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Stimulated by the measurement of the Jψϕ decay model of Yð4274Þ by the LHCb Collaboration, we
consider a possible interpretation of this state as a hadron molecular-a bound state of Ds and D̄s0ð2317Þ
mesons. Using effective Lagrangian approach, we calculate the two-body strong decay channels
Yð4274Þ → J=ψϕ; χc0η; χc0η; D�

sD̄s, DD̄�, KK̄�, and ϕϕ through hadronic loops and three-body decays
into π0DsD̄s. In comparison with the LHCb data, our results show that Yð4274Þ cannot be assigned to be a
DsD̄s0ð2317Þmolecular state. The calculated partial decay widths with the JP ¼ 1þ DsD̄s0 molecular state
picture indicate that allowed decay modes χc0η and χc1η may have the smallest branching ratio and are of
the order of 0.0 MeV. Future experimental measurements of such two processes can be quite useful to test
the different interpretations of the Yð4274Þ. If P-wave DsD̄s0 molecular exists [marked as Y 0ð4274Þ], the
total decay is at the order of 1.06–1.84 MeV, which seems to be within the reach of the current experiments
such as Belle II. In addition, the calculated partial decay widths indicate that allowed decay modeDD̄� may
have the biggest branching ratio. The experimental measurements for this strong decay process could be a
crucial to observe such a new state Y 0ð4274Þ.
DOI: 10.1103/PhysRevD.105.056011

I. INTRODUCTION

Thanks to the great progress of the experiment in the past
several decades, many hadrons that cannot be ascribed
into the simple q̄q configuration for mesons or qqq
configuration for baryons have been reported [1]. For
example, various hidden-charm pentaquarks were observed
in the J=ψpðΛÞ invariant mass from the heavy baryon
decay Λþ

b → K−J=ψp (Ξ−
b → K−J=ψΛ) by the LHCb

Collaboration, Pcð4312; 4440; 4450Þ and Pcsð4459Þ [2,3].
Their confirmation, and determination of their quantum
numbers, would allow new insights into the binding mech-
anisms present in multiquark systems and help improve
understanding of QCD in the nonperturbative regime.
In 2017, a charmoniumlike meson named Yð4274Þ was

observed again by the LHCb Collaboration in the analysis
of the Bþ → J=ψϕKþ reaction [4,5]. The observed reso-
nance masses, widths, and favorable quantum numbers are

M ¼ 4273.3� 8.3þ17.2−3.6 MeV;

Γ ¼ 56� 11þ8.0
−11 MeV; JPC ¼ 1þþ; ð1Þ

respectively, which are consistent with the early CDF
Collaboration [6] report

M ¼ 4274.4þ8.4
−6.7ðstatÞ MeV;

Γ ¼ 32.3þ21.9
−15.3ðstatÞ MeV: ð2Þ

Since the statistic is not enough, its spin-parity quantum
number was not confirmed by the CDF Collaboration.
However, the isospin of this state is zero, and it contains
at least four valence quarks from the observed J=ψϕ
decay mode.
Following the discovery of the Yð4274Þ, several theo-

retical studies have been performed. In the QCD sum rules
approach, based on the analysis of the mass spectrum, the
Yð4274Þ can be interpreted as the S-wave csc̄s̄ state with
spin-parity JP ¼ 1þ [7,8]. The compact tetraquark model,
implemented by Stancu, can also describe the Yð4274Þ [9],
while only one JP ¼ 1þ state exists. In Ref. [10], the mass
of the Yð4274Þ was studied in the relativized quark model,
and it was shown that the Yð4274Þ cannot be explained as a
tetraquark state; however, it can be a good candidate of the
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conventional χc1ð33P1Þ state. And the χc1ð33P1Þ explan-
ation for Yð4274Þ was also proposed in Ref. [11]. In the
context of the QCD two-point sum rule method by taking
into account the quark, gluon, and mixed vacuum con-
densates, Ref. [12] assigned the Yð4274Þ as a sextet ½cs�½c̄s̄�
diquark-antidiquark state with spin-parity JP ¼ 1þ. Based
on the spin-spin interaction, Maiani, Polosa, and Riquer
suggest that the Yð4274Þ may have quantum number
0þþ or 2þþ [13], which contradicts the experimental
observation [4,5]. Moreover, a detailed calculation is
performed by Zhu [14], where the Yð4274Þ may be
described simultaneously by adding the up and down
quark components.
Although the studies of Refs. [7–14] seem to indicate

that this state is a compact tetraquark state or diquark-
antidiquark state, Yð4274Þ might still be a DsD̄s0ð2317Þ
hadronic molecule state. Since the mass of Yð4274Þ is
about 12 MeV below the threshold of DsD̄s0 (mDs0

¼
2317.8� 0.6 MeV and mDs

¼ 1968.34� 0.07 MeV [1]),
it is reasonable to regard it as a bound state of DsD̄s0. The
idea comes from molecular state interpretation of deuteron
due to deuteron mass being a little below the corresponding
threshold and exhibiting sizable spatial extension. And
because the quantum numbers of D̄s0 and Ds are JP ¼ 0þ

and JP ¼ 0−, respectively, to form a bound state with
quantum number JP ¼ 1þ, the coupling between Yð4274Þ
and its constituents should be a P wave. Indeed, it is shown
in Ref. [15] that the interaction between a Ds meson and a
D̄s0 meson is strong enough to form a bound state with a
mass of about 4274 MeV.
From Ref. [15], Yð4274Þ may be a molecular state.

However, currently, we cannot fully exclude other possible
explanations such as a compact pentaquark state [7–14].
Further research is required to distinguish whether it is a
molecular or compact multiquark state. One way to dis-
tinguish the two scenarios is to study that allowing strong
decay widths of the Yð4274Þ baryon due to the strong decay
almost saturates the total strong decay width. In the present
paper, we consider possible strong decay modes using an
effective Lagrangian approach by assuming that Yð4274Þ is
a hadronic molecule state of Ds and D̄s0.
This work is organized as follows. The theoretical

formalism is explained in Sec. II. The predicted partial
decay widths are presented in Sec. III, followed by a short
summary in the last section.

II. FORMALISM AND INGREDIENTS

Besides the J=ψϕ decay model, which other decay is
allowed? We first find that the transition from Yð4274Þ to
final states composed of purely neutral state AĀ are strictly
forbidden by the conservation of the c parity. Thus, the
decay of Yð4274Þ into ηcη, χc0η, χc1η, ϕϕ, ηη, D�

sD̄s, DD̄�,
KK̄�, and π0D̄sDs is allowed by considering appropriate
phase space [1]. However, the transitions Yð4274Þ → ηcη

and ηη are also strictly forbidden by the conservation of
angular momentum. In this work, we will calculate J=ψϕ,
χc0η, χc1η,D�

sD̄s,DD̄�, KK̄�, and ϕϕ strong decay patterns
of the p-wave DsD̄s0 molecular state within the effective
Lagrangian approach and find the relation between the
DsD̄s0 molecular state and Yð4274Þ by comparing with the
experiment observation.
Before introducing the theoretical framework, we need

to construct the flavor functions for the DsD̄s0 system with
definite IðJPCÞ. Since the Yð4274Þ carry quantum numbers
IðJPCÞ ¼ 0ð1þþÞ, the flavor function for a definite charge
parity C ¼ 1 can be easy obtained [16]:

jDsD̄s0i ¼
1ffiffiffi
2

p ½Dþ
s D−

s0 −D−
s D

þ
s0�: ð3Þ

Considering the quantum number JP ¼ 1þ and the
flavor function, Yð4274Þ should couple to its components
dominantly via the Pwave, and the corresponding effective
Lagrangian is in the form [17]

LYð4274ÞðxÞ ¼ gYDsD̄s0
YμðxÞ

Z
d4yΦðy2Þ

×
1ffiffiffi
2

p ½Dþ
s ðxþ ωD−

s0
yÞ∂↔μD−

s0ðx − ωDþ
s
yÞ

−D−
s ðxþ ωDþ

s0
yÞ∂↔μD

þ
s0ðx − ωD−

s
yÞ�; ð4Þ

where ωDs
¼ mDs

=ðmDs
þmDs0

Þ and ωDs0
¼ mDs0

=
ðmDs

þmDs0
Þ. In the Lagrangian, an effective correlation

function Φðy2Þ is introduced to describe the distribution of
the two constituents, the Ds and the D̄s0, in the hadronic
molecular Yð4274Þ state. The introduced correlation
function also makes the Feynman diagrams ultraviolet
finite. Here, we choose the Fourier transformation of
the correlation to be a Gaussian form in the Euclidean
space [18–36]:

Φðp2Þ ≐ expð−p2
E=Λ2Þ ð5Þ

with Λ being the size parameter which characterizes the
distribution of the components inside the molecule. The
value of Λ could not be determined from first principles;
therefore, it should better be determined by experimental
data. It is usually chosen to be about 1 GeV, which depends
on experimental total widths [18–36]. In this work, we vary
Λ in a range of 0.9 GeV ≤ Λ ≤ 1.10 GeV to study whether
the Yð4274Þ can be interpreted as a P-wave molecule
composed of DsD̄s0.
The coupling constant gYDsD̄s0

in Eq. (4) can be com-
puted by the compositeness condition [37,38], which
indicates that the renormalization constants of a composite
particle wave function should be zero, i.e.,
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ZY ¼ 1 −
dΣT

Y

dk0

����
k0¼mY

¼ 0; ð6Þ

where the ΣT
Y is the transverse part of the mass operator and

relates to its mass operator via the relation

Σμν
Y ðpÞ ¼ ðgμν − pμpν=p2ÞΣT

Y þ � � � : ð7Þ

The concrete form of the mass operators of the Yð4274Þ
corresponding to the diagrams in Fig. 1 is

Σμν
Y ðk0Þ¼

g2YDsD̄s0

2

Z
d4k1
ð2πÞ4

�
Φ2½ðk1−k0ωDþ

s
Þ2� i

k21−m2
Dþ

s

×
i

ðk1−k0Þ2−m2
D−

s0

þΦ2½ðk1−k0ωD−
s
Þ2� i

k21−m2
D−

s

×
i

ðk1−k0Þ2−m2
Dþ

s0

�
ðk0−2k1Þμðk0−2k1Þν; ð8Þ

where k20 ¼ m2
Y with k0 and mY denoting the four momenta

and mass of the Yð4274Þ, respectively, and k1, mDs
, and

mDs0
are the four-momenta, the mass of the Ds meson, and

the mass of the D̄s0 meson, respectively. With the above
preparations, we can obtain the coupling constant of the
DsD̄s0 molecule to its components

1

g2YDsD̄s0

¼ mY

8π2S

Z
∞

0

dα
Z

∞

0

dβ
X2
i¼1

×exp

�
−

1

Λ2

�
−F im2

Y þHiþ
C2i m

2
Y

z

�	�
F i

z3
−
C2i
z4

�
;

ð9Þ

where F 1¼ð2ω2
Dþ

s
þβÞ, F 2¼ð2ω2

D−
s
þβÞ, H1 ¼ αm2

Dþ
s
þ

βm2
D−

s0
, H2 ¼ αm2

D−
s
þ βm2

Dþ
s0
, C1 ¼ ð2ωDþ

s
þ βÞ, C2¼

ð2ωD−
s
þβÞ, z ¼ 2þ αþ β, and S ¼ 1.0 GeV.

A. The decay Yð4274Þ → J=ψϕ

Since the Yð4274Þ was observed in the J=ψϕ invariant
mass, we first calculate the J=ψϕ two-body decay width of

the Yð4274Þ via the triangle diagrams shown in Fig. 2. The
hadronic decay of the DsD̄s0 molecular state into J=ψϕ is
mediated by the exchange of theD�

s meson. To evaluate the
diagrams, in addition to the Lagrangian in Eq. (4), the
following effective Lagrangians, responsible for vector
meson Vð¼ J=ψ ;ϕÞ coupling to D�

sD̄s0 are needed as
well [17]:

LD�
s D̄s0V ¼ gVD̄s0D�

s
½D−

s0D
�þ
s;μν −Dþ

s0D
�−
s;μν�Vμν; ð10Þ

where Vμν ¼ ∂μVν − ∂νVμ. The coupling constants
gJ=ψD̄s0D�

s
¼ 0.225 GeV−1 and gϕD̄s0D�

s
¼ 0.135 GeV−1 are

from Ref. [17].
To compute the DsD�

sV vertices, we also need the
following effective Lagrangian [39,40]:

LVVP ¼ Gffiffiffi
2

p ϵμναβh∂μVν∂αVβPi; ð11Þ

where G ¼ 3h2=ð4π2fÞ with h ¼ −GVmρ=ð
ffiffiffi
2

p
f2Þ, f¼

0.093GeV,GV ¼0.069GeV [39,40], andmρ¼0.775GeV.
Vμ and P are standard SUð4Þ matrices constructed with the
16-plet of the vector meson containing ρ and the 16-plet of
pseudoscalar mesons containing π, respectively:

Vμ ¼

0
BBBBBB@

1ffiffi
2

p ðρ0 þ ωÞ ρþ K�þ D̄�0

ρ− 1ffiffi
2

p ð−ρ0 þ ωÞ K�0 −D�−

K�− K̄�0 ϕ D�−
s

D�0 −D�þ D�þ
s J=ψ

1
CCCCCCA

μ

;

ð12Þ

FIG. 1. Self-energy of the Yð4274Þ state.

(a) (b)

(c) (d)

FIG. 2. Feynman diagrams for the Yð4274Þ → J=ψ ϕ by
the exchange D�

s meson. The definitions of kinematics are also
given.
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P ¼
ffiffiffi
2

p

0
BBBBBB@

π0ffiffi
2

p þ ηffiffi
6

p þ η0ffiffi
3

p πþ Kþ D̄0

π− − π0ffiffi
2

p þ ηffiffi
6

p þ η0ffiffi
3

p K0 −D−

K− K̄0 −
ffiffi
2
3

q
ηþ 1ffiffi

3
p η0 D−

s

D0 −Dþ Dþ
s ηc

1
CCCCCCA
: ð13Þ

With the above effective Lagrangians, we can get the decay amplitudes corresponding to the diagrams in Fig. 2:

Ma ¼
Gffiffiffi
2

p gJ=ψD̄s0D�
s
gYDsD̄s0

Z
d4q
ð2πÞ4Φ½ðk1ωD−

s
− k2ωDþ

s0
Þ2�ðp1μgνσ − p1νgμσÞðqμgνη − qνgμηÞ

�
gηλ −

qηqλ
m2

D�þ
s

�

× ϵτλαβqτp2αðkφ1 − kφ2 ÞϵYφðk0Þϵ�σJ=ψðp1Þϵ�ϕβ ðp2Þ
1

q2 −m2
D�þ

s

1

k22 −m2
D−

s

1

k21 −m2
D−

s0

; ð14Þ

Mb ¼
Gffiffiffi
2

p gϕD̄s0D�
s
gYDsD̄s0

Z
d4q0

ð2πÞ4Φ½ðk1ωD−
s
− k2ωDþ

s0
Þ2�ðp2λgστ − p2σgλτÞðq0λgση − q0σgληÞ

�
gνη −

q0νq0η
m2

D�þ
s

�

× ϵμναβq0μp1αðkφ1 − kφ2 ÞϵYφðk0Þϵ�ϕτ ðp2Þϵ�J=ψβ ðp1Þ
1

q02 −m2
D�þ

s

1

k22 −m2
D−

s

1

k21 −m2
D−

s0

; ð15Þ

Mc ¼ MaðDþ
s0 → D−

s0; D
−
s → Dþ

s ; D�þ
s → D�−

s Þ; ð16Þ

Md ¼ MbðDþ
s0 → D−

s0; D
−
s → Dþ

s ; D�þ
s → D�−

s Þ: ð17Þ

B. The decay Yð4274Þ → χ c0η and χ c1η

In this section, we compute the other possible decays of
Yð4274Þ with DsD̄s0 molecular. Figure 3 shows the
hadronic decay of the DsD̄s0 molecular state into χc0η
and χc1η mediated by the exchange of Ds meson. The
ingredients need are the χc0Dþ

s D−
s and χc1Dþ

s D−
s

Lagrangians [41,42]

Lχc1D
þ
s D−

s
¼ −igχc1Dþ

s D−
s
ðDþ

s ∂μD−
s − ∂μDþ

s D−
s Þχμc1; ð18Þ

Lχc0D
þ
s D−

s
¼ −gχc0Dþ

s D−
s
χc0Dþ

s D−
s : ð19Þ

The coupling constants gχc1Dþ
s D−

s
and gχc0Dþ

s D−
s
can be fixed

from the heavy quark field theory [42].
Moreover, the effective Lagrangian, responsible for the

coupling of Ds0 to ηDs, is needed as well [43]:

LDs0Dsη ¼ gDs0DsηDs0Dsη; ð20Þ

where the coupling constant is found to be gDs0Dsη ¼
6.40 [44].
Thus, we can obtain the following amplitudes for the

decays Yð4274Þ → χc0η:

Ma¼
gηD̄s0Ds

gYDsD̄s0
gD−

s D
þ
s χc0ffiffiffi

2
p

Z
d4q
ð2πÞ4Φ½ðk1ωD−

s
−k2ωDþ

s0
Þ2�

×ðkφ1 −kφ2 ÞϵYφðk0Þ
1

q2−m2
Dþ

s

1

k22−m2
D−

s

1

k21−m2
Dþ

s0

; ð21Þ

(a) (b)

FIG. 3. Feynman diagrams for the process Yð4274Þ → ηΧc0=c1.
The contributions include the t-channel Dþ

s (a) and D−
s (b)

exchanges.

(a) (b)

(c) (d)

FIG. 4. Diagrams for Yð4274Þ decay processes: (a),(d)
Yð4274Þ → D�þ

s D−
s and (b),(c) Yð4274Þ → D�−

s Dþ
s .
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Mb ¼ −
gηD̄s0Ds

gYDsD̄s0
gD−

s D
þ
s χc0ffiffiffi

2
p

×
Z

d4q
ð2πÞ4Φ½ðk1ωDþ

s
− k2ωD−

s0
Þ2�ðkφ1 − kφ2 ÞϵYφðk0Þ

×
1

q2 −m2
D−

s

1

k22 −m2
Dþ

s

1

k21 −m2
D−

s0

; ð22Þ

and Yð4274Þ → χc1η:

Ma¼
gηD̄s0Ds

gYDsD̄s0
gD−

s D
þ
s χc1ffiffiffi

2
p

Z
d4q
ð2πÞ4Φ½ðk1ωD−

s
−k2ωDþ

s0
Þ2�

×ðkφ1 −kφ2 ÞϵYφðk0Þðkμ2−qμÞϵχc1μ ðp2Þ

×
1

q2−m2
Dþ

s

1

k22−m2
D−

s

1

k21−m2
Dþ

s0

; ð23Þ

Mb ¼ −
gηD̄s0Ds

gYDsD̄s0
gD−

s D
þ
s χc1ffiffiffi

2
p

×
Z

d4q
ð2πÞ4Φ½ðk1ωDþ

s
− k2ωD−

s0
Þ2�

× ðkφ1 − kφ2 ÞϵYφðk0Þðkμ2 − qμÞϵχc1μ ðp2Þ

×
1

q2 −m2
D−

s

1

k22 −m2
Dþ

s

1

k21 −m2
D−

s0

: ð24Þ

The minus sign in Eqs. (27) and (24) come from the flavor
function that is shown in Eq. (3). Then, we find
M½Yð4274Þ → χc0=c1η�Total ¼ Ma þMb ¼ 0.

C. The decay Yð4274Þ → D�
s D̄s

Figure 4 shows the hadronic decay of the DsD̄s0

molecular state into D�
sD̄s mediated by the exchange of

the η meson. The ingredients needed are the vector(V)-
pseudoscalar(P)-pseudoscalar(P) Lagrangian

LVPP ¼ −igh½P; ∂μP�Vμi: ð25Þ

The coupling g is fixed from the strong decay width of
K� → Kπ. With the help of Eq. (25), the two-body decay
width ΓðK�þ → K0πþÞ is related to g as

ΓðK�þ → K0πþÞ ¼ g2

6πm2
K�þ

P3
πK� ¼ 2

3
ΓK�þ ; ð26Þ

where PπK� is the three-momentum of the π in the rest
frame of theK�. Using the experimental strong decay width
(ΓK�þ ¼ 50.3� 0.8 MeV) and the masses of the particles
needed in the present work [1], we obtain g ¼ 4.61.
Thus, we can obtain the following amplitudes for the

decay Yð4274Þ → D�
sD̄s:

Ma ¼
−ggVD̄s0D�

s
gYDsD̄s0ffiffiffi
2

p
Z

d4q
ð2πÞ4Φ½ðk1ωD−

s
− k2ωDþ

s0
Þ2�

× ðp1μgνη − p1νgμηÞðqμgνλ − qνgμλÞ
�
gλα −

qλqα
m2

V

�

× ðk2α þ p2αÞðk1ω − k2ωÞϵ�ηD�þ
s
ðp1ÞϵωY ðk0Þ

×
1

q2 −m2
V

1

k22 −m2
D−

s

1

k21 −m2
Dþ

s0

; ð27Þ

Mb ¼ MbðDþ
s0 → D−

s0; D
−
s → Dþ

s ; D�þ
s → D�−

s Þ; ð28Þ

Mc ¼ MfðD−
s0 → Dþ

s0; D
þ
s ðk2Þ → D−

s ðk2Þ; D�þ
s → D�−

s Þ;
ð29Þ

Md ¼ −
ggYDsD̄s0

gDs0Dsηffiffiffi
6

p
Z

d4q
ð2πÞ4Φ½ðk1ωDþ

s
− k2ωD−

s0
Þ2�

× ðqμ − k2μÞðk1ν − k2νÞϵYν ðk0Þϵ�μD�þ
s
ðp1Þ

×
1

q2 −m2
η

1

k22 −m2
Dþ

s

1

k21 −m2
D−

s0

: ð30Þ

D. The decay Yð4274Þ → DsD̄sπ0

Now we turn to theDsD̄sπ
0 three-body decay channel of

Yð4274Þ. Under the DsD̄s0 molecular state assignment,
Yð4274Þ first dissociates into Dþ

s D−
s0 or D

−
s D

þ
s0. Then, the

decay Yð4274Þ → Dþ
s D−

s π
0 occurs via the transitions

D�
s0 → D�

s π
0, where D�

s0 decay into D�
s π

0 by considering
the η − π0 mixing mechanism [45,46]. The relevant
Feynman diagrams are shown in Fig. 5.
The Lagrangian including η − π0 mixing for π0Ds0Ds

have been constructed in Ref. [47] and in the form

Lπ0Ds0Ds
¼ gπ0Ds0Ds

π0Ds0Ds; ð31Þ

where the coupling constant gπ0Ds0Ds
can be extracted by

the relation

ΓðD�
s0 → D�

s π
0Þ ¼ g2

π0Ds0Ds

jP⃗π0 j
8πm2

D�
s0

: ð32Þ

In the above, Pπ0 is the three-momentum of π in the rest
frame of Ds0.

(a) (b)

FIG. 5. Feynman diagrams for the Dþ
s D−

s π
0 three-body decay

channel of Yð4274Þ.
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At present, the experimental partial decay width
on D�

s0 → D�
s π

0 is absent. We find only the absolute
branching fraction BðD�

s0 → D�
s π

0Þ is measured as
1.00þ0.00

−0.14ðstatÞþ0.00−0.14ðsystÞ [48] and the upper limit on the
Ds0 width is 3.8 MeV at the 95% confidence level (CL)
[49]. In this work, we focus on whether Yð4274Þ can be a
P-waveDsD̄s0 molecular state and hope that the theoretical
maximum decay width cannot be compared with the
experimental data. Thus, we use upper limit ΓðDs0Þ ¼
3.8 MeV to determine the coupling constant gπ0Ds0Ds

¼
1.3124 GeV and in further calculations.
The general expression of the decay amplitude

Yð4274Þ → DsD̄sπ
0 is

Ma=b¼
gπ0Ds0Ds

gYDsD̄s0ffiffiffi
2

p ðqμ−p1μÞϵμYðk0Þ

×Φ½ðp1ωD̄s0
−qωDs

Þ2� 1

q2−m2
Ds0

þ imDs0
ΓDs0

; ð33Þ

where q ¼ p2 þ p3.

E. The decay Yð4274Þ → DD̄�, KK̄�, and ϕϕ

In this section, we calculate the two-body Okubo-Zweig-
Iizuka (OZI) allowed strong decays Yð4274Þ → DD̄�,
KK̄�, and ϕϕ. The processes is described as a quark-
antiquark pair cc̄ or ss̄ annihilation in the initial state.
Meanwhile, a light quark-antiquark pair is created and then
regroups into two outgoing hadrons by a quark rearrange-
ment process. The decay of Yð4274Þ into other channels,
such as Yð4274Þ → ππ̄, are ignored, because these proc-
esses, which involve the creation or annihilation of two q̄q
(q ¼ u, d, s, c) quark pairs, are usually strongly sup-
pressed. The quark-level diagrams are depicted in Fig. 6
and corresponding hadron-level diagrams are in Fig. 7.
Besides the Lagrangians above, the effective Lagrangian

of the KDDs0 vertex is also needed [43]:

LKDDs0
¼ gKDDs0

KDDs0; ð34Þ

where the coupling constant gKDDs0
¼ ffiffiffi

2
p

gK−D0D−
s0
¼

10.21 is obtained from the coupling of the Ds0 to the
DK channel in isospin I ¼ 0 [44]. Putting all the pieces
together, we obtain the amplitudes for Yð4274Þ → DD̄�,

KK̄�, and ϕϕ which correspond to the diagrams in
Fig. 7:

Ma ¼
gKDDs0

ggYffiffiffi
2

p
Z

d4q
ð2πÞ4Φ½ðk1ωD−

s
− k2ωDþ

s0
Þ2�

× ðqμ − k2μÞðk1ν − k2νÞϵνYðk0Þϵ�μD�−ð0Þ ðp2Þ

×
1

q2 −m2
K0ðþÞ

1

k22 −m2
D−

s

1

k21 −m2
Dþ

s0

; ð35Þ

Mb ¼ −
gKDDs0

ggYffiffiffi
2

p
Z

d4q
ð2πÞ4Φ½ðk1ωDþ

s
− k2ωD−

s0
Þ2�

× ðqμ − k2μÞðk1ν − k2νÞϵνYðk0Þϵ�μD�þð0Þ ðp2Þ

×
1

q2 −m2
K̄0ð−Þ

1

k22 −m2
Dþ

s

1

k21 −m2
D−

s0

; ð36Þ

Mc ¼ J
gKDDs0

ggYffiffiffi
2

p
Z

d4q
ð2πÞ4 Φ½ðk1ωD−

s
− k2ωDþ

s0
Þ2�

× ðqμ − k2μÞðk1ν − k2νÞϵνYðk0Þϵ�μK�−ð0Þ ðp2Þ

×
1

q2 −m2
D0ðþÞ

1

k22 −m2
D−

s

1

k21 −m2
Dþ

s0

; ð37Þ

Md ¼ J
gKDDs0

ggYffiffiffi
2

p
Z

d4q
ð2πÞ4Φ½ðk1ωDþ

s
− k2ωD−

s0
Þ2�

× ðqμ − k2μÞðk1ν − k2νÞϵνYðk0Þϵ�μK�þð0Þ ðp2Þ

×
1

q2 −m2
D0ð−Þ

1

k22 −m2
Dþ

s

1

k21 −m2
D−

s0

; ð38Þ

(a) (b)(a) (b)

FIG. 6. The Yð4274Þ decay process via the OZI mechanism.
q ¼ u, d quarks for diagram (a) and q ¼ u, d, s quarks for
diagram (b).

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)

(e) (f)

FIG. 7. Diagrams for Yð4274Þ decay processes:
(a),(b) Yð4274Þ → DD̄�, (c),(d) Yð4274Þ → KK̄�, and (e),(f)
Yð4274Þ → ϕϕ.
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Me¼−
GgYgϕD̄s0D�

s

2

Z
d4q
ð2πÞ4Φ½ðk1ωDþ

s
−k2ωD−

s0
Þ2�

×ðqμgνη−qνgμηÞðp1μgνρ−p1νgμρÞð−gηλþqηqλ=m2
D�þ

s
Þ

×ϵτλαβqτp2αðk1σ−k2σÞϵ�ρϕ ðp1Þϵ�βϕ ðp2ÞϵσYðk0Þ

×
1

q2−m2
D�þ

s

1

k22−m2
D−

s

1

k21−m2
Dþ

s0

; ð39Þ

Mf ¼ MeðDþ
s0 → D−

s0; D
−
s → Dþ

s ; D�þ
s → D�−

s Þ; ð40Þ

where J ¼ 1 and −1 are for D0ðD0Þ and DþðD−Þ
exchange, respectively.
Once the amplitudes are determined, the corresponding

partial decay widths can be obtained, which read

ΓðYð4274Þ → MBÞ ¼ 1

24π

jp⃗1j
m2

Y
jMj2; ð41Þ

ΓðYð4274Þ → DsD̄sπ
0Þ ¼ 1

3ð2πÞ5
1

16m2
Y
jMj2jp⃗�

3jjp⃗1j

× dmπ0D�
s
dΩ�

p3
dΩp1

; ð42Þ

where J is the total angular momentum of the Yð4274Þ
state, the jp⃗1j is the three-momenta of the decay products in
the center of mass frame, the overline indicates the sum
over the polarization vectors of the final hadrons, and MB
denotes the decay channel of MB, i.e., J=ψϕ, χc0η, χc1η,
D�

sD̄s, DD̄�, KK̄�, and ϕϕ. In Eq. (42), the p⃗�
3 and Ω�

p3
are

the momentum and angle of the particle D�
s in the rest

frame of D�
s and π0, respectively, and Ωp1

is the angle of
D�

s in the rest frame of the decaying particle Yð4274Þ.
mπ0D�

s
is the invariant mass for D�

s and π0 and must
meet mD�

s0
þmπ0 ≤ mπ0D�

s
≤ mY −mD�

s
.

III. RESULTS AND DISCUSSIONS

In this work, we study the strong decays of the Yð4274Þ
to the two-body final states J=ψϕ; χc0η; χc1η; D�

sD̄s, DD̄�,
KK̄�, and ϕϕ and three-body decay into π0DsD̄s assuming
that Yð4274Þ is a DsD̄s0ð2317Þ molecular state. In order to
obtain the decay width shown in Figs. 2, 4, and 5, the
coupling constant gYDsD̄s0

should be computed first.
According to the compositeness condition that we

introduced in Eq. (6), Λ dependence of the coupling
constant gYDsD̄s0

is computed. With a value of cutoff
Λ ¼ 0.9–1.1 GeV, the corresponding coupling constants
are shown in Fig 8. We note that they decrease slowly with
the increase of cutoff, and the coupling constant is almost
independent of Λ, where Yð4274Þ is a P-wave DsD̄s0
molecular state. According to the studies in Refs. [18–36],
a typical value of Λ ¼ 1.0 GeV is often employed. Thus, in
this work, we take Λ ¼ 1.0 GeV, and the corresponding

coupling constants are gYDsD̄s0
¼ 13.34þ1.11

−0.89 GeV, in which
the error reflects variation in Λ from 0.9 to 1.1 GeV.
Once the coupling constant gYDsD̄s0

¼ 13.34þ1.11
−0.89 GeV is

determined, the decay widths of Yð4274Þ can be calculated
straightforwardly. In Fig. 9, we show the partial decay
widths of Yð4274Þ → J=ψϕ; χc0η; χc1η; D�

sD̄s, π0DsD̄s,
DD̄�, KK̄�, and ϕϕ as a function of cutoff parameter Λ.
We find that the estimated two-body decay width increases
with increase of cutoff and are all insensitive to cutoff
parameter Λ, while the Yð4274Þ → π0DsD̄s three-body
decay decreases, but very slowly. We also find that the
partial decay width is the largest for transition
Yð4274Þ → DD̄�. Thanks to the flavor symmetry of the
wave function shown in Eq. (3), the Yð4274Þ → χc0η and
χc1η two-body decay widths are of the order of about
0.0 MeV. We also note that the three-body transition
strength is quite small, and the decay width is of the order

FIG. 8. The Λ dependence of the coupling gYDsD̄s0
estimated

from the compositeness condition.

FIG. 9. Partial decay widths of the Yð4274Þ → J=ψϕ (black
solid line), Yð4274Þ → π0DsD̄s (blue dotted line), Yð4274Þ →
D�

sD̄s (red dashed line), Yð4274Þ → χc0η (violet short-dotted
line), Yð4274Þ → DD̄� (magenta dash-dotted line), Yð4274Þ →
KK̄� (olive dash-dot-dotted line), Yð4274Þ → χc1η (purple short-
dash-dotted line), and Yð4274Þ → ϕϕ (navy short-dashed line).

POSSIBLE P-WAVE DSD̄S0ð2317Þ … PHYS. REV. D 105, 056011 (2022)

056011-7



of 0.158–0.190 MeV. The small three-body decay width
can be easy understood due to the decay Yð4274Þ →
DsD̄sπ

0 being an isospin violation process.
Two reasons can help us to understand why transition

Yð4274Þ → DD̄� provides the dominant contribution. First
is that transition Yð4274Þ → DD̄� is s-wave decay, and the
lowest angular momentum gives the dominant contribution.
Larger Yð4274Þ → DD̄� decay can also be understood due
to the main component of Ds0 being DK, and the coupling
constant related to this vertex is larger than the others. The
same Ds0DK coupling also exists in the Yð4274Þ → KK̄�
reaction. However, its partial decay width is small. A
possible explanation is that a light quark-antiquark pair
creation or annihilation in Fig. 6 is easier than that of a
heavy quark-antiquark pair.
We also show the dependence of the total decay width on

cutoff Λ in Fig. 10. In the present calculation, we vary Λ
from 0.9 to 1.1 GeV. In this Λ range, the total decay width
increases, and predicted decay width ΓY ¼ 1.25–2.0 MeV
is much smaller than the experimental width, which
disfavors Yð4274Þ in a DsD̄s0 molecular picture. If we
increase Λ to higher values, the total widths of Yð4274Þ
cannot be reproduced until a much larger Λ value of about
9.6 is adopted. Unfortunately, there are no such studies on
taking Λ ¼ 9.6 or higher, which is reasonable. Hence, the
assignment as a P-wave DsD̄s0 molecular state is impos-
sible for Yð4274Þ based on the total decay width exper-
imentally measured. This is quite different from the
conclusion in Ref. [15] that the interaction between a Ds

meson and a D̄s0 meson is strong enough to form a bound
state with a mass of about 4274 MeV, which can be
associated to Yð4274Þ. Comparing our results with those in
Ref. [15], it seems that a study of the spectroscopy alone
does not give a complete picture of its nature.
Combining our results in Fig. 10 with the conclusion in

Ref. [15], we predict a P-wave DsD̄s0 molecular that we
marked as Y 0ð4274Þ may exist. Taking a typical value

ΓðD�
s0 → πD�

s Þ ¼ 79.3 keV [19], where Ds0 is assumed to
be aDK bound state, the corresponding partial decaywidths
are Γ½Y 0ð4274Þ→D�

sD̄s�¼0.20–0.33MeV, Γ½Y 0ð4274Þ →
J=ψϕ� ¼ 0.048–0.090, Γ½Y 0ð4274Þ → π0DsD̄s� ¼ 0.0066–
0.0080 MeV, Γ½Y 0ð4274Þ → DD̄�� ¼ 0.76–1.30 MeV,
Γ½Y 0ð4274Þ→ KK̄�� ¼ 0.065–0.14 MeV, Γ½Y 0ð4274Þ →
χc0η� ¼ 0.0 MeV, Γ½Y 0ð4274Þ → χc1η� ¼ 0.0 MeV, and
Γ½Y 0ð4274Þ → ϕϕ� ¼ 0.0089–0.018 MeV, which yields a
total decay width of 1.06–1.84 MeV. And we find that the
transition Y 0ð4274Þ → DD̄� is the main decay channel,
almost saturating the total width. The experimental mea-
surements for this strong decay process could be crucial to
observe such a state.

IV. SUMMARY

In this work, inspired by the studies in Ref. [15]
that showed the likely existence of a DsD̄s0 bound state,
we have studied its partial decay widths into Yð4274Þ →
J=ψϕ, χc0η, χc1η, ϕϕ, ηη, D�

sD̄s, DD̄�, KK̄�, and π0D̄sDs.
These decays involve the treatment of the Yð4274Þ state as
a quasibound state of DsD̄s0 and utilizing the Weinberg
compositeness condition to determine the corresponding
coupling. Our studies find the P-wave DsD̄s0 assignment
for Yð4274Þ is not allowed; it may be a compact tetraquark
state or diquark-antidiquark state [7–14]. If Yð4274Þ is a
compact tetraquark state or diquark-antidiquark state [7–
14], we suggest experimentally to search for Yð4274Þ in the
Yð4274Þ → χc0η and Yð4274Þ → χc1η reactions that the
partial decay widths are of the order of 0.0 MeV by
assuming Yð4274Þ is a DsD̄s0 molecular state. Theoretical
investigations on decay modes and further experimental
information on partial decay widths will be helpful to
distinguish which inner structure of the Yð4274Þ state is
possible.
However, a P-wave DsD̄s0 molecular with the total

decay width at the order of 1.06–1.84 MeV [marked as
Y 0ð4274Þ] is found. The predicted decay width seems to
suggest that it is possible to observe such a state at Belle or
Belle II, e.g., via the inclusive invariant mass distribution
DD̄�, which is the largest transition. On the other hand, its
production yields at these experimental setups remain to be
studied.
If the Yð4274Þ could be a P-wave DsD̄s0 molecular, it

naturally leads us to think about whether there are con-
tributions from the light pseudoscalar meson exchanges
ðπ; K; η; η0Þ and the vector meson exchanges ðρ;ω; K�Þ…
or there exist other decay mechanisms for the few-body
systems. However, only J=ψ, ϕ, η, K, D, Ds, and D�

s
exchange are included, because there is no information on
studies about other meson exchange in the vertices of the
charm-strange meson. Moreover, we always think the two-
body decay modes of the multiquark states are usually the
dominant ones. Hence, the current calculation is enough to
explain that Yð4274Þ cannot be a P-waveDsD̄s0 molecular.

FIG. 10. The total decay width of the Yð4274Þ. The cyan bands
denote the experimental total width [4,5].

HONG QIANG ZHU and YIN HUANG PHYS. REV. D 105, 056011 (2022)

056011-8



ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China under Grant No. 12104076, the
Science and Technology Research Program of Chongqing
Municipal Education Commission (Grant No. KJQN20
1800510), and the Opened Fund of the State Key
Laboratory on Integrated Optoelectronics (Grant No. IOS

KL2017KF19). Y. H. thanks the support from the
Development and Exchange Platform for the Theoretic
Physics of Southwest Jiaotong University under Grants
No. 11947404 and No. 12047576, the Fundamental
Research Funds for the Central Universities (Grant
No. 2682020CX70), and the National Natural Science
Foundation of China under Grant No. 12005177.

[1] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[2] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
222001 (2019).

[3] R. Aaij et al. (LHCb Collaboration), Sci. Bull. 66, 1278
(2021).

[4] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 118,
022003 (2017).

[5] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 95,
012002 (2017).

[6] K. Yi (CDF Collaboration), Proc. Sci.ICHEP2010 (2010)
182 [arXiv:1010.3470].

[7] H. X. Chen, E. L. Cui, W. Chen, X. Liu, and S. L. Zhu, Eur.
Phys. J. C 77, 160 (2017).

[8] Z. G. Wang, Eur. Phys. J. C 77, 174 (2017).
[9] F. Stancu, J. Phys. G 37, 075017 (2010); J. Phys. G 46,

019501(E) (2019).
[10] Q. F. Lü and Y. B. Dong, Phys. Rev. D 94, 074007 (2016).
[11] L. C. Gui, L. S. Lu, Q. F. Lü, X. H. Zhong, and Q. Zhao,

Phys. Rev. D 98, 016010 (2018).
[12] S. S. Agaev, K. Azizi, and H. Sundu, Phys. Rev. D 95,

114003 (2017).
[13] L. Maiani, A. D. Polosa, and V. Riquer, Phys. Rev. D 94,

054026 (2016).
[14] R. Zhu, Phys. Rev. D 94, 054009 (2016).
[15] J. He, Phys. Rev. D 95, 074004 (2017).
[16] Y. R. Liu, Phys. Rev. D 88, 074008 (2013).
[17] Y. L. Ma, Phys. Rev. D 82, 015013 (2010).
[18] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,

Phys. Rev. D 81, 074011 (2010).
[19] A. Faessler, T. Gutsche, V. E. Lyubovitskij, and Y. L. Ma,

Phys. Rev. D 76, 014005 (2007).
[20] A. Faessler, T. Gutsche, V. E. Lyubovitskij, and Y. L. Ma,

Phys. Rev. D 76, 114008 (2007).
[21] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,

Phys. Rev. D 77, 094013 (2008).
[22] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,

J. Phys. G 38, 015001 (2011).
[23] Y. Dong, A. Faessler, T. Gutsche, S. Kovalenko, and V. E.

Lyubovitskij, Phys. Rev. D 79, 094013 (2009).
[24] Y. Dong, A. Faessler, T. Gutsche, Q. F. Lü, and V. E.

Lyubovitskij, Phys. Rev. D 96, 074027 (2017).
[25] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,

Phys. Rev. D 90, 094001 (2014).

[26] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Phys. Rev. D 90, 074032 (2014).

[27] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Phys. Rev. D 89, 034018 (2014).

[28] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Phys. Rev. D 88, 014030 (2013).

[29] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Few-Body Syst. 54, 1011 (2013).

[30] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
J. Phys. G 40, 015002 (2013).

[31] Y. Dong, A. Faessler, T. Gutsche, S. Kumano, and V. E.
Lyubovitskij, Phys. Rev. D 83, 094005 (2011).

[32] Y. Dong, A. Faessler, T. Gutsche, S. Kumano, and V. E.
Lyubovitskij, Phys. Rev. D 82, 034035 (2010).

[33] Y. Dong, A. Faessler, T. Gutsche, and V. E. Lyubovitskij,
Phys. Rev. D 81, 014006 (2010).

[34] Y. Dong, A. Faessler, and V. E. Lyubovitskij, Prog. Part.
Nucl. Phys. 94, 282 (2017).

[35] F. Yang, Y. Huang, and H. Q. Zhu, Sci. China Phys. Mech.
Astron. 64, 121011 (2021).

[36] H. Zhu,N.Ma, andY.Huang, Eur. Phys. J. C 80, 1184 (2020).
[37] S. Weinberg, Phys. Rev. 130, 776 (1963).
[38] A. Salam, Nuovo Cimento 25, 224 (1962).
[39] E. Oset, J. R. Pelaez, and L. Roca, Phys. Rev. D 67, 073013

(2003).
[40] A. Bramon, A. Grau, and G. Pancheri, Phys. Lett. B 283,

416 (1992).
[41] P. Colangelo, F. De Fazio, and T. N. Pham, Phys. Rev. D 69,

054023 (2004).
[42] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F.

Feruglio, and G. Nardulli, Phys. Rep. 281, 145 (1997).
[43] Y.Huang,M. Z. Liu,Y.W.Pan, L. S.Geng,A.MartínezTorres,

and K. P. Khemchandani, Phys. Rev. D 101, 014022 (2020).
[44] D. Gamermann, E. Oset, D. Strottman, and M. J. Vicente

Vacas, Phys. Rev. D 76, 074016 (2007).
[45] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett. 90,

242001 (2003).
[46] X. Liu, Y. M. Yu, S. M. Zhao, and X. Q. Li, Eur. Phys. J. C

47, 445 (2006).
[47] J. He and X. Liu, Eur. Phys. J. C 72, 1986 (2012).
[48] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 97,

051103 (2018).
[49] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 74,

032007 (2006).

POSSIBLE P-WAVE DSD̄S0ð2317Þ … PHYS. REV. D 105, 056011 (2022)

056011-9

https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1016/j.scib.2021.02.030
https://doi.org/10.1016/j.scib.2021.02.030
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.22323/1.120.0182
https://doi.org/10.22323/1.120.0182
https://arXiv.org/abs/1010.3470
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4751-7
https://doi.org/10.1088/0954-3899/37/7/075017
https://doi.org/10.1088/1361-6471/aaf026
https://doi.org/10.1088/1361-6471/aaf026
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.98.016010
https://doi.org/10.1103/PhysRevD.95.114003
https://doi.org/10.1103/PhysRevD.95.114003
https://doi.org/10.1103/PhysRevD.94.054026
https://doi.org/10.1103/PhysRevD.94.054026
https://doi.org/10.1103/PhysRevD.94.054009
https://doi.org/10.1103/PhysRevD.95.074004
https://doi.org/10.1103/PhysRevD.88.074008
https://doi.org/10.1103/PhysRevD.82.015013
https://doi.org/10.1103/PhysRevD.81.074011
https://doi.org/10.1103/PhysRevD.76.014005
https://doi.org/10.1103/PhysRevD.76.114008
https://doi.org/10.1103/PhysRevD.77.094013
https://doi.org/10.1088/0954-3899/38/1/015001
https://doi.org/10.1103/PhysRevD.79.094013
https://doi.org/10.1103/PhysRevD.96.074027
https://doi.org/10.1103/PhysRevD.90.094001
https://doi.org/10.1103/PhysRevD.90.074032
https://doi.org/10.1103/PhysRevD.89.034018
https://doi.org/10.1103/PhysRevD.88.014030
https://doi.org/10.1007/s00601-013-0622-4
https://doi.org/10.1088/0954-3899/40/1/015002
https://doi.org/10.1103/PhysRevD.83.094005
https://doi.org/10.1103/PhysRevD.82.034035
https://doi.org/10.1103/PhysRevD.81.014006
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1007/s11433-021-1796-0
https://doi.org/10.1007/s11433-021-1796-0
https://doi.org/10.1140/epjc/s10052-020-08747-5
https://doi.org/10.1103/PhysRev.130.776
https://doi.org/10.1007/BF02733330
https://doi.org/10.1103/PhysRevD.67.073013
https://doi.org/10.1103/PhysRevD.67.073013
https://doi.org/10.1016/0370-2693(92)90041-2
https://doi.org/10.1016/0370-2693(92)90041-2
https://doi.org/10.1103/PhysRevD.69.054023
https://doi.org/10.1103/PhysRevD.69.054023
https://doi.org/10.1016/S0370-1573(96)00027-0
https://doi.org/10.1103/PhysRevD.101.014022
https://doi.org/10.1103/PhysRevD.76.074016
https://doi.org/10.1103/PhysRevLett.90.242001
https://doi.org/10.1103/PhysRevLett.90.242001
https://doi.org/10.1140/epjc/s2006-02564-0
https://doi.org/10.1140/epjc/s2006-02564-0
https://doi.org/10.1140/epjc/s10052-012-1986-1
https://doi.org/10.1103/PhysRevD.97.051103
https://doi.org/10.1103/PhysRevD.97.051103
https://doi.org/10.1103/PhysRevD.74.032007
https://doi.org/10.1103/PhysRevD.74.032007

