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Breakthroughs are like London buses. You wait a long 
time, and three turn up at once. In 1963 and 1964, 
Murray Gell-Mann, André Peterman and George 

Zweig independently developed the concept of quarks (q) 
and antiquarks (q–) as the fundamental constituents of 
the observed bestiary of mesons (qq–) and baryons (qqq). 

But other states were allowed too. Additional qq– pairs 
could be added at will, to create tetraquarks (qq–qq–),  
pentaquarks (qqqqq–) and other states besides. In the  
1970s, Robert L Jaffe carried out the first explicit calcula-
tions of multiquark states, based on the framework of the 
MIT bag model. Under the auspices of the new theory of 
quantum chromodynamics (QCD), this computationally 
simplified model ignored gluon interactions and considered 
quarks to be free, though confined in a bag with a steep 
potential at its boundary. These and other early theoreti-
cal efforts triggered many experimental searches, but no 
clear-cut results.

New regimes
Evidence for such states took nearly two decades to emerge. 
The essential precursors were the discovery of the charm 
quark (c) at SLAC and BNL in the November Revolution 
of 1974, some 50 years ago (p41), and the discovery of the 
bottom quark (b) at Fermilab three years later. The masses 
and lifetimes of these heavy quarks allowed experiments 
to probe new regimes in parameter space where otherwise 
inexplicable bumps in energy spectra could be resolved 
(see “Heavy breakthroughs” panel).

The first unambiguously exotic hadron, the X(3872) 
(dubbed χc1(3872) in the LHCb collaboration’s new tax-
onomy; see “What’s in a name?” panel, p28), was dis-
covered at the Belle experiment at KEK in Japan in 2003. 
Subsequently confirmed by many other experiments, its 
nature is still controversial. (More of that later.) Since then, 
there has been a rapidly growing body of experimental 
evidence for the existence of exotic multiquark hadrons. 
New states have been discovered at Belle, at the BaBar 
experiment at SLAC in the US, at the BESIII experiment at 
IHEP in China, and at the CMS and LHCb experiments at 
CERN (p26). In all cases with robust evidence, the exotic 
new states contain at least one heavy charm or bottom 
quark. The majority include two. 

The key theoretical question is how the quarks are organ-

ised inside these multiquark states. Are they hadronic 
molecules, with two heavy hadrons bound by the exchange 
of light mesons? Or are they compact objects with all quarks 
located within a single confinement volume? 

The compact and molecular interpretations each pro-
vide a natural explanation for part of the data, but neither 
explains all. Both kinds of structures appear in nature, 
and certain states may be superpositions of compact and 
molecular states.
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Marek Karliner and Jonathan Rosner ask what makes tetraquarks and 
pentaquarks tick, revealing them to be at times exotic compact states, at times 
hadronic molecules and at times both – with much still to be discovered.

INSIDE PENTAQUARKS 
AND TETRAQUARKS

Strange pentaquark Molecular (top) and compact (bottom) interpretations of 
the Pcc–s(4338) pentaquark discovered by the LHCb collaboration in 2022. 
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Marek Karliner and Jonathan Rosner ask what 
makes tetraquarks and pentaquarks tick, revealing 
them to be at times exotic compact states, at 
times hadronic molecules and at times both – 
with much still to be discovered.

INSIDE PENTAQUARKS 
AND TETRAQUARKS

1.  What (structures) make hadrons  
     -- Coexistence of MB and qqq structures --

Extended Compact

But this is not a new story
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p190-201, Only 3 citations

Doctor thesis

Published paper

T. Maskawa

4

Long history in hadron and nuclear physics
For Δ(1232)
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Prog. Theor. Phys. 40, 277 (1968) 
Ikeda diagram

Alpha cluster (molecular) structure  
of nuclei

Not only in hadrons but also in nuclei
Molecular like states via clusterization

Density　distributions
12C: Excited (Hoyle) state

Well  
developed 
clusters

Disolved 
clusters

12C: Ground state

T. Otsuka, Y. Utsuno et al., Nat. Comm. 13, 2234 (2022)
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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’

c̄cūu

c̄c

applied to the χc1ð3872Þ candidates, the uncertainty on sf is
0.02, independent of the bin. The values of sf in Table I are
applied as Gaussian constraints in the fits to the χc1ð3872Þ
region with an uncertainty of 0.02.

VI. BREIT-WIGNER MASS AND WIDTH
OF THE χ c1ð3872Þ STATE

To extract the Breit-Wigner lineshape parameters of the
χc1ð3872Þ meson, a fit is made to the mass range 3832 <
mJ=ψπþπ− < 3912 MeV in each of the six pπþπ− data
samples described above. A spin-0 relativistic Breit-
Wigner is used, as in Ref. [9].

For each data sample the mass difference between the
ψð2SÞ and χc1ð3872Þ meson, Δm, is measured relative to
the measured mass of the ψð2SÞ state rather than the
absolute mass. This minimizes the systematic uncertainty
due to the momentum scale. The fit in each bin has seven
free parameters: Δm, the natural width ΓBW, the back-
ground parameter c1, the resolution scale factor sf, the tail
parameter n, and the signal and background yields. Again a
Gaussian constraint is applied to n based on the simulation.
The parameter sf is constrained to the result of the fit to the
ψð2SÞ data. The fit procedure is validated using both the
simulation and pseudoexperiments. No significant bias is
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FIG. 2. Mass distributions for J=ψπþπ− candidates in the χc1ð3872Þ region for (top) the low, (middle) mid and (bottom) high pπþπ−

bins. The left- (right-) hand plot is for 2011 (2012) data. The projection of the fit described in the text is superimposed.

STUDY OF THE LINESHAPE OF THE χc1ð3872Þ … PHYS. REV. D 102, 092005 (2020)

092005-5

LHCb,  PRD 102, 092005 (2020)Belle@KEK, PRL91 262001 (2003)

B± → (J/ψπ+π−)K± pp collisions at center-of-mass  
energies of 7 and 8 TeV

The peaks are almost at the threshold of  → Hadronic moleculeDD̄*
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Large production rates  
at large  (~ TeV)  
and  (> GeV)

E
pT

Implies admixture of 
  and  
compact quark core ~ 
D0D̄*0

cc̄

BUTX3872	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

We have performed analysis
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2.  baryons Ωc

Phys.Rev.Lett. 118 (2017) no.18, 182001

Phys.Rev.D97, 051102(R) (2018)

) [MeV]−K+cΞ(m
3000 3100 3200 3300

Ca
nd

id
at

es
 / 

(1
 M

eV
)

0

100

200

300

400
LHCb

Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c K�) for all candidates passing

the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦c(X)0 resonances.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c candidates passing the likelihood

ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c candidate passing the likelihood ratio selection and lying within the ⌅+

c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c K
� combination, with the constraint that it

originates from the PV. The ⌅+
c K

� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c K
�) > 4.5GeV.

The ⌅+
c K

� invariant mass is computed as

m(⌅+
c K

�) = m([pK�⇡+]⌅+
c
K�)�m([pK�⇡+]⌅+

c
) +m⌅+

c
, (2)

where m⌅+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c mass [16] and [pK�⇡+]⌅+

c
is the

reconstructed ⌅+
c ! pK�⇡+ candidate. In this analysis, the distribution of the invariant

mass m(⌅+
c K

�) is studied from threshold up to 3450MeV.
The ⌅+

c K
� mass distribution for the combined data sets is shown in Fig. 2 where five

narrow structures are observed. To investigate the origin of these structures, Fig. 2 also

3

LHCb

light. This requirement is not applied as part of the final
analysis as we prefer to place an xp cut requirement only on
the Ξþ

c K− combinations; however, it serves to display the
approximate signal-to-noise ratio of our reconstructed Ξþ

c
baryons.
To investigate resonances decaying into Ξþ

c K−, Ξþ
c

candidates obtained as described above are combined with
an appropriately charged kaon candidate not contributing to
the reconstructed Ξþ

c . The kaons used to make these
combinations are identified using the same criteria as in
the Ξþ

c reconstruction. That is, they are selected using the
likelihood information from the tracking (SVD, CDC) and
charged-hadron identification (CDC, ACC, TOF) systems
into a combined likelihood, LðK∶hÞ ¼ LK/ðLK þ LhÞ
where h is a proton or a pion, with requirements of
LðK∶pÞ > 0.6 and LðK∶πÞ > 0.6. These requirements
are approximately 93% efficient.
To optimize the mass resolution, a vertex constraint of

the particles is made with the IP included. All decay modes
of the Ξþ

c are considered together. We then place a

requirement of xp > 0.75 on the Ξþ
c K− combination.

This requirement is typical for studies of orbitally excited
charmed baryons as they are known to be produced with
much higher average momenta than the combinatorial
background.
Figure 2(a) shows the invariant mass distribution of the

Ξþ
c K− combinations in the mass range of interest, which

starts at the kinematic threshold. A fit is made to this
spectrum, comprising six signal functions and a back-
ground threshold function of the form A

ffiffiffiffiffiffiffiffi
ΔM

p
þ BΔM,

whereΔM is the mass difference from threshold, and A and
B are free parameters. Each of the signal functions is a
Voigtian function (a Breit-Wigner function convolved with
a Gaussian resolution). The masses and intrinsic widths of
all six are fixed to the values found by LHCb [7]. The
resolutions are obtained from Monte Carlo simulation, and
vary from 0.72 MeV/c2 for the lowest-mass peak to
1.96 MeV/c2 for the high-mass wide resonance. We use
an unbinned likelihoood fit. Figure 2(b) shows the same
distribution for wrong-sign, i.e., Ξþ

c Kþ combinations. The
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FIG. 2. (a) The Ξþ
c K− invariant mass distribution. The fit shown by the solid line is the sum of a threshold function (dashed line) and

six Voigtian (Breit-Wigner convolved with Gaussian resolution) functions, with fixed masses, intrinsic widths and resolutions (dotted
lines). (b) A threshold function fit to the Ξþ

c Kþ (wrong-sign) invariant mass distribution. (c) A threshold function fit to the invariant mass
distribution for sidebands to the Ξþ

c candidates in combination with K− candidates.

J. YELTON et al. PHYS. REV. D 97, 051102 (2018)

051102-4

Belle

5 or 4 clear peaks

Invariant mass analysis of  → sscΞ+
c K−
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c K�) for all candidates passing

the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦c(X)0 resonances.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c candidates passing the likelihood

ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c candidate passing the likelihood ratio selection and lying within the ⌅+

c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c K
� combination, with the constraint that it

originates from the PV. The ⌅+
c K

� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c K
�) > 4.5GeV.

The ⌅+
c K

� invariant mass is computed as

m(⌅+
c K

�) = m([pK�⇡+]⌅+
c
K�)�m([pK�⇡+]⌅+

c
) +m⌅+

c
, (2)

where m⌅+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c mass [16] and [pK�⇡+]⌅+

c
is the

reconstructed ⌅+
c ! pK�⇡+ candidate. In this analysis, the distribution of the invariant

mass m(⌅+
c K

�) is studied from threshold up to 3450MeV.
The ⌅+

c K
� mass distribution for the combined data sets is shown in Fig. 2 where five

narrow structures are observed. To investigate the origin of these structures, Fig. 2 also

3

LHCb • 5 sharp peaks 
• Threshold enhancement 
• Broad bump ~ 3200 MeV 
• Broad bump ~ 3100 MeV

6 (or 8) signals 

If we look more carefully . . .

More from LHCb 
Phys.Rev. D 104, L091102 (2021):  Angular distribution → spin assignment 
Phys. Rev. Lett.131, 131902 (2023):  More states Ωc(3185), Ωc(3327)
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Option 1: 
5 peaks implies Quark core structure 
--  mode P-wave excitations --λ

lλ = 1

Bad diquark

Sc = 1/2c

Sss = 1
s s

There are 5 states(!) from lower λ modes
JP = 1/2−, 1/2−, 3/2−, 3/2−, 5/2−

Total spin J : 

J = (Sss + lλ) + sc

=
0 + 1/2 = 1/2
1 + 1/2 = 1/2, 3/2
2 + 1/2 = 3/2, 5/2
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BUT difficulties

~ 120 MeV

Quark model predictions Exp data

3090  
3065 
3060 

3040 
3020

3119 

3090 

3065 
3050 

3000~ 70 MeV or less

1/2−
1/2−
3/2−
3/2−
5/2−

Inconsistent 
with the LHC data

3/2

1/2

3/2

5/2

Phys.Rev. D 104, L091102 (2021)

(1) They distribute in a narrow energy range
      Spin assignments do not follow data
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(2) There are MB channels ( ) nearby.K̄Ξc, K̄Ξ′ c, K̄Ξ*c

Exp data

BM thresholds

ΞcK̄ Ξ′ cK̄ Ξ*c K̄
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c K�) for all candidates passing

the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦c(X)0 resonances.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c candidates passing the likelihood

ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c candidate passing the likelihood ratio selection and lying within the ⌅+

c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c K
� combination, with the constraint that it

originates from the PV. The ⌅+
c K

� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c K
�) > 4.5GeV.

The ⌅+
c K

� invariant mass is computed as

m(⌅+
c K

�) = m([pK�⇡+]⌅+
c
K�)�m([pK�⇡+]⌅+

c
) +m⌅+

c
, (2)

where m⌅+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c mass [16] and [pK�⇡+]⌅+

c
is the

reconstructed ⌅+
c ! pK�⇡+ candidate. In this analysis, the distribution of the invariant

mass m(⌅+
c K

�) is studied from threshold up to 3450MeV.
The ⌅+

c K
� mass distribution for the combined data sets is shown in Fig. 2 where five

narrow structures are observed. To investigate the origin of these structures, Fig. 2 also

3

Ωcη
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Option 2: 
Near threshold implies MB molecule

M

B

LKKqq = − F
i

8f 2π
tr[B̄γμVμ, B] − D

i
8f 2π

tr{B̄γμVμ, B}

Weinberg-Tomozawa int.

Attractive MB channels form bound/resonant/virtual states

Option 3, Our choice: 
Coexistence of quark core and MB molecule
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S-wave interaction 
Weinberg-Tomozawa

Yukawa interaction

+
S-wave

s 
s s

P-wave K̄, η

Ξc, Ωc, . . .
with

BM moleculeQuark core Coupling

Understanding the low-lying Ωc structures
from a coupled-channel perspective

Ying Zhang ,1,2,3 Qing-Fu Song ,4 Qi-Fang Lü ,1,2,3,* Hideko Nagahiro ,5,6,† and Atsushi Hosaka 6,7,8,‡

1Department of Physics, Hunan Normal University, Changsha 410081, China
2Key Laboratory of Low-Dimensional Quantum Structures and Quantum Control of Ministry of Education,

Changsha 410081, China
3Key Laboratory for Matter Microstructure and Function of Hunan Province, and Hunan Research Center
of the Basic Discipline for Quantum Effects and Quantum Technologies, Hunan Normal University,

Changsha 410081, China
4School of Physics, Central South University, Changsha 410083, China

5Department of Physics, Nara Women’s University, Nara 630-8506, Japan
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We perform a systematic analysis of the low-lying Ωc structures in a coupled-channel approach.
The couplings between meson-baryon channels, ΞcK̄, Ξ0

cK̄, Ξ!
cK̄, Ωcη, and Ω!

cη, and three-quark bare
states Ωcð1PλÞ are considered. We predict a bound state Ωcð2954Þ below the ΞcK̄ threshold with

ðJP; jÞ ¼ ð1=2−; 0Þ, which can be studied in the final states of Ωð!Þ
c π and Ωð!Þ

c γ. Also, the resonances
Ωcð3000Þ and Ωcð3050Þ can be classified as the lower ðJP; jÞ ¼ ð1=2−; 1Þ and ðJP; jÞ ¼ ð3=2−; 1Þ states,
respectively. Our present assignments based on this coupled-channel perspective are significantly different
from those of the traditional three-quark picture and of the molecular scenario. The future BelleII and
LHCb experiments can search for the bound state Ωcð2954Þ and measure the spin-parities of particles
Ωcð3000Þ and Ωcð3050Þ to test our predictions.

DOI: 10.1103/grxl-nwwy

I. INTRODUCTION

In the past decade, significant achievement has been
made in the heavy baryon sector by experimentalists and
theorists, which deepens our understanding of the mass
spectra and internal structures of heavy-light systems [1–5].
Although the traditional three-quark picture can well
explain many heavy hadrons in experiments, some newly
observed resonances hardly can be accommodated into the
conventional baryons and more exotic scenarios are neces-
sary. The exotic interpretations mainly include the weakly
bound hadronic molecules, compact multiquark states,
hybrids, and so on. Meanwhile, the superposition of
conventional hadrons and pure exotic states is also possible,
known as the unquenched picture. Nowadays, exploring the

coupled-channel mechanism in the unquenched picture and
clarifying the nature of new hadronic states is an intriguing
and challenging topic in hadron physics [6–28]. Actually,
the heavy baryons, such as the Ωc family, can provide an
ideal platform to investigate this unquenched dynamical
mechanism and help us to establish and complete the
hadron spectroscopy of heavy-light systems.
In 2017, the LHCb Collaboration observed five narrow

Ω0
c excited states in the Ξþ

c K− invariant mass spectrum,
which are labeled as Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0,
Ωcð3090Þ0, and Ωcð3119Þ0 [29]. Subsequently, the Belle
Collaboration confirmed the existence of four structures
Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0, and Ωcð3090Þ0 [30].
Also, the experimental data of the LHCb and Belle
Collaborations suggested the presence of a broad structure
around 3188 MeV. In 2021, the LHCb Collaboration
performed the analysis of helicity angular distributions
for resonances Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3065Þ0, and
Ωcð3090Þ0 in the Ω−

b → Ξþ
c K−π− decay [31]. They found

that the J ¼ 1=2 spin hypothesis for Ωcð3050Þ0 and
Ωcð3065Þ0 states was excluded with significance of 2.2σ
and 3.6σ, respectively. Also, the combined hypothesis on
the spin of the four peaks, Ωcð3000Þ0, Ωcð3050Þ0,
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P1/2,1/2, 3/2,3/2, 5/2 ΞcK̄, . . .

LKqq = gA

2fπ
q̄γμγ5∂μKqLKKqq = − i

8f 2π
q̄γμ(∂μK†K − K†∂μK )q

Quark model
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Coupling schemes for [Molecule]-[3quark]

Ωc ∼ [3Pj,1/2c]J

Light spin

Light spin 3-quarks Molecule

j = 2 5/2– –

3/2– –

j = 1 3/2–

1/2–

j = 0 1/2– ΞcK̄

Ξ′ cK̄, Ωcη

Ξ*c K̄, Ω*c η

Ωc(3P0,1/2)

Ωc(3P1,1/2)

Ωc(3P1,3/2)

Ωc(3P2,3/2)

Ωc(3P2,5/2)

JP

Heavy quark symmetry 
constrains the MB combination
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FIG. 5: The whole picture for the low-lying Ωc structures in the coupled-channel perspective.
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Summary

• Coexistence of different structures is relevant 

  for various hadrons. 

•  baryons has been studied.   

• Computation of decay widths is in progress 

• All 's could be explained by coexistence  
           with a prediction below the  threshold.

Ωc

Ωc
K̄Ξc


