In particular,

the central ATLAS value RΛb
∼ 0.5 would require a rela-

tively large value of the dipole mass Md ∼ 10 GeV.
Westartwith thedefinitionof the transitionamplitudeof the

processB1ðp1Þ→B2ðp2ÞþWoff-shellðqÞwhich are described
by the vector and axial vector current matrix elements
MV=A

μ ðλ1; λ2Þ ¼ hB2; λ2jJV=Aμ jB1; λ1i. The matrix elements
can be expanded in terms of a complete set of invariants:

MV
μ ðλ1; λ2Þ ¼ ū2ðp2; λ2Þ

�
FV
1 ðq2Þγμ −

FV
2 ðq2Þ
M1

iσμq

þ FV
3 ðq2Þ
M1

qμ

�
u1ðp1; λ1Þ ð3Þ
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and

MA
μ ðλ1; λ2Þ ¼ ū2ðp2; λ2Þ

�
FA
1 ðq2Þγμ −

FA
2 ðq2Þ
M1

iσμq

þ FA
3 ðq2Þ
M1

qμ

�
γ5u1ðp1; λ1Þ; ð4Þ

where M1 and M2 are the masses of the initial and final
baryons, σμq ¼ i

2
ðγμq − qγμÞ and q ¼ p1 − p2. The labels

λi ¼ � 1
2
denote the helicities of the two baryons. For

completeness we have also included the form factors FV=A
3 ,

even though they do not contribute to the process
Λb → Λþ J=ψ ;ψð2SÞ. They would determine the rate for
the decay Λb → Λþ ηc.
In the heavy quark limit (HQL) the matrix element for

the heavy-to-light b → s transition is given in terms of two
(f1, f2) form factors [16–18]. The HQL form factors
depend on the variable p2 · v1, where v1 ¼ p1=M1 is the
four-velocity of the Λb . The matrix element now reads

MV−A
μ ¼ ūðp2Þðf1ðp2vÞ þ vf2ðp2vÞÞOμuðvÞ; ð5Þ

where Oμ ¼ γμð1 − γ5Þ. In the HQL we have used the
heavy (b quark) mass expansion for the Λb mass [6]

MΛb
¼ mb þ Λ̄þOð1=mbÞ ð6Þ

and we keep the two leading terms in the expansion—the
heavy quark mass mb and the so-called binding energy
Λ̄ ¼ Oðm0

bÞ. The value Λ̄ ¼ 0.53 GeV is fixed using
experimental values for MΛb

¼ 5.6194 GeV [19] and a
model value for the constituent mass of the b quark
mb ¼ 5.09 GeV. The constituent mass of the b quark
was fixed from an analysis of a wide spectrum of data
on heavy hadron decays in our approach.
In the HQL the six form factors FV=A;HQL

1;2;3 become related
to the HQL form factors f1;2 as follows [16–18]:

FV;HQL
1 ¼ FA;HQL

1 ¼ f1 þ
M2

M1

f2;

FV;HQL
2 ¼ FA;HQL

2 ¼ −FV;HQL
3 ¼ −FA;HQL

3 ¼ −f2: ð7Þ

It is convenient to analyze the decay Λb→ΛþV in terms of
the helicity amplitudes HV=A

λ2λV
, which are linearly related to

the invariant form factors FV=A
i (see details in Refs. [5–8]):

HV=A
λ2λV

¼ MV=A
μ ðλ2Þϵ†μðλVÞ; ð8Þ

where λV is the helicity of the vector meson. From angular
momentum conservation, one has λ1 ¼ −λ2 þ λW .

The helicity amplitudes read (see e.g. Refs. [5–8])

HV=A
þ1

2
þ1

¼ ffiffiffiffiffiffiffiffiffiffi
2Q∓

p �
FV=A
1 �M�

M1

FV=A
2

�
;

HV=A
þ1

2
0
¼

ffiffiffiffiffiffiffi
Q∓

p
ffiffiffiffiffi
q2

p
�
M�F

V=A
1 � q2

M1

FV=A
2

�
; ð9Þ

where we make use of the abbreviations M� ¼ M1 �M2

and Q� ¼ M2
� − q2. From parity or from an explicit

calculation, one has HV=A
−λ2;−λV ¼ �HV=A

λ2;λV
. The total left-

chiral helicity amplitude is defined by the composition

Hλ2;λV ¼ HV
λ2;λV

−HA
λ2;λV

: ð10Þ

The weak nonleptonic decays Λb → Λþ J=ψ and Λb →
Λþ ψð2SÞ are described by bilinear forms of the helicity
amplitudes termed helicity structure functions. The relevant
bilinear forms for the rate are HU ¼ jHþ1

2
þ1j2 þ jH−1

2
−1j2

(unpolarized transverse) and HL ¼ jHþ1
2
0j2 þ jH−1

2
0j2

(longitudinal), where the rate is proportional to
HU þHL ≔ HUþL. In the HQL the two helicity structure
functions can be expressed in terms of the functions f1 and
f2 as

HU ¼ 4½ðQþ þQ−Þðf21 þ f22Þ þ 8M1M2f1f2�;

HL ¼ HS ¼
2

q2

�
Qþ

�
M−

�
f1 þ

M2

M1

f2

�
þ q2

M1

f2

�
2

þQ−

�
Mþ

�
f1 þ

M2

M1

f2

�
−

q2

M1

f2

�
2
�
: ð11Þ

The Λb → Λþ V decay rate is given by

ΓðΛb → Λþ VÞ ¼ G2
F

32π

jpV j
M2

1

jVcbV�
csj2C2

efff
2
VM

2
V

×HUþL; ð12Þ

where jpV j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
QþQ−

p
=ð2M1Þ is the three-momentum

of the decay products in the rest frame of the parent
baryon, Ceff ¼ −0.262 is a combination of the relevant
Wilson coefficients, and fV is the decay constant
(fJ=ψ ¼ 415 MeV, fψð2SÞ ¼ 295.6 MeV) of the respective
vector meson.
The branching ratio RΛb

can be written in terms of a
model-independent factor RM given by

RM ¼ jpψð2SÞj
jpJ=ψ j

�
Mψð2SÞfψð2SÞ
MJ=ψfJ=ψ

�
2

¼ 0.535025 ð13Þ

and a model dependent factor RH given by the ratio of the
helicity structure functionsHUþL evaluated at q2 ¼ M2

ψð2SÞ
and q2 ¼ M2

J=ψ ,
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RH ¼ ðHUþLÞψð2SÞ=ðHUþLÞJ=ψ ; ð14Þ

such that

RΛb
¼ RM · RH: ð15Þ

Note that the branching ratio RΛb
does not depend on

the flavor and color dependent product of coefficients
VcbVcsCeff .
Next we need to analyze the q2 dependence of the ratio

RH. According to the ATLAS data RH must be close to 1,
which implies a weak dependence of the helicity structure
function on q2 in the range between q2 ¼ M2

J=ψ ≃
9.591 GeV2 and q2 ¼ M2

ψð2SÞ ≃ 13.587 GeV2. Our recent

analysis showed that due to the dipolelike behavior of the
form factors (2) with Md ≃MBs

, there is a sizable growth
of the rate structure function HUþL from q2 ¼ M2

J=ψ to

q2 ¼ M2
ψð2SÞ. Quantitatively, the rapid growth of HUþL

between q2 ¼ M2
J=ψ and q2 ¼ M2

ψð2SÞ follows from the

details of our dynamical quark model ansatz. Qualitatively,
the growth of HUþL results from the simple picture of a
dipole behavior of the form factors characterized by the
mass scale Λ≃MBs

. The scale corresponds to the flavor
composition of a t-channel meson exchange. Below we
show details of our numerical analysis. In particular, we
expose the dependence of RH on the dipole mass Md and
show that the ATLAS result can be reproduced only with a
relatively large value of the dipole mass Md ∼ 10 GeV
which exceeds the mass scale set by the Bs meson mass
by 86%.
We want to emphasize that the dipole approximation is

also a very good approximation for the q2 dependence of
the b → c transition form factors in the decay Λb →
Λcl−ν̄l [8]. Again the dipole mass of Md ¼ 6.46 –
6.58 GeV is close to the (bc̄) mass scale of 6.28 GeV
set by the Bc meson mass.
The details of the calculations of the covariant form

factors for the Λb → Λ transition can be found in Ref. [6].
In particular, we used the following set of the constituent
quark masses mb ¼ 5.09 GeV, ms ¼ 0.424 GeV, mu ¼
md ¼ 0.235 GeV and the actual value of fψð2SÞ ¼
286.7 MeV.
In Figs. 1–6 we present plots of the q2 dependence

of our form factors from q2 ¼ 0 to q2max ¼ ðMΛb
−MΛÞ2.

The two sets of Figs. 1–3 and 4–6 correspond to the form
factors FV

1 and FV
2 , respectively. In particular, in Figs. 1

and 4 we compare the form factors in the exact case and
in the HQL. The leading FV

1 form factors in the exact and
in the HQL case can be seen to be very close to each
other. In Figs. 2 and 5 we present a comparison of the
exact form factors (dotted line), and the double-pole
(curve 1) and dipole approximations (curve 2) to the
form factors. An analogous comparison in the HQL is

presented in Figs. 3 and 6. One can see that the double-
pole approximation lies practically on top of the exact
form factors. Also the dipole approximation can be seen
to be a quite reasonable approximation to both. The
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FIG. 1 (color online). Form factors FV;HQL
1 (curve 1) and F1

(curve 2).
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FIG. 2 (color online). Form factor FV
1 : exact result (dotted line),

double-pole approximation (curve 1), and dipole approximation
(curve 2).

1

2

0 5 10 15 20

0.2

0.4

0.6

0.8

1.0

1.2

Q2 GeV2

F
1

q2

FIG. 3 (color online). Form factor FV;HQL
1 : exact result (dotted

line), double-pole approximation (curve 1), and dipole approxi-
mation (curve 2).
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parameters for the double-pole and dipole approximations
are summarized in Tables I–IV. We do not list the
corresponding values for the form factor FA

2 since FA
2

is suppressed.

In Table V we present our results for the Λb → Λþ V
branching ratios and the ratio RΛb

considering different
limiting cases: (1) exact, (2) exact taking into account only
the leading form factors FV

1 and FA
1 , (3) HQL, and (4) HQL

taking into account only the leading form factors
FV;HQL
1 ¼ FA;HQL

1 . One can see that the restriction to the
leading form factors FV

1 and FA
1 gives a qualitatively

reasonable approximation for the evaluation of the branch-
ing ratios BðΛb → Λþ VÞ.

2

1
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FIG. 4 (color online). Form factors FV;HQL
2 (curve 1) and F2

(curve 2).
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FIG. 5 (color online). Form factor FV
2 : exact result (dotted line),

double-pole approximation (curve 1), and dipole approximation
(curve 2).
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FIG. 6 (color online). Form factor FV;HQL
2 : exact result (dotted

line), double-pole approximation (curve 1), and dipole approxi-
mation (curve 2).

TABLE I. Parameters for the double-pole approximation for
our form factors FV

1 , F
V
2 , and FA

1 .

FV
1 FV

2 FA
1

fð0Þ 0.107 0.043 0.104
a 2.271 2.411 2.232
b 1.367 1.531 1.328

TABLE II. Parameters for the dipole approximation for our
form factors FV

1 , F
V
2 , and FA

1 .

FV
1 FV

2 FA
1

fð0Þ 0.107 0.043 0.104
Md (GeV) 5.445 5.286 5.484

TABLE III. Parameters for the double-pole approximation for
our form factors FV;HQL

1 and FV;HQL
2 in the HQL.

FV;HQL
1 FV;HQL

2

Fð0Þ 0.124 0.023
a 2.259 2.464
b 1.360 1.597

TABLE IV. Parameters for the dipole approximation for our
form factors FV;HQL

1 and FV;HQL
2 in the HQL.

FV;HQL
1 FV;HQL

2

Fð0Þ 0.107 0.043
Md (GeV) 5.458 5.240

TABLE V. Branching ratios BðΛb → Λþ VÞ (in units of 10−4)
and ratio RΛb

.

Exact HQL HQL
Quantity Exact FV=A

2 ¼ 0 FV=A;HQL
2 ¼ 0

BðΛb → Λþ J=ψÞ 8.90 7.34 9.55 10.27
BðΛb → Λþ ψð2SÞÞ 7.25 5.96 7.40 8.52
RΛb

0.81 0.81 0.77 0.83
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In Fig. 7 we plot the dependence of the ratios RH and RΛb

on the dipole mass using an approximation where FV=A
2 ¼

0 and where the dominating form factors FV
1 and FA

1 have a
dipole form. The plot encapsules the essence of the results
found in Ref. [6]: for a dipole mass of Md ∼MBs

, which
reflects the typical scale for the b → s baryon transitions,
one finds RH ∼ 2. Such a large value of RH leads to a
branching ratio RΛb

∼ 1 which exceeds the measured
central value of RΛb

∼ 0.5 [1]. The ATLAS result can only
be reproduced with Md ∼ 10 GeV, which, as remarked on
before, is far away from the mass scale set by the Bs
meson mass.
It is interesting to compare our results with the pre-

dictions of Refs. [14,15] who have conveniently supplied
parametrizations of their model form factors (see Table VI).
The predictions of both models [14,15] for the branching
fraction BðΛb → Λþ J=ψÞ are close to our result.
However, the predictions for the branching fraction
BðΛb → Λþ ψð2SÞÞ considerably differ from our result,
leading to very different results on the branching ratio RΛb

.
The authors of [14] obtain RΛb

¼ 0.65, while the authors
of [15] obtain a value of RΛb

exceeding 1. The result of
Ref. [14] means that the value of their effective dipole mass
is much larger than predicted by our approach.
For completeness we also present predictions of our

model for the analogous mesonic decays B → K þ J=ψ ,

ψð2SÞ using the covariant quark model results given in
[20]. The B → K þ J=ψ , ψð2SÞ decay widths are calcu-
lated according to the formula

ΓðB → K þ VÞ ¼ G2
F

16π

jpV j
M2

1

jVcbV�
csj2C2

efff
2
VM

2
V jH0j2

¼ G2
F

4π
jpV j3jVcbV�

csj2C2
efff

2
Vf

2þðM2
VÞ;

ð16Þ

where H0 is the scalar helicity amplitude given by [20]

H0 ¼
2M1jpV j

MV
fþðM2

VÞ: ð17Þ

The form factor fþðM2
VÞ multiplies the Lorentz structure

ðp1 þ p2Þμ and has to be evaluated for q2 ¼ M2
V . The

B → K transition form factors calculated in [20] are very
close to a monopole formula

fþðq2Þ ¼
fþð0Þ

1 − q2=M2
m
; ð18Þ

whereMm is the monopole mass. In the case of the mesonic
b → s transitions the monopole mass Mm is of the order of
5 GeV. As before, the branching ratio RB ¼ ΓðB →
ψð2SÞKÞ=ΓðB → J=ψKÞ can be written in terms of the
two factors RB ¼ RMRH, where RM ¼ 0.515792 and RH
depends of the transition form factor fþ according to
Eq. (17). In Fig. 8 we display the dependence of the ratios
RH and RB on the value of the monopole mass Mm. Due to
the monopole form of the mesonic transition form factors,
the dependence of RH and thereby RB on the monopole
mass is weaker than in the baryon case. In particular, RB
changes from 0.39 to 0.24 when Mm changes from 5 to
10 GeV. The exact value RB predicted by our approach is

RH

R
b

5 6 7 8 9 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Md GeV

FIG. 7 (color online). Dependence of the ratios RH and RΛb
on

the dipole mass Md for the nonleptonic Λb → Λþ J=ψ , ψð2SÞ
transitions.

TABLE VI. Comparison of our results for branching ratios
BðΛb → Λþ VÞ (in units of 10−4) and ratio RΛb

with approaches
[14,15] using their parametrization for form factors.

Quantity Our Reference [14] Reference [15]

BðΛb → Λþ J=ψÞ 8.90 8.44 8.21
BðΛb → Λþ ψÞ 7.25 5.48 9.35
RΛb

0.81 0.65 1.14

RH

RB

5 6 7 8 9 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Mm GeV

FIG. 8 (color online). Dependence of the ratios RH and RB on
the monopole mass Mm for the nonleptonic B → K þ J=ψ ,
ψð2SÞ transitions.
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RB ¼ 0.34. This value is smaller than the experimental data
on RB: 0.611� 0.019 (fit) and 0.603� 0.021 (average)
[19]. The smaller ratio predicted by our model is due
to the smaller branching for the B → ψð2SÞK mode
BrðB → ψð2SÞKÞ ¼ 3.5 × 10−4, while the experimental
value is ð6.27� 0.24Þ × 10−4 (fit) and ð6.5� 0.4Þ ×
10−4 (average) [19]. On the other hand, our prediction
for BrðB → ψð2SÞKÞ is close to the result of the BABAR
Collaboration ð4.9� 1.6� 0.4Þ × 10−4 [21]. In the case of
the B → J=ψK mode we calculate BrðB → J=ψKÞ ¼
9.6 × 10−4, which is in good agreement with data
ð10.27� 0.31Þ × 10−4 (fit) and ð10.24� 0.35Þ × 10−4

(average) [19].
The cases of nonleptonic meson and baryon b → s

transitions appear to differ only by the power scaling of
the transition form factors. The different powers in the form
factors (monopole in the meson sector and dipole in the
baryon sector) lead to smaller values of the branching ratio
in the meson sector, i.e. one has RB < RΛb

. We hope that
future experiments will clear up the picture on the branch-
ing ratios RΛb

and RB.
Let us summarize the main results of our paper. Using

the covariant quark model we have analyzed the branching
ratio RΛb

¼ ΓðΛ0
b → ψð2SÞΛ0Þ=ΓðΛ0

b → J=ψΛ0Þ, which
was recently measured by the ATLAS Collaboration
CERN [1]: RΛb

¼ 0.501� 0.033ðstatÞ � 0.019ðsystÞ. The
measurement disagrees with our prediction RΛb

¼ 0.8�
0.1 in Ref. [6] by 2.8 standard deviations. The error bars

include variation of the quark masses mb ¼ 5.068�
0.022 GeV, ms ¼ 0.426� 0.002 GeV, and mu ¼ md ¼
0.238� 0.003 GeV and decay constant fψð2SÞ from
286.7 MeV (old value) to 295.6 MeV (updated value).
The same variation of the parameters and fψð2SÞ in the
meson case gives RB ¼ 0.35� 0.05. In the present paper
we have presented arguments supporting our considera-
tions on the dipolelike behavior of the leading Λb → Λ
transition form factors characterized by a dipole mass Md
close to the mass of the Bs meson. Such dipolelike behavior
is universal not only for heavy-to-light but also for heavy-
to-heavy transitions. In the two cases the values of the
dipole masses are found to be very close to the masses of
the ðq1q̄2Þ mesons that are active in the q1 → q2 current
induced transition. In particular, the values of the dipole
mass Md found for the b → c and b → s transitions are
close to the Bc and Bs meson masses, respectively. It holds
in both limiting cases—for finite values of the heavy quark
masses and in the HQL.
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