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The nonleptonic decay Ξ0
c → Λþ

c π
− with ΔC ¼ 0 is systematically studied in the framework of the

covariant confined quark model accounting for both short and long distance effects. The short distance
effects are induced by four topologies of external and internal weak W� exchange, while long distance
effects are saturated by an inclusion of the so-called pole diagrams with an intermediate 1

2
þ and 1

2
− baryon

resonances. The contributions from 1
2
þ resonances are calculated straightforwardly by accounting for single

charmed Σ0
c and Ξ0þ

c baryons whereas the contributions from 1
2
− resonances are calculated by using the well-

known soft-pion theorem in the current-algebra approach. It allows to express the parity-violating S-wave
amplitude in terms of parity-conserving matrix elements. It is found that the contribution of external and
internal W-exchange diagrams is significantly suppressed by more than one order of magnitude in
comparison with data. The pole diagrams play the major role to get consistency with experiment.

DOI: 10.1103/PhysRevD.108.073002

I. INTRODUCTION

The study of the heavy-flavor-conserving nonleptonic
weak decays of heavy baryons has received a lot of
attention due to their observation and measurement of
branching fractions by the LHCb and Belle collaborations.
The decay Ξ0

c → Λþ
c þ π− was first observed at LHCb

experiment and the branching fraction was measured to
be B ¼ ð0.55� 0.02� 0.18Þ% [1]. Recent experimental
data obtained by the Belle collaboration gave the value of
BðΞ0

c → Λþ
c þ π−Þ ¼ ð0.54� 0.05� 0.12Þ% [2] which is

in perfect agreement with the LHCb result.
The recent theoretical review of nonleptonic two-body

decays of single and doubly charm baryons was given in
Ref. [3]. The review was aiming to shed new light on the
standard current algebra approach to such processes.

The heavy-flavor-conserving nonleptonic weak decays
of heavy baryons were studied in [4] in the formalism
which incorporates both the heavy quark symmetry and the
chiral symmetry. The branching fractions of specific non-
leptonic decays such as Ξc → Λþ

c π are found to be of the
order of 10−4.
The weak decays Ξb → Λbπ and Ξc → Λþ

c π, in which the
heavy quark is not destroyed, have been discussed in
Ref. [5]. It was shown that these should go at the rate of
order ≈0.01 ps−1. In the updated research [6] of the
Voloshin’s approach, the new measurements by LHCb [7]
of the lifetimes of the Λþ

c , Ξþ
c and Ξ0

c charm baryons have
been used to predict a lower bound on the rate of the decays
Ξ0
c → Λþ

c π. It was found that BðΞ0
c → Λþ

c þ π−Þ > Bmin ¼
ð0.25� 0.15Þ × 10−3.
The heavy flavor conserving decays of strange charmed

baryons proceed via two subprocesses, first, via decay
s → uðūdÞ (or equivalently, via the transition us → ud),
and, second, via the transition cs → cd. In Ref. [8] it was
shown that a second term is approximately equal to the first
term. But it was unclear whether they interfere destructively
or constructively. For constructive interference it was found
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that BðΞ0
c→Λþ

c þπ−Þ¼ð1.94�0.70Þ×10−3. For destruc-
tive interference, the value of branching fraction is expected
to be less than about 10−4.
In Ref. [9] the upper bound for the decay width

ΓðΞ0
c → Λþ

c þ π−Þ < 1.7 × 10−14 GeV was obtained by
using the Voloshin’s approach. In work [10] the four-quark
matrix element of heavy-flavor-conserving hadronic weak
decays was evaluated in using two different models: the
MIT bag model and the diquark model. All calculations
included only S-wave amplitudes and obtained BðΞ0

c →
Λþ
c þ π−Þ ¼ 1.7 × 10−7 for MIT bag model and BðΞ0

c →
Λþ
c þ π−Þ ¼ 0.87 × 10−4 for diquark model. In updated

work [11] it was confirmed that Ξc → Λþ
c π decays are

indeed dominated by the parity-conserving transition
induced from nonspectator W exchange and that they
receive largest contributions from the intermediate Σ0

c pole
terms. Also they obtained that the asymmetry parameter α is
positive, of order 0.70þ0.13

−0.17 and BðΞ0
c → Λþ

c þ π−Þ ¼
1.76þ0.18

−0.12 × 10−3. In [12] thewave functions from the homo-
geneous bag model are adopted in order to remove the
center-of-mass motion of the static bag. The calculations
have been carried out under the same framework, and it has
been shown that the matrix elements of four-quark operators
are enhanced about twice and for BðΞ0

c → Λþ
c þ π−Þ ¼

ð7.2� 0.7Þ × 10−3.
It was investigated pion emission and pole terms in the

heavy quark conserving weak decay of Ξ0
c in the framework

of nonrelativistic constituent quark model [13]. The parity-
conserving pole terms are found dominant and the direct
pion emission contributions are rather small and BðΞ0

c →
Λþ
c þ π−Þ ¼ ð0.58� 0.21Þ% with uncertainties caused by

the quark model parameters with 20% errors.
This work is aiming to study the decay Ξ0

c → Λþ
c þ π− in

the framework of the covariant confined quark model
(CCQM) previously developed by us, see Ref. [14]. This
approach found many applications, particularly, in physics
of heavy baryons, see Refs. [15–32]. One of the important

step in development of the CCQM was done in Ref. [15]
where ab initio three-loop quark model calculation of the
W-exchange contribution to the nonleptonic two-body
decays of the doubly charmed baryons Ξþþ

cc and Ωþ
cc have

been made. The W-exchange contributions appear in
addition to the factorizable contributions and, generally,
are not suppressed. In [16] such an approach was extended
to study two-body nonleptonic decays of light lambda
hyperon Λ → pπ−ðnπ0Þ with account for both short and
long distance effects. It was shown that the contribution
from the W-exchange diagrams is sizably suppressed and
basically the pole diagrams allow to describe the exper-
imental data for the branching fractions.
The paper is organized as follows. In Sec. II we briefly

discuss the classification and spectroscopy of singly
charmed 1=2þ baryons. Then we give the basic ingredients
and milestones that are needed for calculation of two-body
nonleptonic decays including both the W-exchange quark
and pole diagrams. Section III is devoted to calculation
of the matrix elements and branching fraction of the decay
Ξ0
c → Λþ

c þ π−. We discuss in details the classification
of the diagrams appearing in these decays and give the
analytical expressions for matrix elements. In Sec. IV we
present numerical results for the amplitudes and branching
fractions. We compare them with those available in the
literature. Finally, in Sec. V we make conclusions and
summarize the main results obtained in this paper.

II. THE SINGLY CHARMED BARYONS

The masses of singly charmed baryons have been
predicted in one gluon exchange model developed in
Ref. [33]. The comprehensive review on heavy baryons,
their spectroscopy, semileptonic and nonleptonic decays
may be found in Ref. [34]. In Table I we display the names,
quark contents and interpolating currents of the low-lying
multiplets of singly charmed baryons with spin 1=2. For
singly charmed baryons the flavor decomposition of the

TABLE I. Singly charmed 1=2þ baryon states. Notation ½a; b� and fa; bg for antisymmetric and symmetric flavor
index combinations.

Title Content SUð3Þ ðI; I3Þ Current Mass (MeV)

Λþ
c c½ud� 3̄ (0,0) ϵabccaðubCγ5dcÞ 2286.46� 0.14

Ξþ
c c½us� 3̄ ð1=2; 1=2Þ ϵabccaðubCγ5scÞ 2467.71� 0.23

Ξ0
c c½ds� 3̄ ð1=2;−1=2Þ ϵabccaðdbCγ5scÞ 2470.44� 0.28

Σþþ
c cuu 6 (1,1) ϵabcγμγ5caðubCγμucÞ 2453.97� 0.14

Σþ
c cfudg 6 (1,0) ϵabcγμγ5caðubCγμdcÞ 2452.65� 0.22

Σ0
c cdd 6 ð1;−1Þ ϵabcγμγ5caðdbCγμdcÞ 2453.75� 0.14

Ξ0þ
c cfusg 6 ð1=2; 1=2Þ ϵabcγμγ5caðubCγμscÞ 2578.2� 0.5

Ξ00
c cfdsg 6 ð1=2;−1=2Þ ϵabcγμγ5caðdbCγμscÞ 2578.7� 0.5

Ω0
c css 6 (0,0) ϵabcγμγ5caðsbCγμscÞ 2695.2� 1.7
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diquark, made of ðu; d; sÞ quarks is 3 ⊗ 3 ¼ 3̄A þ 6S
(A ¼ antisymmetric, S ¼ symmetric). The values of
masses with errors are taken from particle data group
(PDG) [35].
We are aiming to study the two-body nonleptonic decay

Ξ0
c → Λþ

c π
− which branching fraction was measured for

the first time by LHCb collaboration [1]. The effective
Hamiltonian relevant for this purpose is written as

HΔS¼1
eff ¼ GFffiffiffi

2
p

h
V�
usVud

�
CðuÞ
1 ðμuÞQðuÞ

1 þCðuÞ
2 ðμuÞQðuÞ

2

�

þV�
csVcd

�
CðcÞ
1 ðμcÞQðcÞ

1 þCðcÞ
2 ðμcÞQðcÞ

2

�
þH:c:

i
;

ð1Þ

where Q1 and Q2 is the set of flavor-changing effective
four-quark operators given by

QðuÞ
1 ¼ ðs̄aOμ

LubÞðūbOμLdaÞ;
QðuÞ

2 ¼ ðs̄aOμ
LuaÞðūbOμLdbÞ;

QðcÞ
1 ¼ ðs̄aOμ

LcbÞðc̄bOμLdaÞ;
QðcÞ

2 ¼ ðs̄aOμ
LcaÞðc̄bOμLdbÞ: ð2Þ

Here Oμ
L¼ γμð1−γ5Þ is the left-handed chiral weak matrix.

One has to note that we adopt the numeration of the
operators from Ref. [36] where the C2Q2 means the leading
order whereas the C1Q1 is for subleading order. The
numerical values of the Wilson coefficients C1 and C2

from Ref. [36] are being equal to

CðuÞ
1 ðμuÞ¼−0.625; CðuÞ

2 ðμuÞ¼1.361; ðμu¼Oð1GeVÞÞ;
CðcÞ
1 ðμcÞ¼−0.621; CðcÞ

2 ðμcÞ¼1.336; ðμc¼OðmcÞÞ:
ð3Þ

We do not include penguin operators because their Wilson
coefficients are small compare with those from current-
current operators.
In the standard model (SM) the relation V�

csVcd ¼
−V�

usVud holds to an excellent approximation. For instance,
in the Wolfenstein parametrization of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix, one has V�

usVud ¼
þλð1 − λ2Þ þOðλ4Þwhereas V�

csVcd¼−λð1−λ2ÞþOðλ4Þ.
The global fit in the SM for the Wolfenstein parameter
gives λ ¼ 0.22500� 0.00067. In what follows, we intro-
duce the short notations

VðuÞ
CKM ¼ jV�

usVudj; and VðcÞ
CKM ¼ −jV�

csVcdj: ð4Þ

The numerical values of the CKM matrix elements needed
in our calculations are taken from PDG [35]:

jVudj ¼ 0.97373� 0.00031; jVusj ¼ 0.2243� 0.0008;

jVcdj ¼ 0.221� 0.004; jVcsj ¼ 0.975� 0.006; ð5Þ

that approximately give VðuÞ
CKM≈0.218 and VðcÞ

CKM≈−0.215.
The quark diagrams that contribute to the Cabibbo-

favored decay are shown in Fig. 1. After hadronizarion,
the diagram Ia factorizes out into two parts: the weak
transition Ξ0

c → Λþ
c via the W emission and the matrix

element describing the pion leptonic decay. The W-
exchange diagrams IIa, IIb and III contribute into both
the pure quark diagrams called the short distance (SD)
contributions and effectively into the pole diagrams shown
in Fig. 2. They describe the so-called long distance (LD)
contributions. For instance, the diagrams IIa and III
effectively generate the Σ0

c-resonance diagram, whereas
the diagram IIb effectively generates the Ξþ

c and Ξ0þ
c -

resonance diagrams.

III. MATRIX ELEMENTS AND DECAY WIDTHS

We are going to calculate the matrix elements of non-
leptonic decays of Ξ0

c-baryon in the framework of the
CCQM developed in our previous papers. The starting
point is the Lagrangian describing couplings of the baryon
field with its interpolating quark current.

LðxÞ ¼ gBB̄ðxÞJðxÞ þ H:c:; ð6Þ

FIG. 1. Flavor-color topologies for Ξ0
c → Λþ

c π
− decay: Ia is the

tree level diagram, IIa, IIb and III are the W-exchange diagrams.
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where the coupling constant gB is determined from the so-called compositeness condition, which was proposed by Salam
and Weinberg [37,38] and extensively used in the literature (see, e.g., Refs. [39,40]).
The nonlocal extension of the interpolating currents shown in Table I reads

JBðxÞ ¼
Z

dx1

Z
dx2

Z
dx3FBðx; x1; x2; x3ÞεabcΓ1qa1ðx1Þðqb2ðx2ÞCΓ2qc3ðx3ÞÞ;

FBðx; x1; x2; x3Þ ¼ δð4Þ
�
x −

X3
i¼1

wixi

�
ΦB

�X
i<j

ðxi − xjÞ2
�
; ð7Þ

where wi ¼ mi=ð
P

3
j¼1 mjÞ and mi is the mass of the quark at the space-time point xi. The matrices Γ1, Γ2 are the Dirac

strings of the initial and final baryon states as specified in Table I. The vertex function ΦB is written as

ΦB

�X
i<j

ðxi − xjÞ2
�

¼
Z

dq1
ð2πÞ4

Z
dq2
ð2πÞ4 e

−iq1ðx1−x3Þ−iq2ðx2−x3ÞΦ̃Bð−Ω⃗2
qÞ;

Φ̃Bð−Ω⃗2
qÞ ¼ expðΩ⃗2

q=Λ2
BÞ; Ω⃗2

q ¼
1

2
ðq1 þ q2Þ2 þ

1

6
ðq1 − q2Þ2 ¼

2

3

X
i≤j

qiqj: ð8Þ

For simplicity and calculational advantages we mostly adopted a Gaussian form for the functions Φ̃B. Here ΛB is the size
parameter for a given baryon. The size parameter phenomenologically describes the distribution of the constituent quarks in
the given baryon.
In our approach the matrix elements contributing to the baryon transitions Ξ0

c → Λþ
c π

− are represented by a set of the
quark diagrams shown in Fig. 3. They describe the so-called short distance contributions. The diagrams describing the
building blocks of the LD contributions are shown in Fig. 4. First, we discuss the matrix elements corresponding to the SD
contributions. One has

MSDðΞ0
c → Λþ

c π
−Þ ¼ GFffiffiffi

2
p

n
VðuÞ
CKMūðp2Þ

h�
CðuÞ
2 þ ξCðuÞ

1

�
DIa þ

�
CðuÞ
2 − CðuÞ

1

�
DIIb

i
uðp1Þ

þ VðcÞ
CKM

�
CðcÞ
2 − CðcÞ

1

�
ūðp2Þ

h
DIIa þDIII

i
uðp1Þ

o
: ð9Þ

Here, the factor ξ ¼ 1=Nc where Nc is the number of colors. This factor is set to zero in the numerical calculations
according to the widely accepted phenomenology of the nonleptonic decays.
The contribution from the tree diagram factorizes into two pieces

DIa ¼ NcgM

Z
d4k

ð2πÞ4i Φ̃Mð−k2Þtr½Oμ
LSuðk − wuqÞγ5Sdðkþ wdqÞ�6gB1

gB2

Z
d4k1
ð2πÞ4i

Z
d4k2
ð2πÞ4i Φ̃B1

ð−Ω⃗2
qÞΦ̃B2

ð−Ω⃗2
rÞ

× Scðk2Þtr½Suðk1 þ p2ÞOμLSsðk1 þ p1Þγ5Sdðk1 þ k2Þγ5�;

¼ −6fMqμgB1
gB2

Z
d4k1
ð2πÞ4i

Z
d4k2
ð2πÞ4i Φ̃B1

ð−Ω⃗2
qÞΦ̃B2

ð−Ω⃗2
rÞScðk2Þtr½Suðk1 þ p2ÞOμLSsðk1 þ p1Þγ5Sdðk1 þ k2Þγ5�;

ð10Þ

where q1 ¼ k2 − win
1 p1, q2 ¼ −k1 − k2 − win

2 p1, and r1 ¼ −k2 þ wout
1 p2, r2 ¼ −k1 − p2 þ wout

2 p2. The expression for Ω⃗2

is given by Eq. (8). Hereafter we adopt the brief notations B1 for the ingoing baryon with the momentum p1, B2 for the
outgoing baryon with the momentum p2 and M for the outgoing meson with the momentum q. The minus sign in front of
fM appears because the momentum q flows in the opposite direction from the decay of M meson.

FIG. 2. The pole diagrams which effectively account for the long-distance contributions.
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The calculation of the three-loop W-exchange diagrams is much more involved because the matrix element does not
factorize. One has

DIIb ¼ 12gB1
gB2

gM

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃B1

ð−Ω⃗2
qÞΦ̃B2

ð−Ω⃗2
rÞΦ̃Mð−P2ÞScðk3Þtr½γ5Sdðk2 þ p2Þð1þ γ5ÞSuðk2 þ k3Þ�

× tr½Suðk1 þ p2Þγ5Sdðk1 þ p1Þγ5Ssðk1 þ k3Þð1 − γ5Þ�;
q1 ¼ k3 − win

1 p1; q2 ¼ k1 þ p1 − win
2 p1;

r1 ¼ −k3 þ wout
1 p2; r2 ¼ k2 þ k3 þ wout

2 p2; P ¼ k1 þ wup1 þ wdp2: ð11Þ

DIIa ¼ 6gB1
gB2

gM

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃B1

ð−Ω⃗2
qÞΦ̃B2

ð−Ω⃗2
rÞΦ̃Mð−P2Þ

× Scðk3 − k2ÞOμ
LScðk1 þ p1Þtr½Sdðk3Þγ5Suðk2 þ p2Þγ5Sdðk2 þ p1ÞOμLSsðk3 − k1Þγ5�

q1 ¼ k1 þ p1 − win
1 p1; q2 ¼ −k3 − win

2 p1;

r1 ¼ k2 − k3 þ wout
1 p2; r2 ¼ −k2 − p2 þ wout

2 p2; P ¼ k2 þ wup1 þ wdp2: ð12Þ

FIG. 3. Quark diagrams describing the SD contributions.

FIG. 4. Feynman diagrams describing the building blocks of the LD contributions.
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DIII ¼ 6gB1
gB2

gM

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃B1

ð−Ω⃗2
qÞΦ̃B2

ð−Ω⃗2
rÞΦ̃Mð−P2Þ

× Scðk3ÞOμ
LScðk2Þtr½Sdðk1 þ k3Þγ5Suðk1 þ p2Þγ5Sdðk1 þ p1Þγ5Ssðk1 þ k2ÞOμR�

q1 ¼ k2 − win
1 p1; q2 ¼ k1 þ p1 − win

2 p1;

r1 ¼ −k3 þ wout
1 p2; r2 ¼ −k1 − p2 þ wout

2 p2; P ¼ k1 þ wup1 þ wdp2: ð13Þ

The calculation of the three-loop integrals proceeds in
two steps, first, one has to perform the loop integration by
using Fock-Schwinger representation for the quark
propagators and Gaussian form for the vertex functions.
This allows one to do tensor loop integrals in a very
efficient way since one can convert loop momenta into
derivatives of the exponent function. The calculations are
done by using a FORM code which works for any
numbers of loops and propagators. Second, one has to
calculate the obtained integrals numerically over Fock-
Schwinger variables by adopting the quark confinement
anzatz. The numerical calculations are done by using the
FORTRAN codes which include the output from the
FORM code written in the format of double precision
accuracy. Since the files with the output from FORM
contain several thousand lines we are unable to show
them in the paper. The details of such calculations may be
found in our recent papers [22,24]. The calculation is
quite time consuming both analytically and numerically.

Finally, the matrix element describing the SD contribu-
tions are written as

MSDðΞ0
c→Λþ

c π
−Þ¼GFffiffiffi

2
p ūðp2ÞðASDþγ5BSDÞuðp1Þ; ð14Þ

where

ASD ¼ VðuÞ
CKM

h�
CðuÞ
2 þ ξCðuÞ

1

�
aIa þ

�
CðuÞ
2 − CðuÞ

1

�
aIIb

i

þ VðcÞ
CKM

�
CðcÞ
2 − CðcÞ

1

�
ðaIIa þ aIIIÞ;

BSD ¼ VðuÞ
CKM

h�
CðuÞ
2 þ ξCðuÞ

1

�
bIa þ

�
CðuÞ
2 − CðuÞ

1

�
bIIb

i

þ VðcÞ
CKM

�
CðcÞ
2 − CðcÞ

1

�
ðbIIa þ bIIIÞ:

Now, we discuss the matrix elements corresponding to
the LD contributions. The contribution coming from the
pole diagram in Fig. 2 with the Σ0

c resonance is written as

MΣ0
c
¼ GFffiffiffi

2
p VðcÞ

CKMðCðcÞ
1 − CðcÞ

2 Þūðp2ÞDΣ0
cΛþ

c π
−ðp1; p2ÞSΣ0

c
ðp1ÞDΞ0

cΣ0
c
ðp1Þuðp1Þ; ð15Þ

where SΣ0
c
ðp1Þ ¼ 1=ðmΣ0

c
− =p1Þ. The explicit form of D functions are written down as

DΣ0
cΛþ

c π
− ¼ 12gΣ0

c
gΛþ

c
gπ−

�Y2
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Σ0

c
ð−Ω⃗2

qÞΦ̃Λþ
c
ð−Ω⃗2

rÞΦ̃π−ð−P2Þ

× Scðk2Þγαγ5tr½γ5Suðk1 þ p2Þγ5Sdðk1 þ p1ÞγαSdðk1 þ k2Þ�; ð16Þ

where q1¼k2−wres
1 p1;q2¼−k1−k2−wres

2 p1, r1¼−k2þwout
1 p2;r2¼−k1−ð1−wout

2 Þp2 and P ¼ k1 þ wM
1 p1 þ wM

2 p2.
Here the notations are “res” ¼ Σ0

c, “out” ¼ Λþ
c and M ¼ π−.

DΞ0
cΣ0

c
¼ 12gΞ0

c
gΣ0

c

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξ0

c
ð−Ω⃗2

qÞΦ̃Σ0
c
ð−Ω⃗2

rÞ

× γαγ5Scðk2 þ p1ÞOμLScðk1 þ p1Þtr½Sdðk3ÞγαSdðk3 − k2ÞOμ
LSsðk3 − k1Þγ5�; ð17Þ

where q1 ¼ k1 þ ð1 − win
1 Þp1; q2 ¼ −k3 − win

2 p1, r1 ¼ −k2 − ð1 − wres
1 Þp1; r2 ¼ k3 þ wres

2 p1 and “in” ¼ Ξ0
c.

By using the mass-shell conditions, one obtains

ūðp2ÞDΣ0
cΛþ

c π
−ðp1; p2Þ ¼ ūðp2Þγ5ðgð0ÞΣ0

cΛþ
c π

− þ =p1g
ð1Þ
Σ0
cΛþ

c π
−Þ;

DΞ0
cΣ0

c
ðp1Þuðp1Þ ¼ ðaΞ0

cΣ0
c
þ γ5bΞ0

cΣ0
c
Þuðp1Þ: ð18Þ
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The final expression for the Σ0
c-resonance diagram is written as

MΣ0
c
¼ GFffiffiffi

2
p ūðp2ÞðAΣ0

c
þ γ5BΣ0

c
Þuðp1Þ; ð19Þ

where

AΣ0
c
¼ VðcÞ

CKMðCðcÞ
1 − CðcÞ

2 Þ
gð−ÞΣ0

cΛþ
c π

−bΞ0
cΣ0

c

mΣ0
c
þmΞ0

c

; where gð−ÞΣ0
cΛþ

c π
− ¼ gð0ÞΣ0

cΛþ
c π

− −mΞ0
c
gð1ÞΣ0

cΛþ
c π

− ;

BΣ0
c
¼ VðcÞ

CKMðCðcÞ
1 − CðcÞ

2 Þ
gðþÞ
Σ0
cΛþ

c π
−aΞ0

cΣ0
c

mΣ0
c
−mΞ0

c

; where gðþÞ
Σ0
cΛþ

c π
− ¼ gð0ÞΣ0

cΛþ
c π

− þmΞ0
c
gð1ÞΣ0

cΛþ
c π

− :

The matrix elements corresponding to the LD contributions coming from the second diagram in Fig. 2 with
Bres ¼ Ξþ

c ;Ξ0þ
c are calculated in a similar way. We perform the necessary steps below:

MΞ0þ
c
¼ GFffiffiffi

2
p ūðp2Þ

nh
VðuÞ
CKMðCðuÞ

1 − CðuÞ
2 ÞDðuÞ

Ξ0þ
c Λþ

c
ðp2Þ þ VðcÞ

CKMðCðcÞ
1 − CðcÞ

2 ÞDðcÞ
Ξ0þ
c Λþ

c
ðp2Þ

i
SΞ0þ

c
ðp2ÞDΞ0

cΞ0þ
c π−ðp1; p2Þ

o
uðp1Þ;

ð20Þ

where

DðuÞ
Ξ0þ
c Λþ

c
ðp2Þ ¼ −12gΞ0þ

c
gΛþ

c

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξ0þ

c
ð−Ω⃗2

qÞΦ̃Λþ
c
ð−Ω⃗2

rÞScðk3Þγαγ5tr½Suðk2 þ p2Þð1þ γ5ÞSdðk2 þ k3Þγ5�

× tr½Suðk1 þ p2ÞγαSsðk1 þ k3Þð1 − γ5Þ�; ð21Þ

where q1¼k3−wres
1 p2;q2¼k1þð1−wres

2 Þp2, r1 ¼ −k3 þ wout
1 p2; r2 ¼ −k2 − ð1 − wout

2 Þp2 and “res” ¼ Ξ0þ
c , “out” ¼ Λþ

c .

DðcÞ
Ξ0þ
c Λþ

c
ðp2Þ ¼ −6gΞ0þ

c
gΛþ

c

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξ0þ

c
ð−Ω⃗2

qÞΦ̃Λþ
c
ð−Ω⃗2

rÞScðk2 þ p2ÞOμLScðk1 þ p2Þγαγ5

× tr½Suðk3Þγ5Sdðk3 − k2ÞOμ
LSsðk3 − k1Þγα�; ð22Þ

where q1 ¼ k1 þ ð1 − wres
1 Þp2; q2 ¼ −k3 − wres

2 p2, r1 ¼ −k2 − ð1 − wout
1 Þp2; r2 ¼ k3 þ wout

2 p2.

DΞ0
cΞ0þ

c π− ¼ −6gΞ0
c
gΞ0þ

c
gπ−

�Y2
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξ0

c
ð−Ω⃗2

qÞΦ̃Ξ0þ
c
ð−Ω⃗2

rÞΦ̃π−ð−P2Þ

× γαγ5Scðk2Þtr½Suðk1 þ p2Þγ5Sdðk1 þ p1Þγ5Ssðk1 þ k2Þγα�; ð23Þ

where q1 ¼ k2 − win
1 p1; q2 ¼ k1 þ ð1 − win

2 Þp1, r1 ¼ −k2 þ wres
1 p2; r2 ¼ −k1 − ð1 − wres

2 Þp2, P ¼ k1 þ wM
1 p1 þ wM

2 p2

and “in” ¼ Ξ0
c. By using the mass-shell conditions, one obtains

ūðp2ÞDðu;cÞ
Ξ0þ
c Λþ

c
ðp2Þ ¼ ūðp2Þ

�
aðu;cÞΞ0þ

c Λþ
c
þ γ5b

ðu;cÞ
Ξ0þ
c Λþ

c

�
;

DΞ0
cΞ0þ

c π−ðp1; p2Þuðp1Þ ¼ γ5
�
gð0ÞΞ0

cΞ0þ
c π−

þ =p2g
ð1Þ
Ξ0
cΞ0þ

c π−

�
uðp1Þ:

The final expression for the second pole diagram is written as

MΞ0þ
c
¼ GFffiffiffi

2
p ūðp2ÞðAΞ0þ

c
þ γ5BΞ0þ

c
Þuðp1Þ; ð24Þ
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where

AΞ0þ
c
¼

n
VðuÞ
CKM

�
CðuÞ
1 − CðuÞ

2

�
bðuÞΞ0þ

c Λþ
c
þ VðcÞ

CKM

�
CðcÞ
1 − CðcÞ

2

�
bðcÞΞ0þ

c Λþ
c

o gðþÞ
Ξ0
cΞ0þ

c π−

mΞ0þ
c
þmΛþ

c

;

BΞ0þ
c
¼

n
VðuÞ
CKM

�
CðuÞ
1 − CðuÞ

2

�
aðuÞΞ0þ

c Λþ
c
þ VðcÞ

CKM

�
CðcÞ
1 − CðcÞ

2

�
aðcÞΞ0þ

c Λþ
c

o gð−ÞΞ0
cΞ0þ

c π−

mΞ0þ
c
−mΛþ

c

;

where gð�Þ
Ξ0
cΞ0þ

c π−
¼ gð0ÞΞ0

cΞ0þ
c π−

�mΛþ
c
gð1ÞΞ0

cΞ0þ
c π−

.

MΞþ
c
¼ GFffiffiffi

2
p ūðp2Þ

nh
VðuÞ
CKM

�
CðuÞ
2 − CðuÞ

1

�
DðuÞ

Ξþ
c Λþ

c
ðp2Þ þ VðcÞ

CKM

�
CðcÞ
2 − CðcÞ

1

�
DðcÞ

Ξþ
c Λþ

c
ðp2Þ

i
SΞþ

c
ðp2ÞDΞ0

cΞþ
c π

−ðp1; p2Þ
o
uðp1Þ;

ð25Þ

where

DðuÞ
Ξþ
c Λþ

c
ðp2Þ ¼ 12gΞþ

c
gΛþ

c

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξþ

c
ð−Ω⃗2

qÞΦ̃Λþ
c
ð−Ω⃗2

rÞScðk3Þtr½Suðk2 þ p2Þð1þ γ5ÞSdðk2 þ k3Þγ5�

× tr½Suðk1 þ p2Þγ5Ssðk1 þ k3Þð1 − γ5Þ�; ð26Þ

where q1¼k3−wres
1 p2;q2¼k1þð1−wres

2 Þp2, r1 ¼ −k3 þ wout
1 p2; r2 ¼ −k2 − ð1 − wout

2 Þp2 and “res” ¼ Ξþ
c , “out” ¼ Λþ

c .

DðcÞ
Ξþ
c Λþ

c
ðp2Þ ¼ −6gΞþ

c
gΛþ

c

�Y3
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξþ

c
ð−Ω⃗2

qÞΦ̃Λþ
c
ð−Ω⃗2

rÞScðk2 þ p2ÞOμLScðk1 þ p2Þ

× tr½Suðk3Þγ5Sdðk3 − k2ÞOμ
LSsðk3 − k1Þγ5�; ð27Þ

where q1 ¼ k1 þ ð1 − wres
1 Þp2; q2 ¼ −k3 − wres

2 p2, r1 ¼ −k2 − ð1 − wout
1 Þp2; r2 ¼ k3 þ wout

2 p2. By using the mass-shell
conditions, one obtains

ūðp2ÞDðu;cÞ
Ξþ
c Λþ

c
ðp2Þ ¼ ūðp2Þðaðu;cÞΞþ

c Λþ
c
þ γ5b

ðu;cÞ
Ξþ
c Λþ

c
Þ: ð28Þ

It appears that the strong transition Ξ0
c → Ξþ

c þ π− is identically equal to zero due to the chosen form of the interpolating
quark current as shown in Table I: ϵabccaðubCγ5scÞ. As a result, this transition is described by the diagram which contains
the trace of a string with three quark propagators and three γ5 matrices that gives zero contribution. Explicitly we have

DΞ0
cΞþ

c π
− ¼ 6gΞ0

c
gΞþ

c
gπ−

�Y2
i¼1

Z
d4ki
ð2πÞ4i

�
Φ̃Ξ0

c
ð−Ω⃗2

qÞΦ̃Ξþ
c
ð−Ω⃗2

rÞΦ̃π−ð−P2Þ

× Scðk2Þtr½Suðk1 þ p2Þγ5Sdðk1 þ p1Þγ5Ssðk1 þ k2Þγ5�≡ 0: ð29Þ

InRef. [4] it was shown that thevanishing strong coupling for
the Ξ0

c → Ξþ
c π

− transition is a consequence of heavy quark
and chiral symmetries. Hence it is a model-independent
statement. Here, one has to comment that there are two kinds
of the interpolating currents for theΛ-type baryons ðΛQ;ΞQÞ
whereQ ¼ b, c. They arewritten as ϵabcQaðubCγ5scÞ (scalar
diquark) and ϵabcγαQaðubCγαγ5scÞ (vector diquark). For the
details, see Refs. [41–44].

It is widely accepted that S-wave amplitude is saturated
by the 1=2− resonances, see, e.g., Refs. [45,46] for the
original suggestions and [47–50] for the subsequent appli-
cations. Ordinarily, their contributions are calculated by
using the well-known soft-pion theorem in the current-
algebra approach. It allows one to express the parity-
violating S-wave amplitude in terms of parity-conserving
matrix elements. In our case, one has
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A1=2−ðΞ0
c → Λþ

c þ π−Þ ¼ 1

fπ
AΞþ

c Λþ
c
;

AΞþ
c Λþ

c
¼ VðuÞ

CKM

�
CðuÞ
2 − CðuÞ

1

�
aðuÞΞþ

c Λþ
c

þ VðcÞ
CKM

�
CðcÞ
2 − CðcÞ

1

�
aðcÞΞþ

c Λþ
c
: ð30Þ

The quantities aðu;cÞΞþ
c Λþ

c
and bðu;cÞΞþ

c Λþ
c

are defined by

Eqs. (26)–(28).
Finally, the transition Ξ0

c → Λþ
c þ π− amplitude is writ-

ten in terms of invariant amplitudes as

hΛþ
c π

−jHeff jΞ0
ci ¼

GFffiffiffi
2

p ūðp2ÞðAþ γ5BÞuðp1Þ; ð31Þ

where A and B are given by

A ¼ ASD þ ALD; ALD ¼ AΣ0
c
þ AΞ0þ

c
þ A1=2− ;

B ¼ BSD þ BLD; BLD ¼ BΣ0
c
þ BΞ0þ

c
: ð32Þ

It is more convenient to use helicity amplitudes Hλ1λM
instead of invariant ones A and B as described in [51].
One has

HV
1
2
t
¼ ffiffiffiffiffiffiffi

Qþ
p

A; HA
1
2
t
¼

ffiffiffiffiffiffiffi
Q−

p
B; ð33Þ

where m� ¼ m1 �m2, Q� ¼ m2
� − q2.

Finally, the two-body decay width reads

ΓðB1 → B2 þMÞ ¼ G2
F

32π

jp2j
m2

1

HS;

HS ¼ 2
�			HV

1
2
t

			2þ			HA
1
2
t

			2�; ð34Þ

where jp2j ¼ λ1=2ðm2
1; m

2
2; q

2Þ=ð2m1Þ.

IV. NUMERICAL RESULTS

Our covariant constituent quark model contains a num-
ber of model parameters which have been determined by a
global fit to a multitude of decay processes. The values of
the constituent quark masses mq are taken from the last
fit in [17]. In the fit, the infrared cutoff parameter λ of
the model has been kept fixed as found in the original
paper [14]. Table II shows as below: The size parameters of
light meson were fixed by fitting the data on the leptonic

FIG. 5. Dependence of the branching fractions on the size parameter.

TABLE III. Size parameter and leptonic decay constant of pion.

Meson ΛMðGeVÞ fMðMeVÞ fexptM ðMeVÞ
Pion 0.871 130.3 130.41� 0.20

TABLE II. Constituent quark masses and infrared cutoff
parameter λ.

mu=d ms mc λ

0.241 0.428 2.16 0.181 GeV
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decay constant. The numerical values of the size parameters
and the leptonic decay constants for pion is shown in
Table III. Since the experimental data of the single charm
baryon decays become to appear recently, we will assume
for the time being that the size parameters of all single charm
baryons are the same. In Fig. 5 we plot the dependence
on this parameter denoted as Λc of branching fractions
Ξ0
c → Λþ

c þ π−. One can see that the measured branching
fraction can be accommodated in the framework of this work
by having Λc ≈ 0.61 GeV. In addition to the line describing
the central value of the experimental data, we also display
the strip corresponding to experimental uncertainties. In
order to estimate the uncertainty caused by the choice of the
size parameter we allow the size parameter to vary from
Λcmin ¼ 0.54 to Λcmax ¼ 0.66 GeV that correspond to the
intersections of the theoretical curve for branching fraction
with the experimental lower and upper error bars.
We evaluate the mean Γ̄ ¼ P

N
i¼1 Γi=N and the mean

square deviation σ2 ¼ P
N
i¼1ðΓi − Γ̄Þ2=N. Finally, our

result for the branching fraction reads as

BðΞ0
c → Λþ

c þ π−Þ ¼ ð0.54� 0.11Þ%; ð35Þ
which should be compared with the data from LHCb and
Belle: B ¼ ð0.55� 0.02� 0.18Þ% [1] and B ¼ ð0.54�
0.05� 0.12Þ% [2].
For comparison, we plot in Fig. 5 both the separate SD

contributions coming from the diagrams with topologies Ia,
IIa, IIb and III and the LD contributions coming from the
pole diagrams. It is readily seen that the SD contributions
are much smaller than those coming from the pole LD
diagrams. The numerical results for the SD, LD and full
amplitudes are shown in Table IV. One can see that
jALDj > jASDj.
Also it would be instructive to evaluate the asymmetry

parameter defined by

α ¼ jH1=2tj2 − jH−1=2tj2
jH1=2tj2 þ jH−1=2tj2

¼ −
2κAB

A2 þ κ2B2
; ð36Þ

where κ¼jp2j=ðE2þm2Þ and E2¼ðm2
1þm2

2−q2Þ=ð2m1Þ.
The numerical value of the asymmetry parameter is found
to be equal to

α ¼ −0.751: ð37Þ

Finally, we compare our results obtained for the branch-
ing fraction and the asymmetry parameter with other the
data and other approaches in Table V.

V. SUMMARY AND CONCLUSION

We have studied two-body nonleptonic ΔC ¼ 0 decay
Ξ0
c → Λþ

c þ π− in the framework of the CCQM with
account for both short and long distance effects. The short
distance effects are induced by four topologies of external
and internal weak W interactions, while long distance
effects are saturated by an inclusion of the so-called pole
diagrams. Pole diagrams are generated by resonance
contributions of the low-lying spin 1

2
þ (Σ0

c and Ξ0þ
c ) and

spin 1
2
− baryons. The last contributions are calculated by

using the well-known soft-pion theorem. It is found that the
contribution of the SD diagrams is significantly suppressed,
by more than one order of magnitude in comparison with
data. The most significant contributions are coming from
the intermediate 1

2
þ and 1

2
− resonances. We can get con-

sistency with the experimental data for the value of size
parameter being equal to Λ ≈ 0.61 GeV.
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TABLE IV. SD, LD and full amplitudes in units of GeV2.

Amplitudes SD LD SDþ LD

A amplitude 0.0156 −0.0751 −0.0595
B amplitude 0.166 −5.378 −5.212

TABLE V. Comparison of our findings with other approaches.

Approach BRðΞ0
c → Λþ

c π
−Þ% Asymmetry

Our model 0.54� 0.11 −0.75
LHCb [1] 0.55� 0.02� 0.1 � � �
Belle [2] 0.54� 0.05� 0.12 � � �
Voloshin [6] > 0.025� 0.015 � � �
Gronau and Rosner [8]
(construc)

0.194� 0.070 � � �

Gronau and Rosner [8]
(destruc)

< 0.01 � � �

Faller and Mannel [9] < 0.39 � � �
Cheng et al. [12] 0.72� 0.07 0.46� 0.05
Niu et al. [13] 0.58� 0.21 −0.16
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