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Coexistence of extended and compact 
structures: for the case Ω(2012)
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3. sss baryon Ω(2012)
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the Λ̄ and the Ω̄+ can be seen. The sideband regions
are chosen as |MΩ̄+ − mΩ̄+ | ∈ [0.02, 0.06]GeV/c2 and
|MΛ̄ −mΛ̄| < 0.005GeV/c2.
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FIG. 1. Distribution of MΛ̄ versus MΩ̄+ for data. The blue
box represents the signal region, and the red boxes indicate
the sideband regions.

Figure 2(a) shows the Ω̄+ recoil-mass spectrum for the
candidate events falling into the signal region in Fig. 1,
calculated using RMΩ̄+ +MΩ̄+ −mΩ̄+ . Here, RMΩ̄+ =
|pe+e− − pΩ̄+ |, where pe+e− is the four-momentum of the
initial e+e− system and pΩ̄+ is the four-momentum of
the Ω̄+. The variable RMΩ̄+ + MΩ̄+ − mΩ̄+ provides
better resolution compared to RMΩ̄+ [42]. A clear Ω−

ground state signal near 1.67GeV/c2 is seen, plus two
additional peaks near 2.0GeV/c2 and 2.1GeV/c2, which
we refer to as the Ω∗(2012)− andΩ∗(2109)−, respectively.
Overall, except for these three peaks, the data sideband
shape describes the data well. Since the background
distribution is smooth in MC studies, the data sideband
events are used to constrain the shape of the background
in the subsequent fit.
A simultaneous maximum likelihood fit is performed

to the Ω̄+ recoil-mass spectra for the candidate events
from the signal (Fig. 2a) and sideband (Fig. 2b) regions.
In this fit, the signal shapes for the Ω∗(2012)− and
Ω∗(2109)− are Breit-Wigner functions convolved with
a double-Gaussian resolution function; the Ω(1672)− is
described by an asymmetric double-Gaussian function,
and the background is parameterized by a third-
order Chebyshev polynomial. The parameters of the
Breit-Wigner function for Ω∗(2012)− are fixed to the
PDG values [5], the parameters of the double-Gaussian
resolution functions are fixed according to the MC
simulation, and all other parameters for the signal shapes
are free. The parameters of the third-order Chebyshev
polynomial are free and shared for both of data samples
from the signal and sideband regions.
The statistical significances of the two Ω− excitations

are calculated by excluding the corresponding peak from
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FIG. 2. Simultaneous maximum likelihood fit the RMΩ̄+ +
MΩ̄+ − mΩ̄+ distributions from the signal (a) and sideband
(b) regions. The black dots with error bars represent data.
The blue solid curve is the total fit result. The red long
dashed, red short dashed, and red double-dot-dashed lines are
the signal shapes for Ω(1672)−, Ω∗(2012)−, and Ω∗(2109)−,
respectively. The black dot-dashed line is the background
shape.

the fit, finding the change in the log-likelihood ∆(2lnL),
and converting this to a p-value, taking into account
the change in degrees of freedom (Ndof) [43]. This
is then converted to an effective number of standard
deviations nσ. For the peak around 2.0GeV/c2, we
obtain ∆(2lnL) = 13.8 with Ndof = 1, yielding nσ = 3.7.
This provides evidence for Ω∗(2012)− production, with a
signal yield of 28±9. For the peak around 2.1GeV/c2, we
obtain ∆(2lnL) = 20.8 with Ndof = 3, yielding nσ = 3.9.
This gives evidence for a new excited Ω− hyperon, the
Ω∗(2109)−, with signal yield of 52± 20. The fitted mass
and width of the Ω∗(2109)− are mΩ∗(2109)− = 2108.8±
5.5statMeV/c2 and ΓΩ∗(2109)− = 21.6± 17.7statMeV.
Systematic uncertainties on the measurements of the

mass and width for the Ω∗(2109)− mainly originate from
the background shape, the mass shift, the resolution,
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• Hidden charm meson: ,     X(3872), … , , … 
• Hidden charm baryon: ,    
• Doubly charm meson: ,     , …

cc̄qq̄ Tψ ψ(6900)
cc̄qqq Pc, Pcs, . . .
ccq̄q̄ Tcc(3875)

1. Introduction

INTERPLAY AMONG  
MANY EXPERIMENTS:

UPCOMING 
EXPERIMENTS: Electron ion 

STCF 
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XYZ Revolution: Discoveries of Exotic States in the Sector With Two 
Heavy Quarks: Beyond the Standard Quark Model!
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The present 
revolutions

cc̄uud

ccc̄c̄

cc̄uds

ccūd̄

X(3872)

cc̄qq̄

Pc Pcs

Year of discovery

Exotic hadrons: Summary by LHC 

Many exotics have been observed near/around thresholds
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Similar α-cluster structure in nuclei

Are hadrons (near threshold) molecular-like?

Prog. Theor. Phys. 40, 277 (1968) 
Ikeda diagram

Also see,  
Brink, D M (Oxford U., Theor. Phys.) 
“Prof. Ikeda’s important contributions to nuclear physics” 
12th International Conference on Nuclear Reaction Mechanisms, pp.15-18 
15 - 19 Jun 2009, Villa Monastero, Varenna, Italy 
https://cds.cern.ch/record/1237837/files/p15.pdf

Alpha cluster (molecular) structure  
of nuclei

Not only in hadrons but 

https://cds.cern.ch/record/1237837/files/p15.pdf
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Motivations

p190-201, Only 3 citations

Doctor thesis

Published paper

T. Maskawa
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SU(6) ~YukawaπNqqq Molecule



East Asian Workshop on Exotic Hadrons 2024, Dec. 9-11, 2024 /23

Belle@KEK, PRL91, 262001 (2003)
and further confirmed at  Fermi Lab, SLAC, LHC, BEP, …

uucc, ddcc
Heavy and light quarks
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PTEP 2016, XXXXXX A. Hosaka et al.

Fig. 2. Four production processes in e+e− colliders. See the text for an explanation.
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Fig. 3. The distribution of mass difference between J/ψπ+π− and J/ψ in B±→ J/ψπ+π−K ± decays.
The peak at 0.59 GeV/c2 is due to the conventional charmonium, ψ(2S). The peak corresponding to the
X (3872) is indicated by a vertical arrow [10].

Immediately after this narrow state was reported, a lot of discussions arose which attempted to
give a proper interpretation. What experimentalists should do to reveal X (3872)’s nature would be to
determine its quantum number J PC . The X (3872)→ J/ψγ mode is established by both Belle [29]
and BaBar [30] measurements. The Belle result is shown in Fig. 4, and thus it is confirmed that the
charge conjugation of X (3872) is C = +1.

It is also possible to determine the spin and parity by the angular distribution of decay products of
X (3872). The studies for the J/ψπ+π− mode by CDF [31] and Belle [32] using three decay angu-
lar variables, as well as the 3π invariant mass spectrum in the J/ψπ+π−π0 mode by BaBar [33],
give a constraint on J PC to be either 1++ or 2−+, but do not reach a definitive determination. A

6/63

X(3872)

ψ’

Many other findings have are following

2. Evidences, X(3872)

6
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2. Evidences, X(3872)

3870 3875 3880

X : 3871.65 ± 0.06 MeV

D0D̄*0 : 3871.69 D+D̄*− : 3879.92
One of the important properties of the X(3872) is its isospin structure. The branching

fractions measured by Belle [124] is

p p p y
p p y




=  
+ -

+ -

Br X J
Br X J

1.0 0.4 0.3, 149
0( )

( ) ( )

and 0.8±0.3 by BABAR [125]. Here the two-pion mode originates from the isovector ρ
meson while the three-pion mode comes from the isoscalar ω meson. So, the equation (149)
indicates strong isospin violation. Recently, BESIII observed w yX J3872( ) decay with a
significance of more than 5σ and the relative decay ratio of w yX J3872( ) and p p y+ -J
was measured to be = -

+ 1.6 0.20.3
0.4 [84]. The kinematical suppression factor including

the difference of the vector meson decay width were studied [126, 127], and the production
amplitude ratio [127] was obtained by using Belle’s value [124]

r y
w y

= 
A J
A J

0.27 0.02. 150
( )
( ) ( )

Typical size of the isospin symmetry breaking ratios is at most a few%. It is interesting to
know what the origin of this strong isospin symmetry breaking is. In [98], this problem was
studied using the chiral unitary model, and the effect of the ρ–ω mixing has been discussed in
[128]. It was reported that both of these approaches can explain the observed ratio given in
(149). In the charmonium-molecule hybrid approach, the difference of the D D0 0*¯ and the

+ -D D* thresholds produces sufficient isospin violation to naturally explain the experimental
results [38, 115]. The Friedrichs-model-like scheme can also explain the isospin symmetry
breaking [129]. Recently, a new Isospin=1 decay channel, p cX 3872 c

0
1( ) has been

observed [130].
X(3872) production at high energy hadron colliders has been studied in [69, 131–143],

where unexpectedly large production rates have been observed at large transverse momentum
transfers >p̂ 10 GeV [144]. These rates are much larger than those for production of light
nuclei such as the deuteron and 3He, and are about 5% of that for the y S2( ). This property is
naively explained if X(3872) has a small ‘core’ component that is a compact structure such as
the c P2c1( ). In a later subsection we will see that this will be realized in a model of DD*¯
molecular coupled with a cc̄ core.

The hadronic decays of the X(3872) are investigated in [126, 135, 145–158]. As for
radiative decays, as seen in [159–173], the existence of a core seems to be required, but the
results depend on details of the wave function.

Another important issue is whether the charged partner of X(3872) exists as a measurable
peak or not. BABAR has searched such a state in the p p y -X J3872 0( ) channel and found
no signal [2]. Belle has also studied such a state using much accumulated data but found no
signal [72]. The hybrid picture, where the coupling to the cc̄ core is essential to bind the
neutral X(3872), is consistent with the absence of a charged X(3872).

Since the X(3872) has many interesting properties, and many studies of it have been
done, several review papers have been written from various viewpoints [6, 24, 144, 174–180].

4.2. Dð"Þ !D
ð"Þ

molecule with OPEP

In this subsection, we demonstrate the analysis of the X(3872) as a D D* *¯( ) ( ) molecule with
= + ++I J 0 1G PC( ) ( ). As for the interaction between D *( ) and D *¯ ( ) mesons, we employ only

the OPEP in(84)–(87). In the D D* *¯( ) ( ) coupled channel system, the possible D D* *¯( ) ( )

J. Phys. G: Nucl. Part. Physx. 47 (2020) 053001 Topical Review

31

• Located almost at the threshold D0D̄*0

• Large isospin violation

• Spin-parity  from angular correlationJPC = 1++

c̄cūu
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Large production rate  
by high energy collisions

BUT

Implies admixture of  and quark core (~ )D0D̄*0 cc̄

X3872	produced	like	ψ’;	very	unlike	3He,	etc.	

ALICE	PL	B754	360	(2016)		
							PRC	93	029917	(2016)	 ATLAS	JHEP01	717	(2017)		

See	Esposito	et	al.,		PRD	92	034028	(2015(	

--	arXiv	0906.0882:		σCDF(meas)>3.1±0.7nb			vs				σtheory(molecule)<0.11nb	C.	Bignamini	et	al,	PRL	103,	162001:	

ψ′ 

X(3872) ~ 10
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Hybrid of  and DD̄* cc̄
•  -  (without  interaction) 
   M. Takizawa and S. Takeuchi, Prog. Theor. Exp. Phys. 2013, 093D01 
•   -  (with OPEP for ) 
   Y. Yamaguchi, A. Hosaka, S. Takeuchi and M. Takizawa, J.Phys.G 47 (2020) 5, 053001

cc̄ DD̄* DD̄*

cc̄ DD̄* DD̄*

D

D̄*

OPEP + c̄c
D

D̄*

cc̄

Extended molecular ψDD̄* Compact  c̄c ψcc̄ Coupling

+

H = HDD̄* + Hcc̄ + V
ψtot = ccc̄ψcc̄ + c0ψD0D̄*0 + c±ψD+D*−

→ ψcc̄ + ψDD̄* Superposition of two structures
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From Steve Olsen

Consensus(?):	mixture	of	DD*	&	a	cc	“core”	

c	
_	c

D0	

D*0	

_	

D+	

D*-	

c	
_	c

“core” 
state 

…	

€ 

1
MX (3872) −mD 0 −mD*0 −

q 2

2µ0
€ 

1
MX (3872) −mD + −mD*− −

q 2

2µ0

…	>10	fm	

~90%	 ~5%	
~5%	

Specific	model	by		
Takizawa	&	Takeuchi,	PTEP	9,	093D01	

most of the time looks 
like a  D0D*0 molecule 

_ 

_	_	

		
drms ≈

1
2µ

D
BE

:

reduced	
				mass	

|mD+mD*-mX3872|	

		

BE <0.2	MeV
		drmsD0D*0 >10	fm

		 

BE ≈8	MeV
		drmsD+D*− !1.5	fm

≈1.5	fm	
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Y. Yamaguchi et al, Phys. Rev. D 96, 114031 (2017):  
Y. Yamaguchi et al, Phys. Rev. D 101, 091502 (2020) :  
A. Giachino et al, Phys. Rev. D 108 (2023) 7, 074012: 

Pc
Pc
Pcs

Σc, Σ*c , Λc

D̄, D̄*
OPEP

S-factor

2. Evidences, Pc’s

+

Extended molecular ψMB
Compact  c̄cqqq ψ5q

Coupling

+

Ψtot = cMBψMB + c5qψ5q
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Results for Pc

• 4312, 4440 and 4457 agree with data 
• Their spin and parities are  predicted. 
•  singlet and  triplet are 

predicted 
• OPEP and  are both important for 

binding 
• Widths and spin splittings are due to 

OPEP

Σ*c D Σ*c D*

V5q

VπðqÞ ¼ −
!
gMA g

B
A

4f2π

"
ðŜ1 · qÞðŜ2 · qÞ

q2 þm2
π

T̂1 · T̂2; ð6Þ

where Ŝ is the spin operator and T̂ is the isospin operator.
gBA is the axial vector coupling constant of the correspond-
ing baryons.1

The coupling of the MB channels, i and j, to the
five-quark (5q) channels, α, gives rise to an effective
interaction, V5q,

hijV5qjji ¼
X

α

hijVjαi 1

E − E5q
α
hαjV†jji; ð7Þ

where V represents the transitions between the MB and 5q
channels and E5q

α is the eigenenergy of a 5q channel. We
further introduced the following assumption:

hijVjαi ¼ fhijαi; ð8Þ

where f is the only free parameter which determines the
overall strength of the matrix elements. In order to calculate
the hijαi, we construct the meson-baryon and five-quark
wave functions explicitly in the standard nonrelativistic
quark model with a harmonic oscillator confining potential.
The derived potential hijV5qjji turned out to give similar
results to those derived from the quark cluster model [7].
The energies and widths of the bound and resonant states

were obtained by solving the coupled-channel Schrödinger
equation with the OPEP, VπðrÞ, and 5q potential V5qðrÞ,

ðK þ VπðrÞ þ V5qðrÞÞΨðrÞ ¼ EΨðrÞ; ð9Þ

where K is the kinetic energy of the meson-baryon system
andΨðrÞ is the wave function of the meson-baryon systems
with r being the relative distance between the center of
mass of the meson and that of the baryon. The coupled
channels included are all possible ones of Σð%Þ

c D̄ð%Þ and
ΛcD̄ð%Þ which can form a given JP and isospin I ¼ 1=2.
Equation (9) is solved by using variational method. We

used the Gaussian basis functions as trial functions [56]. In
order to obtain resonance states, we employed the complex
scaling method [57].
In Fig. 1 and Table I, experimental data [1,34] and our

predictions are compared. The centers of the bars in Fig. 1
are located at the central values of pentaquark masses while
their lengths correspond to the pentaquark widths with the
exception of Pcð4380Þ width, which is too large and does
not fit into the shown energy region. The boxed numbers
are the masses of the recently observed states [34], and the

corresponding predictions in our model. The dashed lines
are for threshold values. Our predicted masses and the
decay widths are shown for the parameters f=f0 ¼ 50 and
f=f0 ¼ 80. Here, f0 is the strength of the one-pion
exchange diagonal term for the ΣcD̄% meson-baryon chan-
nel, f0 ¼ jCπ

ΣcD̄% ðr ¼ 0Þj ∼ 6 MeV (see Ref. [45]). Setting
the free parameter f=f0 at f=f0 ¼ 50, we observe that both
masses and widths of Pþ

c ð4312Þ and Pþ
c ð4440Þ are repro-

duced within the experimental errors. However, the state
corresponding to Pþ

c ð4457Þ is absent in our results, where
the attraction is not enough. Increasing the value of f=f0 to
70, the state with JP ¼ 1=2− appears below the ΣcD̄%

threshold, and at f=f0 ¼ 80 the mass and width of this state
are in reasonable agreement with Pþ

c ð4457Þ. However, as
shown in Fig. 1, the attraction at f=f0 ¼ 80 is stronger than
that at f=f0 ¼ 50 and hence the masses of the other states
shift downward.
We find as expected that the dominant components of

these states are nearby threshold channels and with the
quantum numbers as follows: ΣcD̄ with JP ¼ 1=2−

[Pþ
c ð4312Þ], ΣcD̄% with JP ¼ 3=2− [Pþ

c ð4440Þ] and with
JP ¼ 1=2− [Pþ

c ð4457Þ] meson-baryon molecular states.
Let us compare our results with the ones reported by

other works. In Ref. [36], the assignments of the quantum
numbers for Pcð4440Þ and Pcð4457Þ are different from
ours. Since these two states are located near ΣcD̄% threshold
and both states have the narrow widths, it is natural to
consider them to form the J ¼ 1=2 and 3=2 states in
S-wave. It is emphasized that in our model the spin 3=2
state (4440) is lighter than the spin 1=2 state (4457). In
Ref. [37], they studied seven heavy quark multiplets of
ΣcD̄, ΣcD̄%, Σ%

cD̄, and Σ%
cD̄%, and considered two options of

FIG. 1. Experimental data (EXP) [1,34] and our results of
masses and widths for various Pc states. The horizontal dashed
lines show the thresholds for corresponding channels and values
in the right axis are isospin averaged ones in units of MeV. The
centers of the bars are located at the central values of pentaquark
masses while their lengths correspond to the pentaquark widths
with the exception of Pcð4380Þ width.

1In our previous publication [20], there were a few errors in the
matrix elements, which are corrected in this paper. After the
corrections, however, important results of our discussions remain
unchanged.

PC PENTAQUARKS WITH CHIRAL TENSOR AND QUARK … PHYS. REV. D 101, 091502 (2020)

091502-3

VπðqÞ ¼ −
!
gMA g

B
A

4f2π

"
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π

T̂1 · T̂2; ð6Þ

where Ŝ is the spin operator and T̂ is the isospin operator.
gBA is the axial vector coupling constant of the correspond-
ing baryons.1

The coupling of the MB channels, i and j, to the
five-quark (5q) channels, α, gives rise to an effective
interaction, V5q,

hijV5qjji ¼
X

α

hijVjαi 1

E − E5q
α
hαjV†jji; ð7Þ

where V represents the transitions between the MB and 5q
channels and E5q

α is the eigenenergy of a 5q channel. We
further introduced the following assumption:

hijVjαi ¼ fhijαi; ð8Þ

where f is the only free parameter which determines the
overall strength of the matrix elements. In order to calculate
the hijαi, we construct the meson-baryon and five-quark
wave functions explicitly in the standard nonrelativistic
quark model with a harmonic oscillator confining potential.
The derived potential hijV5qjji turned out to give similar
results to those derived from the quark cluster model [7].
The energies and widths of the bound and resonant states

were obtained by solving the coupled-channel Schrödinger
equation with the OPEP, VπðrÞ, and 5q potential V5qðrÞ,

ðK þ VπðrÞ þ V5qðrÞÞΨðrÞ ¼ EΨðrÞ; ð9Þ

where K is the kinetic energy of the meson-baryon system
andΨðrÞ is the wave function of the meson-baryon systems
with r being the relative distance between the center of
mass of the meson and that of the baryon. The coupled
channels included are all possible ones of Σð%Þ

c D̄ð%Þ and
ΛcD̄ð%Þ which can form a given JP and isospin I ¼ 1=2.
Equation (9) is solved by using variational method. We

used the Gaussian basis functions as trial functions [56]. In
order to obtain resonance states, we employed the complex
scaling method [57].
In Fig. 1 and Table I, experimental data [1,34] and our

predictions are compared. The centers of the bars in Fig. 1
are located at the central values of pentaquark masses while
their lengths correspond to the pentaquark widths with the
exception of Pcð4380Þ width, which is too large and does
not fit into the shown energy region. The boxed numbers
are the masses of the recently observed states [34], and the

corresponding predictions in our model. The dashed lines
are for threshold values. Our predicted masses and the
decay widths are shown for the parameters f=f0 ¼ 50 and
f=f0 ¼ 80. Here, f0 is the strength of the one-pion
exchange diagonal term for the ΣcD̄% meson-baryon chan-
nel, f0 ¼ jCπ

ΣcD̄% ðr ¼ 0Þj ∼ 6 MeV (see Ref. [45]). Setting
the free parameter f=f0 at f=f0 ¼ 50, we observe that both
masses and widths of Pþ

c ð4312Þ and Pþ
c ð4440Þ are repro-

duced within the experimental errors. However, the state
corresponding to Pþ

c ð4457Þ is absent in our results, where
the attraction is not enough. Increasing the value of f=f0 to
70, the state with JP ¼ 1=2− appears below the ΣcD̄%

threshold, and at f=f0 ¼ 80 the mass and width of this state
are in reasonable agreement with Pþ

c ð4457Þ. However, as
shown in Fig. 1, the attraction at f=f0 ¼ 80 is stronger than
that at f=f0 ¼ 50 and hence the masses of the other states
shift downward.
We find as expected that the dominant components of

these states are nearby threshold channels and with the
quantum numbers as follows: ΣcD̄ with JP ¼ 1=2−

[Pþ
c ð4312Þ], ΣcD̄% with JP ¼ 3=2− [Pþ

c ð4440Þ] and with
JP ¼ 1=2− [Pþ

c ð4457Þ] meson-baryon molecular states.
Let us compare our results with the ones reported by

other works. In Ref. [36], the assignments of the quantum
numbers for Pcð4440Þ and Pcð4457Þ are different from
ours. Since these two states are located near ΣcD̄% threshold
and both states have the narrow widths, it is natural to
consider them to form the J ¼ 1=2 and 3=2 states in
S-wave. It is emphasized that in our model the spin 3=2
state (4440) is lighter than the spin 1=2 state (4457). In
Ref. [37], they studied seven heavy quark multiplets of
ΣcD̄, ΣcD̄%, Σ%

cD̄, and Σ%
cD̄%, and considered two options of

FIG. 1. Experimental data (EXP) [1,34] and our results of
masses and widths for various Pc states. The horizontal dashed
lines show the thresholds for corresponding channels and values
in the right axis are isospin averaged ones in units of MeV. The
centers of the bars are located at the central values of pentaquark
masses while their lengths correspond to the pentaquark widths
with the exception of Pcð4380Þ width.

1In our previous publication [20], there were a few errors in the
matrix elements, which are corrected in this paper. After the
corrections, however, important results of our discussions remain
unchanged.

PC PENTAQUARKS WITH CHIRAL TENSOR AND QUARK … PHYS. REV. D 101, 091502 (2020)

091502-3

Our prediction

Γ

Phys. Rev. D 96, 114031 (2017) 
Phys. Rev. D 101, 091502 (2020)
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3. sss baryon Ω(2012)

1672
340 MeV

J. Yelton et al. (Belle Collaboration), PRL121, 052003 (2018)

3-quark sss* 
  • p-wave excitation of sss 
  • Spin-orbit partners  
          

OR 

Molecule of ? 
  • Near  threshold   
  •  MeV 

  •  

JP = 1/2−, 3/2−

K̄Ξ*
K̄Ξ*(3/2+)

M ∼ 2012 − i 6.4/2

JP = 3/2−

2025 MeV ~ 495 + 1530
K̄ Ξ*
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IF: Molecular state

• S-wave structure  implies  3-body decayK̄Ξ* K̄Ξπ

S-wave
K̄

Ξ*

K̄

Ξ
• • • D-waveS

• Not easy to explain decay into  (D-wave)K̄Ξ

Decays

S-wave
K̄

Ξ*

K̄

Ξ*
• • • π

Ξ

S-wave
 moleculeK̄Ξ*

P-wave
t

0−

3/2+

1/2+

0−

0−
Ω(2012) Decay

Dominant?
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Controversy in Experiments
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Using data samples of eþe− collisions collected at the ϒð1SÞ, ϒð2SÞ, and ϒð3SÞ resonances with the
Belle detector, we search for the three-body decay of the Ωð2012Þ baryon to KπΞ. This decay is predicted
to dominate for models describing the Ωð2012Þ as a KΞð1530Þ molecule. No significant Ωð2012Þ signals
are observed in the studied channels, and 90% credibility level upper limits on the ratios of the branching
fractions relative to KΞ decay modes are obtained.

DOI: 10.1103/PhysRevD.100.032006

I. INTRODUCTION

Very recently a new state, the excited Ωð2012Þ
baryon, has been observed by the Belle collaboration [1]
in the ΞK invariant mass spectra using data samples
collected at the ϒð1S; 2S; 3SÞ energies, with measured
mass M ¼ ½2012.4& 0.7ðstatÞ & 0.6ðsystÞ' MeV=c2 and
width Γ¼ ½6.4&2.5ðstatÞ&1.6ðsystÞ'MeV. The observed
spacing in the Ω mass spectrum between the ground state
and this excited state (∼340 MeV=c2) is smaller than that
for other Ω− excited states [2], and is more similar to the
negative-parity orbital excitations of many other baryon
pairs such as Λ and Λð1405Þ or Λþ

c and Λþ
c ð2595Þ.

After the initial observation of the Ωð2012Þ, several
theoretical interpretations of that state were offered [3–11].
Although it is generally accepted that Ωð2012Þ is a 1P
orbital excitation of the ground-state Ω baryon with quark
content sss and quantum numbers JP ¼ 3

2
−, Refs. [7–10]

propose an alternative interpretation as a KΞð1530Þ had-
ronic molecule. These models predict a large decay width
for Ωð2012Þ → KπΞ. In Ref. [7], the decay Ωð2012Þ →
KπΞ is predicted to dominate over Ωð2012Þ → KΞ, while
in Refs. [8–10], the production rates of the Ωð2012Þ are
almost similar in KπΞ and KΞ decay channels. The authors
in Ref. [11] also discuss the three-body decay of the
Ωð2012Þ. They regard Ωð2012Þ as a member of the
compact decuplet states only if the sum of branching
fractions of the Ωð2012Þ → KπΞ and Ωð2012Þ → Ωππ
is not too large (< 70%).

In this paper, we report on a search for Ωð2012Þ →
KΞð1530Þ → KπΞ using ϒð1S; 2S; 3SÞ data samples col-
lected by the Belle experiment at the KEKB asymmetric-
energy eþe− collider [12,13]. Note that charge-conjugate
modes are implied throughout, unless explicitly stated
otherwise.

II. THE DATA SAMPLE AND BELLE DETECTOR

The Belle data used in this analysis correspond to
5.7 fb−1 of integrated luminosity at the ϒð1SÞ resonance,
24.9 fb−1 at the ϒð2SÞ resonance, and 2.9 fb−1 at the
ϒð3SÞ resonance. The Belle detector [14,15] is a large
solid-angle magnetic spectrometer consisting of a silicon
vertex detector (SVD), a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters
(ACC), a barrellike arrangement of time-of-flight scintilla-
tion counters (TOF), and an electromagnetic calorimeter
comprised of CsI(Tl) crystals (ECL) located inside a
superconducting solenoid coil providing a 1.5 T magnetic
field. An iron flux-return yoke instrumented with resistive
plate chambers (KLM) located outside the coil is used to
detect K0

L mesons and to identify muons.
Large signal Monte Carlo (MC) samples (1 million

events for each studied process) are generated using the
EVTGEN [16] code to simulate the expected signal event
topology and estimate the signal detection efficiency.
The processes ϒð1S; 2S; 3SÞ → Ωð2012Þ þ anything →
KΞð1530Þ þ anything → KπΞþ anything are simulated;
the mass and width ofΩð2012Þ are fixed at 2.0124 GeV=c2

and 6.4 MeV [1], respectively. To assess possible back-
grounds arising from the continuum (eþe− → qq̄ with
q ¼ u, d, s, c), we generate such events at center-of-mass
energies of ϒð1SÞ, ϒð2SÞ, and ϒð3SÞ resonances using the
Lund fragmentation model in PYTHIA [17]. Inclusive ϒð1SÞ
and ϒð2SÞ MC samples, corresponding to four times the

Published by the American Physical Society under the terms of
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Observation of Ω(2012)− → Ξ(1530)K̄ and measurement of the effective couplings of
Ω(2012)− to Ξ(1530)K̄ and ΞK̄

(The Belle Collaboration)

Using Υ(1S), Υ(2S), and Υ(3S) data collected by the Belle detector, we discover a new resonant
three-body decay Ω(2012)− → Ξ(1530)0K− → Ξ−π+K− with a significance of 5.2σ. The mass
of the Ω(2012)− is (2012.5 ± 0.7 ± 0.5) MeV and its effective couplings to Ξ(1530)K̄ and ΞK̄ are
(41.1±35.8±6.0)×10−2 and (1.7±0.3±0.3)×10−2, where the first uncertainties are statistical and
the second are systematic. The ratio of the branching fraction for the resonant three-body decay
to that for the two-body decay to ΞK̄ is 0.97± 0.24± 0.07, consistent with the molecular model of
Ω(2012)−, which predicts comparable rates for Ω(2012)− decay to Ξ(1530)K̄ and ΞK̄.

Though quantum chromodynamics (QCD) was estab-
lished decades ago, the strong interaction is still poorly
understood in the color-confinement regime. The study
of baryons helps us understand the strong interaction be-
tween quarks and gluons at low momenta [1, 2]. Consid-
ering its intermediate mass, between the light and heavy
quarks, the strange quark plays a unique role in QCD [3].

The Ω−, with three strange quarks, is the strangest
baryon. Its excited states have been difficult to find. The
Review of Particle Physics [4] lists only four excited Ω−

baryons: Ω(2012)−, Ω(2250)−, Ω(2380)−, and Ω(2470)−.
The last three were established four decades ago [5–7].
The Ω(2012)− was first observed in 2018, seen by Belle in
decays to Ξ0K− and Ξ−K0

S in Υ(1S), Υ(2S), and Υ(3S)
decays [8]. It has a mass of (2012.4 ± 0.9) MeV and is
closer to the ground state than the other excitations; it
has a width of (6.4+3.0

−2.7) MeV [8].

Theorists are strongly interested in distinguishing the
nature of the Ω(2012)− [9–26]. It has been interpreted
as a standard baryon [9–17] or a Ξ(1530)K̄ molecule [18–
26]. If it is a standard baryon, it decays dominantly
to ΞK̄ [9–14]. If it is a molecule, it decays equally to
Ξ(1530)K̄ and ΞK̄ [18–21]. Therefore, measurement of
its resonant decay, Ω(2012)− → Ξ(1530)K̄ → ΞπK̄, can
give us information about its internal structure.

Belle searched for Ω(2012)− to Ξ(1530)K̄ [27], but ob-
served no signal and set an upper limit at 90% confidence
level on the branching fraction ratio

B(Ω(2012)− → Ξ(1530)K̄)

B(Ω(2012)− → ΞK̄)
< 11.9%.

In this Letter, we revisit the measurement of
Ω(2012)− → Ξ(1530)0K− → Ξ−π+K− using data taken
at the Υ(1S), Υ(2S), and Υ(3S) resonances with inte-
grated luminosities of 5.7, 24.9, and 2.9 fb−1, respec-
tively, corresponding to 102 million Υ(1S), 158 million
Υ(2S), and 12 million Υ(3S) events. We update the
measurements of Ω(2012)− → Ξ0K− and Ω(2012)− →
Ξ−K0

S with improved selection criteria, accounting for
the Ω(2012)− being below the Ξ(1530)K̄ threshold. Since
the Υ states decay via two gluons and a photon or
three gluons, they produce more baryons than continuum
e+e− → qq̄ (q = u, d, s, c) [28–31], and the signal-to-
background ratio in Υ on-resonance data is larger than

that in continuum. The data were collected with the
Belle detector [32] at the KEKB asymmetric-energy e+e−

collider [33]. A detailed description of the Belle detector
is in Ref. [32].

In contrast to the previous study [27], we require
M(Ξπ) < 1.517 GeV to suppress backgrounds, and we
parameterize the signal shape with a Flatté-like func-
tion [34] to account for the allowed phase space vol-
ume. We only search for Ω(2012)− → Ξ(1530)0K− →
Ξ−π+K− among all Ω(2012)− three-body decay chan-
nels Ω(2012)− → Ξ−π+K−, Ω(2012)− → Ξ−π0K0

S ,
Ω(2012)− → Ξ0π−K0

S, and Ω(2012)− → Ξ0π0K− since
its signal-to-background ratio is by far the greatest of
any three-body decay channels. We include the charge-
conjugate decay in this analysis, though we do not ex-
plicitly repeat it in each equation.

We use simulated events to determine detection effi-
ciencies and signal shapes. We use evtgen [35] to gen-
erate Monte Carlo (MC) simulated events. Signal MC
events are sampled according to the Ω(2012)− signal in
the mass spectrum of Ξ−π+K− observed in data. MC
samples of inclusive Υ(1S), Υ(2S), and Υ(3S) decays
with four times the luminosity as the real data are pro-
duced to check for possible peaking backgrounds [36].
geant3 [37] is used to simulate the detector response to
MC events.

We reconstruct Ω(2012)− decays to Ξ−π+K−, Ξ0K−,
and Ξ−K0

S using the same selection methods and crite-
ria for π+, K−, K0

S , Λ, Ξ−, and Ξ0 candidates as in
Refs. [8, 27], where the K0

S, Λ, Ξ
−, and Ξ0 candidates

are reconstructed via π+π−, pπ−, Λπ−, and Λπ0 final
states, respectively. We improve the selection criteria by
vetoing events in which the K− may come from the de-
cay of a φ instead from a Ω(2012)−. We reject events
where |M(K−K+) −mφ| < 10 MeV for any K+ in the
rest of the event. Throughout this Letter, mi is the nom-
inal mass of particle i [4]. This requirement covers 2.5
times the mass resolution in both directions, decreases
the signal efficiency by 1%, and rejects 96% of φ-induced
backgrounds.

We require M(Ξ−π+) < 1.517 GeV to improve the
signal-to-background ratio, as shown by the red arrow in
Fig. 1. This requirement maximizes N sig/

√
N sig +Nbkg,

VS
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Width  Γ = 6.4−2.0+2.5 ± 1.6 [PDG]

Strong decays of Ω 2012 → Ξ�K & Ξ𝜋𝜋�𝐾𝐾

ℛΞ�𝐾𝐾
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ℬ Ω 2012 → Ξ 1530 �𝐾𝐾 → Ξ𝜋𝜋�𝐾𝐾

ℬ Ω 2012 → Ξ�𝐾𝐾

Ξ𝜋𝜋�𝐾𝐾 decay in our model

Ω(2012) → Ξ∗ �𝐾𝐾
g =1.99Γ Ξ𝜋𝜋�𝐾𝐾 = 1.07 MeV

similar to chiral unitary approach
(Ikeno-Toledo-Oset, PRD101)ℛΞ�𝐾𝐾

Ξ𝜋𝜋�𝐾𝐾 ≡ 0.35

�𝐾𝐾

Ξ

�𝐾𝐾

Ξ∗

𝜋𝜋

Ξ
Ω(2012)

Ω(2012)

Ξ�𝐾𝐾 decay in our model

Γ Ξ𝜋𝜋 = 3.02 MeV Ω(3𝑞𝑞)

Ω(Ξ∗ �𝐾𝐾) because of the lack of Ξ∗ �𝐾𝐾 → Ξ�𝐾𝐾

Decays

Our result strongly disfavors the molecular interpretation
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Similar strategy

S-wave

s 
s s

P-wave

With inputs from the quark model and chiral symmetry

S-wave interaction 
Weinberg-Tomozawa

Extended molecular ψKΞ* Compact sss ψsss

Yukawa interaction 
                  ⃗σ ⋅ ⃗q K̄

Ξ*
S-wave

K̄

Ξ
P-waveand

(for decays)

+

Ψtot = cKΞ*ψKΞ* + csssψsss

K̄

Ξ*

Q.-F. Lyu, H, Nagahiro and AH, Phys.Rev.D 107 (2023) 1, 014025
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Interactions

K̄

Ξ*

•  interaction: Weinberg-TomozawaK̄Ξ*
K̄

Ξ*

η K̄

Ξ*

Ω family [10–28], which suggested that the first orbital
P-wave excitation should lie around 2 GeV. Then, the
observations of the new multistrangeness resonance
Ωð2012Þ have immediately interested a series of theoretical
investigations. Among these works, two interpretations
exist. One is the conventional three-quark state with
P-wave excitation with JP ¼ 3=2− [29–38], which is
denoted as Ωð12P3=2−Þ following the standard notation
n2Sþ1LJ of spectroscopy. The other is a meson-baryon
molecular picture mainly contributed by Ξ%K̄ because of
the proximity of their masses [39–50]. Actually, both
pictures seem to reasonably explain the experimental data,
such as mass, total decay width, and weak production from
Ωc. More details on theΩð2012Þ can be found in the review
article of the strange baryon spectrum [51].
The disagreement between these two pictures comes

from the predicted three-body decay. The conventional
baryon should mainly decay into the two-body mode ΞK̄
rather than the three-body channel ΞπK̄, while the three-
body final state ΞπK̄ are predicted to be significantly in
some molecular pictures owing to the large coupling
strength jgΩð2012ÞΞ%K̄j. To distinguish these two interpreta-
tions, the Belle Collaboration measures the branching
fraction ratio twice as shown above. The first result favors
the conventional interpretation [7], while the second one
favors the molecular picture [9]. Considering the uncer-
tainties of experiments and phenomenological models of
three-body decay, we hold the opinion that one cannot draw
a firm conclusion of its nature until now.
An essential fact is that both predicted masses of the

conventional Ωð12P3=2−Þ state and the molecular state are
located in the energy region of Ωð2012Þ. Thus, the conven-
tional Ωð12P3=2−Þ state may couple strongly with the
continuum, bound states, or resonances, and the converse
is also true. In Ref. [38], the authors calculated the coupled
channel effects for Ωð2012Þ and found that the conven-
tional three-quark state dominates. In the literature [52–78],
the coupled channel effects between the bare state and
hadron-hadron channels have been investigated for various
systems, such as the mysterious σ, Λð1405Þ, D%

s0ð2317Þ,
Λcð2940Þ, Xð3872Þ, and so on. However, many works
actually considered the bare state coupled by the hadron-
hadron continuum state without interactions between them.
Several works including the hadron-hadron interactions
suggested that the interactions might be important in the
coupled-channel approach [63–65,75–78]. Theoretically,
the hadron-hadron interactions may dynamically generate
the bound states or resonances, the dynamics of which is
quite different from that of the continuum states without
interactions. Thus, it is crucial to study the coupled-channel
effects by including the meson-baryon interactions in a
unified framework. Owing to the complexity of Ωð2012Þ,
we indeed have a suitable research platform to investi-
gate the coupled-channel effects involving meson-baryon

interactions; also, it is a good opportunity to study the
internal structure of this fantastic particle.
In this work, we perform a systematic analysis of the mass

and strong decays for the Ωð2012Þ resonance in a coupled-
channel approach. Beside considering the coupling between
the bare stateΩð12P3=2−Þ andΞ%K̄ continuum states, we also
include the effective Ξ%K̄ interaction via the Ωη loop. Our
approach has been employed in the study of the nature of
a1ð1260Þ and σ mesons [63–65], which figures out the bare
and composite components in these two states. Here the
composite states correspond to those dynamically generated
by the relevant hadron-hadron interactions. This unified
treatment can be easily extended to baryons, and suitable
for investigating the nature of Ωð2012Þ resonance. Our
results of mass, two-body decay, and three-body decay for
Ωð2012Þ are compatible with the current experimental data,
which indicates that both bare state Ωð12P3=2−Þ and Ξ%K̄
channel are important and give significant contributions to
the properties of the Ωð2012Þ resonance.
This paper is organized as follows. In Sec. II, The

effective interactions and couplings are derived, and the
frameworks of coupled-channel approach and strong
decays are introduced as well. We present the parameters,
numerical results, and discussions for the Ωð2012Þ reso-
nance in Sec. III. A summary is given in the last section.

II. FORMALISM

A. Effective Ξ%K̄ interaction via Ωη loop

The effective Ξ%K̄ interaction is obtained by the second
order process of the chiral Lagrangian going through an Ωη
loop. The starting point is the Weinberg-Tomozawa inter-
action for quark-meson transitions

LWT ¼ −
i

8f2p
q̄γμðϕμϕ − ϕϕμÞq; ð4Þ

with

ϕ≡ λ⃗ · M⃗p;

ϕμ ≡ λ⃗ · ∂μM⃗p: ð5Þ

Here, the M⃗p is the pseudoscalar meson octet field, λ⃗ is the
SU(3) Gell-Mann matrix, and fp stands for a decay
constant for a pseudoscalar meson. Given the leading order
term, the transitions between Ξ%K and Ωη at tree level can
be written as

M½Ξ%K̄ → Ξ%K̄' ¼ M½Ωη → Ωη' ¼ 0 ð6Þ

M½Ξ%K̄ → Ωη' ¼ M½Ωη → Ξ%K̄'

¼ −
3

4f2K
ð2

ffiffiffi
s

p
−MΩ −MΞ% Þ; ð7Þ

LÜ, NAGAHIRO, and HOSAKA PHYS. REV. D 107, 014025 (2023)

014025-2

=
Generated  by the 
coupling to ηΩ

• -  interaction: YukawaK̄Ξ* sss

• Hamiltonian

H =
KK̄Ξ* F Vsss*−K̄Ξ*

F KηΩ 0
Vsss*−K̄Ξ* 0 Hsss*

→ (KK̄Ξ* + VK̄Ξ* VK̄Ξ*−sss*
Vsss*−K̄Ξ* Hsss* )

K̄ Ξ*
ηΩ
sss

K̄ Ξ* ηΩ sss
K̄ Ξ* sss

K̄ Ξ*
sss

ℒKsq = 1
2fπ

q̄γμ∂μϕq → ⃗σ ⋅ ⃗q

Further eliminate sss 
→ Effective hamiltonian for  → Scattering amplitudes K̄Ξ*

Ω
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Structure of the scattering amplitude
TA→A = ∑

i
gAiDijgjA

• : Coupling the scattering state A to the basis state i 
• : Propagator matrix expanded by the basis states i, j 
• The residues (at a pole  = physical state) of the diagonal 

components  corresponds to the mixing rates  of the 
basis states i.  

gAi
Dij

a
Dii(a) za

ii

|ψa⟩ = ∑
i

za
ii | i⟩

Dii ( s) ∼ za
ii

s − sa
+ zb

ii

s − sb
+ ⋯, i = 1,2

Question:  
How , wave function components, change as the coupling is variedzii
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pole positions for physical Ω 2012 (… and Ω 2250 ?)

7
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pole positions for physical Ω 2012 (… and Ω 2250 ?)
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Trajectory: 
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K̄Ξ*
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 moleculeK̄ Ξ*

sss
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Width  Γ = 6.4−2.0+2.5 ± 1.6 [PDG]

Strong decays of Ω 2012 → Ξ�K & Ξ𝜋𝜋�𝐾𝐾

ℛΞ�𝐾𝐾
Ξ𝜋𝜋�𝐾𝐾 ≡

ℬ Ω 2012 → Ξ 1530 �𝐾𝐾 → Ξ𝜋𝜋�𝐾𝐾

ℬ Ω 2012 → Ξ�𝐾𝐾

ℛΞ�𝐾𝐾
Ξ𝜋𝜋�𝐾𝐾 ≡ 0.35

ℛΞ�𝐾𝐾
Ξ𝜋𝜋�𝐾𝐾 < 11.9%

S.Jia et al. (Belle), PRD100, 032006(2019)

ℛΞ�𝐾𝐾
Ξ𝜋𝜋�𝐾𝐾 = 0.97 ± 0.24 ± 0.07

Belle, arXiv:2207.03090 (July 2022)

Γ Ξ𝜋𝜋 = 3.02 MeV Ω(3𝑞𝑞)
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sss dominance in the sum rule
N. Su, H.X. Chen and A. Hosaka, Phys.Rev.D 110 (2024) 3, 034007

Π(q2) = ∫ d4x eiqx⟨0 |TJΩ(x)JΩ(0) |0⟩

Three types of sss currents :  
  for spin 1/2, 3/2 with derivative,  
  for spin 3/2 without derivative, 

JΩ
J, Jμ

J′ μ

OPE 
QCD

Spectral sum 
Phenomena

Dispersion relation
Two-point function

width, and therefore, the observed state with a width around
6 MeV is likely to be a JP ¼ 3=2− state.
To do a complete analyses, we have also performed an

investigation by using a current without derivative [77]

J0μ ¼ −
ffiffiffi
3

p
ϵabcsTaCγμsbsc; ð30Þ

whose spin parity is 3=2þ. Once again, we have performed
sum rule analysis by setting the proper criteria for con-
vergence of OPE and pole contribution, with the parity
projection properly done as before. As summarized in
Table I, the extracted masses are

M0
3=2þ ¼ 1.59þ0.10

−0.12 GeV; ð31Þ

M0
3=2− ¼ 3.15þ0.16

−0.17 GeV: ð32Þ

The mass of 3=2þ is in good agreement with the Ωð1672Þ.
Once again, the uncertainty is larger for higher energy state
of negative parity. The sum rule for higher energy states in
the present method could not be efficiently performed. In
this respect, an alternative form of sum rule exclusively for
the negative parity state with the mass of the positive parity
state treated as an input could be another option [18].

V. SUMMARY

In this paper, we studied the recently observed Ω baryon
Ωð2012Þ making use of QCD sum rules. We constructed
the P-wave Ω baryon currents with a covariant derivative,
whose spins are 1=2 and 3=2 by performing the proper spin
projections. We then analyzed the parity-projected QCD
sum rules to separate the contribution of the positive parity
and negative parity states. Thus, we systematically studied
in total four states with spin-parity 1=2% and 3=2%, and
applied the QCD sum rule method to calculate their masses
and coupling constants. The results are summarized in
Table I. We determined the mass of the JP ¼ 1=2− state as

M1=2− ¼ 2.07þ0.07
−0.07 GeV; ð33Þ

and that of JP ¼ 3=2− as

M3=2− ¼ 2.05þ0.09
−0.10 GeV: ð34Þ

As both masses are consistent with the Ωð2012Þ, it is likely
that the Ωð2012Þ is a P-wave excited Ω baryon with three
strange quarks. However, due to the closeness of Eqs. (33)
and (34), we cannot determine its spin quantum number in
the present analysis.
We have so far only studied the mass and coupling

constant of the Ωð2012Þ baryon. Based on these results, we
plan to investigate its decay properties in the near future,
which are also important to understand its internal struc-
ture. If its spin parity is JP ¼ 3=2−, it may more likely
decay via S-wave to the final state K̄Ξð1530Þ, even though
such a decay will be suppressed due to a small phase space
factor. It can also decay to the final K̄Ξ state, but only as a
D-wave final state, so that the total decay width should be
small. On the other hand, if its spin parity is JP ¼ 1=2−, it
will be easier to decay to K̄Ξ via S-wave, for which there is
no phase space suppression, while the decay to K̄Ξð1530Þ
proceeds via D-wave, so that the total decay width should
become much larger. All these naive expectations need to
be confirmed by an actual QCD sum rule analysis. In
addition, QCD sum rule analysis using a five-quark current
corresponding to the molecular state K̄Ξð1530Þ& will also
have to be carried out in the future.
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TABLE I. Masses and coupling constants extracted from the currents J in Eq. (5), Jμ in Eq. (6), and J0μ in Eq. (30).

Working regions

Current State smin
0 ½GeV2( M2

B½GeV2( s0½GeV2( Pole [%] Mass [GeV] Couple constant [GeV3]

J jΩ; 1=2þi 9.7 1.91–2.40 11.0 40–55 3.05þ0.21
−0.15 0.168þ0.045

−0.040
jΩ; 1=2−i 5.5 1.58–1.73 6.0 40–47 2.07þ0.07

−0.07 0.079þ0.011
−0.011

Jμ jΩ; 3=2þi 10.5 2.09–2.30 11.0 40–46 3.13þ0.27
−0.18 0.074þ0.015

−0.009
jΩ; 3=2−i 5.3 1.54–1.76 6.0 40–51 2.05þ0.09

−0.10 0.037þ0.007
−0.007

J0μ jΩ0; 3=2þi 3.3 1.48–1.77 4.0 40–52 1.59þ0.10
−0.12 0.033þ0.006

−0.006
jΩ0; 3=2−i 11.5 3.30–3.93 13.0 40–51 3.15þ0.16

−0.17 0.092þ0.018
−0.018
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ture. If its spin parity is JP ¼ 3=2−, it may more likely
decay via S-wave to the final state K̄Ξð1530Þ, even though
such a decay will be suppressed due to a small phase space
factor. It can also decay to the final K̄Ξ state, but only as a
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TABLE I. Masses and coupling constants extracted from the currents J in Eq. (5), Jμ in Eq. (6), and J0μ in Eq. (30).

Working regions

Current State smin
0 ½GeV2( M2

B½GeV2( s0½GeV2( Pole [%] Mass [GeV] Couple constant [GeV3]

J jΩ; 1=2þi 9.7 1.91–2.40 11.0 40–55 3.05þ0.21
−0.15 0.168þ0.045

−0.040
jΩ; 1=2−i 5.5 1.58–1.73 6.0 40–47 2.07þ0.07

−0.07 0.079þ0.011
−0.011

Jμ jΩ; 3=2þi 10.5 2.09–2.30 11.0 40–46 3.13þ0.27
−0.18 0.074þ0.015

−0.009
jΩ; 3=2−i 5.3 1.54–1.76 6.0 40–51 2.05þ0.09

−0.10 0.037þ0.007
−0.007

J0μ jΩ0; 3=2þi 3.3 1.48–1.77 4.0 40–52 1.59þ0.10
−0.12 0.033þ0.006

−0.006
jΩ0; 3=2−i 11.5 3.30–3.93 13.0 40–51 3.15þ0.16

−0.17 0.092þ0.018
−0.018
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width, and therefore, the observed state with a width around
6 MeV is likely to be a JP ¼ 3=2− state.
To do a complete analyses, we have also performed an

investigation by using a current without derivative [77]

J0μ ¼ −
ffiffiffi
3

p
ϵabcsTaCγμsbsc; ð30Þ

whose spin parity is 3=2þ. Once again, we have performed
sum rule analysis by setting the proper criteria for con-
vergence of OPE and pole contribution, with the parity
projection properly done as before. As summarized in
Table I, the extracted masses are

M0
3=2þ ¼ 1.59þ0.10

−0.12 GeV; ð31Þ

M0
3=2− ¼ 3.15þ0.16

−0.17 GeV: ð32Þ

The mass of 3=2þ is in good agreement with the Ωð1672Þ.
Once again, the uncertainty is larger for higher energy state
of negative parity. The sum rule for higher energy states in
the present method could not be efficiently performed. In
this respect, an alternative form of sum rule exclusively for
the negative parity state with the mass of the positive parity
state treated as an input could be another option [18].

V. SUMMARY

In this paper, we studied the recently observed Ω baryon
Ωð2012Þ making use of QCD sum rules. We constructed
the P-wave Ω baryon currents with a covariant derivative,
whose spins are 1=2 and 3=2 by performing the proper spin
projections. We then analyzed the parity-projected QCD
sum rules to separate the contribution of the positive parity
and negative parity states. Thus, we systematically studied
in total four states with spin-parity 1=2% and 3=2%, and
applied the QCD sum rule method to calculate their masses
and coupling constants. The results are summarized in
Table I. We determined the mass of the JP ¼ 1=2− state as

M1=2− ¼ 2.07þ0.07
−0.07 GeV; ð33Þ

and that of JP ¼ 3=2− as

M3=2− ¼ 2.05þ0.09
−0.10 GeV: ð34Þ

As both masses are consistent with the Ωð2012Þ, it is likely
that the Ωð2012Þ is a P-wave excited Ω baryon with three
strange quarks. However, due to the closeness of Eqs. (33)
and (34), we cannot determine its spin quantum number in
the present analysis.
We have so far only studied the mass and coupling

constant of the Ωð2012Þ baryon. Based on these results, we
plan to investigate its decay properties in the near future,
which are also important to understand its internal struc-
ture. If its spin parity is JP ¼ 3=2−, it may more likely
decay via S-wave to the final state K̄Ξð1530Þ, even though
such a decay will be suppressed due to a small phase space
factor. It can also decay to the final K̄Ξ state, but only as a
D-wave final state, so that the total decay width should be
small. On the other hand, if its spin parity is JP ¼ 1=2−, it
will be easier to decay to K̄Ξ via S-wave, for which there is
no phase space suppression, while the decay to K̄Ξð1530Þ
proceeds via D-wave, so that the total decay width should
become much larger. All these naive expectations need to
be confirmed by an actual QCD sum rule analysis. In
addition, QCD sum rule analysis using a five-quark current
corresponding to the molecular state K̄Ξð1530Þ& will also
have to be carried out in the future.
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Working regions

Current State smin
0 ½GeV2( M2

B½GeV2( s0½GeV2( Pole [%] Mass [GeV] Couple constant [GeV3]

J jΩ; 1=2þi 9.7 1.91–2.40 11.0 40–55 3.05þ0.21
−0.15 0.168þ0.045

−0.040
jΩ; 1=2−i 5.5 1.58–1.73 6.0 40–47 2.07þ0.07

−0.07 0.079þ0.011
−0.011

Jμ jΩ; 3=2þi 10.5 2.09–2.30 11.0 40–46 3.13þ0.27
−0.18 0.074þ0.015

−0.009
jΩ; 3=2−i 5.3 1.54–1.76 6.0 40–51 2.05þ0.09

−0.10 0.037þ0.007
−0.007

J0μ jΩ0; 3=2þi 3.3 1.48–1.77 4.0 40–52 1.59þ0.10
−0.12 0.033þ0.006

−0.006
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(Unobserved)  Ω*

Observed  Ω−(2012)
Established   Ω−(1672)

that the structure of Ωð2012Þ is not yet well understood,
and this has motivated us to study further properties of this
state in yet another theoretical approach based on QCD
sum rules.
The starting point of QCD sum rules is to construct an

interpolating current corresponding to the state of interest.
There are former works for theΩð2012Þ using a local three-
quark current without derivative [18,19], but in this paper
we employ a current with a covariant derivative, assuming
that the parity ofΩð2012Þ is negative. In this way we expect
that the current couples more strongly to physical states
better than the one without derivative. We then perform a
systematic study for the four possible spin-parity states
JP ¼ 1=2$ and 3=2$, by properly applying spin and parity
projections. As a result, we extract the masses of the 1=2−

and 3=2− states with values around the observed mass of
the Ωð2012Þ, namely

M1=2− ¼ 2.07þ0.07
−0.07 GeV; ð2Þ

and

M3=2− ¼ 2.05þ0.09
−0.10 GeV; ð3Þ

while the masses for the positive parity states appear in a
much higher region around 3 GeV with larger uncertainties.
Our present results imply that the Ωð2012Þ is dominated by
a three-quark state. However, to reach the final conclusion
we still need further studies: (1) compute decay width,
and (2) use the five-quark current corresponding to the
molecular state Ξ&ð1530ÞK̄. We relegate these two issues to
future works.
This paper is organized as follows. In Sec. II we

explicitly construct the P-wave currents for the Ω baryon
with a covariant derivative. Then we perform a parity-
projected QCD sum rule analysis for them in Sec. III. In
Sec. IV, we provide and discuss the results of the numerical
analysis. The obtained findings are summarized in Sec. V.

II. P-WAVE Ω BARYON CURRENTS

Let us first construct the currents for the P-wave Ω
baryon using three strange quark fields saðxÞ which have a
(not explicitly written) Dirac spinor structure with a ¼
1…3 being color indices. The logic for constructing the
current goes in a way similar to the Ioffe argument [48]
supplemented by a nonvanishing diquark structure. In
the presence of a derivative, it can be shown that three

types of diquarks remain nonvanishing: ϵabcsTaCγ5D
↔

μsb,

ϵabcsTaCD
↔

μsb and ϵabcsTaCγμγ5D
↔

μsb, which are the scalar,
vector, and axial-vector types, respectively. Here Dμ ¼
∂μ þ igsAμ is the covariant derivative with the gluon
field Aμ. Furthermore, for baryon fields of structure
ϵabcðsTaΓ1sbÞΓ2sc, Fierz rearrangement shows that only
two of them are independent, for which we may choose

vector and axial-vector types. As discussed in Ref. [48],
one of the linear combinations has the advantageous
property of surviving in the nonrelativistic limit and has
the preferable chiral structure of contributing to the
important terms in the operator product expansion of the
two-point function, that are proportional to the quark
condensate, for instance hs̄LsRi.
In this work we employ, among the above shown three

diquarks, the following ss-diquark

ϵabc½sTaCγ5D
↔

μsb( ¼ −2ϵabc½ðDμsTaÞCγ5sb(; ð4Þ

This diquark has a suitable internal P-wave structure. In
fact, sTaCγ5sb has quantum number JP ¼ 0þ which is
S-wave, with total spin s12 ¼ 0. After applying a derivative,

sTaCγ5D
↔

μsb becomes a pure P-wave diquark with orbital
angular momentum lρ ¼ 1, and total angular momentum
j12 ¼ lρ þ s12 ¼ 1. In contrast, the other two candidates,
the diquarks sTaCsb and sTaCγμγ5sb, have quantum numbers
JP ¼ 0− and 1−, respectively, which have already P-wave

nature. When a derivative is applied, the diquarks, sTaCD
↔

μsb

and sTaCγμγ5D
↔

μsb, obtain complicated structure unlike the
P-wave field of our choice (4). The use of these diquarks
for the baryon current is expected to be less reliable. In fact,
we have explicitly verified that the sum rule using the
second diquark for the baryon currents does not result in
good signals for negative parity baryons around 2 GeV, but
rather to signals at around 3 GeV. Because the baryon
current with the third diquark is not independent, and hence
can be expressed by the other two baryon currents, it does
not alter our conclusion. Therefore, we employ the diquark

sTaCγ5D
↔

μsb to construct the baryon currents. We note here
that for the ground octet and decuplet baryons, it can be
advantageous to consider the combinations of the currents
without derivatives [49–53].
Combining the diquark with the third quark field of

spin 1=2, one can write the currents for the P-wave Ω
baryon with the total angular momentum Jtot ¼ 1=2; 3=2
correspondingly as following

J ¼ −2ϵabc½ðDμsTaÞCγ5sb(γμsc; ð5Þ

Jμ ¼ −2ϵabc½ðDνsTaÞCγ5sb(
!
gμν −

1

4
γμγν

"
sc: ð6Þ

Because these two currents have the above-mentioned
preferable properties, we will employ them in the present
study.

III. QCD SUM RULE ANALYSES

In this section, we briefly explain the method of QCD
sum rules [54–59] by using the current listed in Eq. (6).
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that the structure of Ωð2012Þ is not yet well understood,
and this has motivated us to study further properties of this
state in yet another theoretical approach based on QCD
sum rules.
The starting point of QCD sum rules is to construct an

interpolating current corresponding to the state of interest.
There are former works for theΩð2012Þ using a local three-
quark current without derivative [18,19], but in this paper
we employ a current with a covariant derivative, assuming
that the parity ofΩð2012Þ is negative. In this way we expect
that the current couples more strongly to physical states
better than the one without derivative. We then perform a
systematic study for the four possible spin-parity states
JP ¼ 1=2$ and 3=2$, by properly applying spin and parity
projections. As a result, we extract the masses of the 1=2−

and 3=2− states with values around the observed mass of
the Ωð2012Þ, namely

M1=2− ¼ 2.07þ0.07
−0.07 GeV; ð2Þ

and

M3=2− ¼ 2.05þ0.09
−0.10 GeV; ð3Þ

while the masses for the positive parity states appear in a
much higher region around 3 GeV with larger uncertainties.
Our present results imply that the Ωð2012Þ is dominated by
a three-quark state. However, to reach the final conclusion
we still need further studies: (1) compute decay width,
and (2) use the five-quark current corresponding to the
molecular state Ξ&ð1530ÞK̄. We relegate these two issues to
future works.
This paper is organized as follows. In Sec. II we

explicitly construct the P-wave currents for the Ω baryon
with a covariant derivative. Then we perform a parity-
projected QCD sum rule analysis for them in Sec. III. In
Sec. IV, we provide and discuss the results of the numerical
analysis. The obtained findings are summarized in Sec. V.

II. P-WAVE Ω BARYON CURRENTS

Let us first construct the currents for the P-wave Ω
baryon using three strange quark fields saðxÞ which have a
(not explicitly written) Dirac spinor structure with a ¼
1…3 being color indices. The logic for constructing the
current goes in a way similar to the Ioffe argument [48]
supplemented by a nonvanishing diquark structure. In
the presence of a derivative, it can be shown that three

types of diquarks remain nonvanishing: ϵabcsTaCγ5D
↔

μsb,

ϵabcsTaCD
↔

μsb and ϵabcsTaCγμγ5D
↔

μsb, which are the scalar,
vector, and axial-vector types, respectively. Here Dμ ¼
∂μ þ igsAμ is the covariant derivative with the gluon
field Aμ. Furthermore, for baryon fields of structure
ϵabcðsTaΓ1sbÞΓ2sc, Fierz rearrangement shows that only
two of them are independent, for which we may choose

vector and axial-vector types. As discussed in Ref. [48],
one of the linear combinations has the advantageous
property of surviving in the nonrelativistic limit and has
the preferable chiral structure of contributing to the
important terms in the operator product expansion of the
two-point function, that are proportional to the quark
condensate, for instance hs̄LsRi.
In this work we employ, among the above shown three

diquarks, the following ss-diquark

ϵabc½sTaCγ5D
↔

μsb( ¼ −2ϵabc½ðDμsTaÞCγ5sb(; ð4Þ

This diquark has a suitable internal P-wave structure. In
fact, sTaCγ5sb has quantum number JP ¼ 0þ which is
S-wave, with total spin s12 ¼ 0. After applying a derivative,

sTaCγ5D
↔

μsb becomes a pure P-wave diquark with orbital
angular momentum lρ ¼ 1, and total angular momentum
j12 ¼ lρ þ s12 ¼ 1. In contrast, the other two candidates,
the diquarks sTaCsb and sTaCγμγ5sb, have quantum numbers
JP ¼ 0− and 1−, respectively, which have already P-wave

nature. When a derivative is applied, the diquarks, sTaCD
↔

μsb

and sTaCγμγ5D
↔

μsb, obtain complicated structure unlike the
P-wave field of our choice (4). The use of these diquarks
for the baryon current is expected to be less reliable. In fact,
we have explicitly verified that the sum rule using the
second diquark for the baryon currents does not result in
good signals for negative parity baryons around 2 GeV, but
rather to signals at around 3 GeV. Because the baryon
current with the third diquark is not independent, and hence
can be expressed by the other two baryon currents, it does
not alter our conclusion. Therefore, we employ the diquark

sTaCγ5D
↔

μsb to construct the baryon currents. We note here
that for the ground octet and decuplet baryons, it can be
advantageous to consider the combinations of the currents
without derivatives [49–53].
Combining the diquark with the third quark field of

spin 1=2, one can write the currents for the P-wave Ω
baryon with the total angular momentum Jtot ¼ 1=2; 3=2
correspondingly as following

J ¼ −2ϵabc½ðDμsTaÞCγ5sb(γμsc; ð5Þ

Jμ ¼ −2ϵabc½ðDνsTaÞCγ5sb(
!
gμν −

1

4
γμγν

"
sc: ð6Þ

Because these two currents have the above-mentioned
preferable properties, we will employ them in the present
study.

III. QCD SUM RULE ANALYSES

In this section, we briefly explain the method of QCD
sum rules [54–59] by using the current listed in Eq. (6).
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width, and therefore, the observed state with a width around
6 MeV is likely to be a JP ¼ 3=2− state.
To do a complete analyses, we have also performed an

investigation by using a current without derivative [77]

J0μ ¼ −
ffiffiffi
3

p
ϵabcsTaCγμsbsc; ð30Þ

whose spin parity is 3=2þ. Once again, we have performed
sum rule analysis by setting the proper criteria for con-
vergence of OPE and pole contribution, with the parity
projection properly done as before. As summarized in
Table I, the extracted masses are

M0
3=2þ ¼ 1.59þ0.10

−0.12 GeV; ð31Þ

M0
3=2− ¼ 3.15þ0.16

−0.17 GeV: ð32Þ

The mass of 3=2þ is in good agreement with the Ωð1672Þ.
Once again, the uncertainty is larger for higher energy state
of negative parity. The sum rule for higher energy states in
the present method could not be efficiently performed. In
this respect, an alternative form of sum rule exclusively for
the negative parity state with the mass of the positive parity
state treated as an input could be another option [18].

V. SUMMARY

In this paper, we studied the recently observed Ω baryon
Ωð2012Þ making use of QCD sum rules. We constructed
the P-wave Ω baryon currents with a covariant derivative,
whose spins are 1=2 and 3=2 by performing the proper spin
projections. We then analyzed the parity-projected QCD
sum rules to separate the contribution of the positive parity
and negative parity states. Thus, we systematically studied
in total four states with spin-parity 1=2% and 3=2%, and
applied the QCD sum rule method to calculate their masses
and coupling constants. The results are summarized in
Table I. We determined the mass of the JP ¼ 1=2− state as

M1=2− ¼ 2.07þ0.07
−0.07 GeV; ð33Þ

and that of JP ¼ 3=2− as

M3=2− ¼ 2.05þ0.09
−0.10 GeV: ð34Þ

As both masses are consistent with the Ωð2012Þ, it is likely
that the Ωð2012Þ is a P-wave excited Ω baryon with three
strange quarks. However, due to the closeness of Eqs. (33)
and (34), we cannot determine its spin quantum number in
the present analysis.
We have so far only studied the mass and coupling

constant of the Ωð2012Þ baryon. Based on these results, we
plan to investigate its decay properties in the near future,
which are also important to understand its internal struc-
ture. If its spin parity is JP ¼ 3=2−, it may more likely
decay via S-wave to the final state K̄Ξð1530Þ, even though
such a decay will be suppressed due to a small phase space
factor. It can also decay to the final K̄Ξ state, but only as a
D-wave final state, so that the total decay width should be
small. On the other hand, if its spin parity is JP ¼ 1=2−, it
will be easier to decay to K̄Ξ via S-wave, for which there is
no phase space suppression, while the decay to K̄Ξð1530Þ
proceeds via D-wave, so that the total decay width should
become much larger. All these naive expectations need to
be confirmed by an actual QCD sum rule analysis. In
addition, QCD sum rule analysis using a five-quark current
corresponding to the molecular state K̄Ξð1530Þ& will also
have to be carried out in the future.
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TABLE I. Masses and coupling constants extracted from the currents J in Eq. (5), Jμ in Eq. (6), and J0μ in Eq. (30).

Working regions

Current State smin
0 ½GeV2( M2

B½GeV2( s0½GeV2( Pole [%] Mass [GeV] Couple constant [GeV3]

J jΩ; 1=2þi 9.7 1.91–2.40 11.0 40–55 3.05þ0.21
−0.15 0.168þ0.045

−0.040
jΩ; 1=2−i 5.5 1.58–1.73 6.0 40–47 2.07þ0.07

−0.07 0.079þ0.011
−0.011

Jμ jΩ; 3=2þi 10.5 2.09–2.30 11.0 40–46 3.13þ0.27
−0.18 0.074þ0.015

−0.009
jΩ; 3=2−i 5.3 1.54–1.76 6.0 40–51 2.05þ0.09

−0.10 0.037þ0.007
−0.007

J0μ jΩ0; 3=2þi 3.3 1.48–1.77 4.0 40–52 1.59þ0.10
−0.12 0.033þ0.006

−0.006
jΩ0; 3=2−i 11.5 3.30–3.93 13.0 40–51 3.15þ0.16

−0.17 0.092þ0.018
−0.018
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the Λ̄ and the Ω̄+ can be seen. The sideband regions
are chosen as |MΩ̄+ − mΩ̄+ | ∈ [0.02, 0.06]GeV/c2 and
|MΛ̄ −mΛ̄| < 0.005GeV/c2.
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FIG. 1. Distribution of MΛ̄ versus MΩ̄+ for data. The blue
box represents the signal region, and the red boxes indicate
the sideband regions.

Figure 2(a) shows the Ω̄+ recoil-mass spectrum for the
candidate events falling into the signal region in Fig. 1,
calculated using RMΩ̄+ +MΩ̄+ −mΩ̄+ . Here, RMΩ̄+ =
|pe+e− − pΩ̄+ |, where pe+e− is the four-momentum of the
initial e+e− system and pΩ̄+ is the four-momentum of
the Ω̄+. The variable RMΩ̄+ + MΩ̄+ − mΩ̄+ provides
better resolution compared to RMΩ̄+ [42]. A clear Ω−

ground state signal near 1.67GeV/c2 is seen, plus two
additional peaks near 2.0GeV/c2 and 2.1GeV/c2, which
we refer to as the Ω∗(2012)− andΩ∗(2109)−, respectively.
Overall, except for these three peaks, the data sideband
shape describes the data well. Since the background
distribution is smooth in MC studies, the data sideband
events are used to constrain the shape of the background
in the subsequent fit.
A simultaneous maximum likelihood fit is performed

to the Ω̄+ recoil-mass spectra for the candidate events
from the signal (Fig. 2a) and sideband (Fig. 2b) regions.
In this fit, the signal shapes for the Ω∗(2012)− and
Ω∗(2109)− are Breit-Wigner functions convolved with
a double-Gaussian resolution function; the Ω(1672)− is
described by an asymmetric double-Gaussian function,
and the background is parameterized by a third-
order Chebyshev polynomial. The parameters of the
Breit-Wigner function for Ω∗(2012)− are fixed to the
PDG values [5], the parameters of the double-Gaussian
resolution functions are fixed according to the MC
simulation, and all other parameters for the signal shapes
are free. The parameters of the third-order Chebyshev
polynomial are free and shared for both of data samples
from the signal and sideband regions.
The statistical significances of the two Ω− excitations

are calculated by excluding the corresponding peak from
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FIG. 2. Simultaneous maximum likelihood fit the RMΩ̄+ +
MΩ̄+ − mΩ̄+ distributions from the signal (a) and sideband
(b) regions. The black dots with error bars represent data.
The blue solid curve is the total fit result. The red long
dashed, red short dashed, and red double-dot-dashed lines are
the signal shapes for Ω(1672)−, Ω∗(2012)−, and Ω∗(2109)−,
respectively. The black dot-dashed line is the background
shape.

the fit, finding the change in the log-likelihood ∆(2lnL),
and converting this to a p-value, taking into account
the change in degrees of freedom (Ndof) [43]. This
is then converted to an effective number of standard
deviations nσ. For the peak around 2.0GeV/c2, we
obtain ∆(2lnL) = 13.8 with Ndof = 1, yielding nσ = 3.7.
This provides evidence for Ω∗(2012)− production, with a
signal yield of 28±9. For the peak around 2.1GeV/c2, we
obtain ∆(2lnL) = 20.8 with Ndof = 3, yielding nσ = 3.9.
This gives evidence for a new excited Ω− hyperon, the
Ω∗(2109)−, with signal yield of 52± 20. The fitted mass
and width of the Ω∗(2109)− are mΩ∗(2109)− = 2108.8±
5.5statMeV/c2 and ΓΩ∗(2109)− = 21.6± 17.7statMeV.
Systematic uncertainties on the measurements of the

mass and width for the Ω∗(2109)− mainly originate from
the background shape, the mass shift, the resolution,
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