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We have the fundamental theory: QCD 
Question: How QCD develop hadronic/femtoscopic matter?
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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
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Chiral symmetry breaking 
Color confinement 
Mass generation

High E

How does QCD build hadrons?
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• Non-trivial vacuum 
• Spontaneous Breaking 

of Chiral Symmetry
• Confinement

“Constituent”
Quark (CQ)

Meson Cloud

Low E
𝛼𝑠 = ∞ 
at QCD

perturbative non-perturbative

Eff. DoF dynamically emerge:
“Massive” CQ
NG bosons (pion, …)

Instanton 
(LQCD demo.

by D. Leinweber)

Q-Diquark Pot. 
in LQCD cal.

Dynamics of CQ reflects 
the nature of QCD in Low E

Nature 557
396 (2018)

r2p(r)

Proton pressure 
V. Burkert, et al
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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].
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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

YWde@iËÿ�0ÐmqÈ@Ìå1Eæ­B

�

�������������	����

Å�@��
YWde@iË

x°@��
OKgO@iË

�

������
�����

ö�áy�1E¸À¹�B@Ì�
�pÜ@�·�@ð»

�û¬é@Ös=^XgO>VgSf
«Û�@ÌåH�Î?69Ñ×

¢2�@ÆëÑ×
f,j÷�@Ìå=´y@Ææü¾�ý
fMI`b�Õ�@àÌÍÓGü}ôý
fOKgO¹�?DFwtfÐmqÈ
f¯ù½�f��<@YWdeÄí

®ï@¡³
MI`b�Õ�=OKgO{y�
fJNRTUOÛ�@��f¶ñ
fíöfÐmqÈ@î¿=�|

Chiral symmetry breaking 
Color confinement 
Mass generation

High E

How does QCD build hadrons?

4/27

• Non-trivial vacuum 
• Spontaneous Breaking 
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“Constituent”
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perturbative non-perturbative
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Q-Diquark Pot. 
in LQCD cal.

Dynamics of CQ reflects 
the nature of QCD in Low E

Nature 557
396 (2018)

r2p(r)

Proton pressure 
V. Burkert, et al

ΛQCD ∼ 200 MeV, Λχ ∼ 4πfπ ∼ 1 GeV
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Quick history
1956:  p,n, Λ model:  Sakata 
1959:  , Dalitz and Tuan 
      1959:  Kinematical singularities,  Landau 
      1961:  Skyrme model 
1961:  SSB of Chiral symmetry, Nambu 
1964:  Quark model,  Gell-Mann and Zweig 
      1976:  Discovery of charm quark 
1977:  Molecular Charmonium,  Rujula-Georgi-Glashow 
      1982: Revival of Skyrme model,  Witten and others  

2003:  Discovery/observation of X(3872), Θ+ 
      2007:  HALQCD for HH forces, Aoki-Hatsuda-Ishii 
2015:  Discovery of , Pentaquark with  
      2020:  Prediction of , Karliner and Rosner 

2022:  Discovery of , Tetraquark with 

Λ(1405)

Pc cc̄
Tcc

Tcc cc

Exotics 
~ Multi-quarks 
near/above 

Threshold
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Compact 
e.g., diquark + triquark

Extended 
e.g., meson + baryon

Multiquarks

Quark excitation Pair created multiquarks

OR

OR

Multi-quarks of various shapes with clustering

Excited states
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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 also in nuclei
Molecular like states via clusterization

https://cds.cern.ch/record/1237837/files/p15.pdf
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How are they?
Marek Karliner says
1. Do they exist? 
2. If they do, which ones? 
3. What is their internal structure? 
4. How best to look for them?  
Marek Karliner, QNP proceedings, 2018@Tsukuba 
https://journals.jps.jp/doi/book/10.7566/QNP2018
Studying heavy (exotic) hadrons is somewhat similar to 
investigating the social life of various quarks: 
(a) Who with whom?  
(b) For how long?  
(c) A short episode? or  
(d) “Till Death Us Do Part”? 

Do hadrons form one of the shapes in previous page?

https://journals.jps.jp/doi/book/10.7566/QNP2018
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Motivations

p190-201, Only 3 citations

Doctor thesis

Published paper

T. Maskawa
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SU(6) ~YukawaπNqqq Molecule
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2. Coexistence of different structures
FEATURE EXOTIC HADRONS

33CERN COURIER    NOVEMBER/DECEMBER 2024

CERNCOURIER.COM

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.

D
 D

o
m

in
g

u
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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. 

THE AUTHORS

Marek Karliner 
Tel Aviv University 
and Jonathan L 
Rosner University 
of Chicago.

d
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c–

reflectometry (TDR, also known 

tanks, tall and narrow nozzles,

difficult tank geometries or close

Small vessels can have very high filling 

constants (low reflectivity) such as 

sufficient power for fast and reliable 

fluids, propeller mixers and

• Fine powders and sticky fluids –

filled with used cooking oil as

configured via a HART

• With ATEX certification for

WWW.

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

CERN COURIER NOVEMBER/DECEMBER 2024

Experimental fact:  
Many new states are observed near/above threshold
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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
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X(3872)

ψ’

c̄cūu

c̄c

summarizes the resulting parameters of interest. Binning
the data and calculating the χ2 probability of consistency
with the fit model gives the values greater than 5% for all
fits. The fitted values of the ψð2SÞ mass agree with the
known value [32] within the uncertainty of the calibration
procedure. The values of sf are consistent with the expect-
ation that the simulation reproduces the mass resolution in
the data at the level of 5% or better. When applied as a
constraint in the fit to the χc1ð3872Þ region, additional
uncertainties on sf are considered. Accounting for the finite
size of the simulation samples, the background modeling
and the assumption that the ψð2SÞ calibration factor can be
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FIG. 1. Mass distributions for J=ψπþπ− candidates in the ψð2SÞ 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.

TABLE I. Results of the ψð2SÞ mass and scale factor sf
obtained for the nominal fit model. The quoted uncertainties
on the ψð2SÞ mass and sf are statistical.

Year pπþπ− (GeV) mψð2SÞ (MeV) sf

2011 pπþπ−< 12 3685.97$ 0.02 1.03$ 0.01
2011 12 ≤ pπþπ−< 20 3685.98$ 0.02 1.05$ 0.01
2011 20 ≤ pπþπ− < 50 3686.10$ 0.03 1.04$ 0.01
2012 pπþπ− < 12 3686.01$ 0.01 1.03$ 0.01
2012 12 ≤ pπþπ− < 20 3686.02$ 0.01 1.05$ 0.01
2012 20 ≤ pπþπ− < 50 3686.09$ 0.02 1.01$ 0.01

R. AAIJ et al. PHYS. REV. D 102, 092005 (2020)

092005-4
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TABLE I. Results of the ψð2SÞ mass and scale factor sf
obtained for the nominal fit model. The quoted uncertainties
on the ψð2SÞ mass and sf are statistical.

Year pπþπ− (GeV) mψð2SÞ (MeV) sf

2011 pπþπ−< 12 3685.97$ 0.02 1.03$ 0.01
2011 12 ≤ pπþπ−< 20 3685.98$ 0.02 1.05$ 0.01
2011 20 ≤ pπþπ− < 50 3686.10$ 0.03 1.04$ 0.01
2012 pπþπ− < 12 3686.01$ 0.01 1.03$ 0.01
2012 12 ≤ pπþπ− < 20 3686.02$ 0.01 1.05$ 0.01
2012 20 ≤ pπþπ− < 50 3686.09$ 0.02 1.01$ 0.01

R. AAIJ et al. PHYS. REV. D 102, 092005 (2020)

092005-4

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

Evidences, X(3872)
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Why Molecule ?

3870 3875 3880

X : 3871.65 ± 0.06 MeV

D0D̄*0 : 3871.69 D+D̄*− : 3879.92

• Located almost at the threshold D0(cū)D̄*0(c̄u)

• Spin-parity  from angular correlationJPC = 1++
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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
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X(3872)

ψ’ Belle@KEK, PRL91, 262001 (2003)

 with small binding energy → Large spatial sizeDD̄*

Consistent with S-wave  moleculeDD̄*0

JP = 0+ 1+
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Large production rates  
in collisions at  
high energy and  
large transverse momentum 
is not likely to occur

Implies admixture of  and compact 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

BUT
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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

Prepare convenient bases and couplings
Chiral and heavy-quark symmetries
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Cartoons for X(3872)

• • • 

D0

D̄*0

D+

D̄*−

86 %

c̄c

6 % 6 %

• • • 
∼ 1.6 fm

∼ 8 fm>

Takeuchi & Takizawa, PTEP9, 093D01 
Yamaguchi, AH, Takeuchi & Takizawa, J.Phys.G 47 (2020) 5, 053001 
AH, Kanada-En’yo & Yamaguchi, to appear in EPJA
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Most strange baryon  ~ sssΩ(2012)
J. Yelton et al. (Belle Collaboration), PRL121, 052003 (2018)

From PDG

Ωgs(1672)

Ωgs(2012)

340 MeV

K̄(495) + Ξ*(1530)23 MeV

Expected to have a simple structure

140 MeV p-wave excitation of sss

Is   molecule?Ω(2012) K̄Ξ*
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Similar strategy

With inputs from the quark model and chiral symmetry

S-wave interaction 
Weinberg-Tomozawa

Molecular ψKΞ* Compact sss ψsss

Yukawa interaction 
 ⃗σ ⋅ ⃗q

+

Ψtot = cKΞ*ψKΞ* + csssψsss

S-wave

s 
s s

P-wave

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

Coupling
K̄

Ξ*

Prepare convenient bases and couplings

Chiral symmetry for constituent quarks

with α ×

Vary the coupling , Pole trajectoryα
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pole positions for physical Ω 2012 (… and Ω 2250 ?)
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Molecule  and sss* (3q ) states:                                          α = 0

Data: 2012
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22 = 0

Channel 1: sss

Channel 2:  
K̄Ξ*

Without coupling
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pole positions for physical Ω 2012 (… and Ω 2250 ?)
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Trajectory when varying the coupling                                                        α
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 2008  2012

Components 𝑧𝑧11 [Ω(Ξ∗ �𝐾𝐾)] & 𝑧𝑧22 [Ω(3𝑞𝑞)]
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Re 𝑠𝑠 MeV
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0.2

0

mixing 𝑥𝑥
0.2 10.80.60.4

𝑧𝑧11

𝑧𝑧22

molecule

bare

𝑧𝑧11 = 0.16 + 0.07𝑖𝑖
𝑧𝑧22 = 0.54 − 0.6 × 10−3𝑖𝑖

|Ω(phys)⟩ = 0.16 Ω(Ξ∗ �𝐾𝐾) + 0.54 |Ω(3𝑞𝑞)⟩

change due to mixing

Trajectory: 
(1) sss +  cloud ~ dressed sss 
(2) coupling dressed sss and  molecule

K̄Ξ*
K̄Ξ*

 moleculeK̄ Ξ*

sss

+ Non-interacting Ξ*K̄
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Summary so far

• Hadrons are basics for strongly interacting femtoscopic matter 
• Hadrons show various faces: 
     Single particle excitations, Multiquarks with correlations… 

•  X(3872) is dominated by  molecule with fraction of  
•  is dominated by  

•  are dominated by  

•  has large component of sss* with some  

• New experimental data will come; Belle, LHC, BES, Jlab, …

DD̄* c̄c
Λ(1405) K̄N
Pc D̄Λc

Ω(2012) K̄Σ*

clusters
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Many unexplained phenomena
• Hadrons dominated by gluons  ~ scalar mesons? 
• Production rates for strangeness, charm and bottom 
• Interactions beyond the OZI rule 
• . . . 
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ϕ, J/ψ, . . .

G

p p

ϕ, J/ψ, . . .

𝐿𝐿 → 𝜑𝜑 Reaction

! The reaction 𝐿𝐿 → 𝜑𝜑 may proceed via two gluon emission from 𝑀𝑀 annihilation.

! All three valence quarks in 𝐿 annihilate with the corresponding three antiquarks in 𝐿 to
produce a purely gluonic state from which 𝜑𝜑 is formed. This should be OZI-suppressed
without an intermediate resonant gluonic state (glueball).

February !", !#!$ Slide %

p̄

p ϕ, J/ψ, . . .

ϕ, J/ψ, . . .
Background 𝐿𝐿 → 4-prong Reactions

↑
𝜑𝜑 threshold

𝐿𝐿 Reactions 𝐿lab
thre (GeV/𝑀)

2𝜒+2𝜒↓𝜒0 0
2𝜒+2𝜒↓ 0

𝑁+𝑁↓𝜒+𝜒↓ 0
𝜑𝜒+𝜒↓ 0
2𝑁+2𝑁↓ 0.662
𝜑𝑁+𝑁↓ 0.767
𝜑𝜑 0.866

𝐿𝐿𝜒+𝜒↓ 1.219
𝐿𝐿𝜑 3.403

! Multipion production processes
dominate 𝐿𝐿 reactions with four
charged-particle emission. a

aV. Flaminio, W.G. Moorhead, D.R.O. Morrison, N. Riviore,
CERN-HERA !"-#$, $%, April $&!". February ’!, ’#’( Slide )

2023/1/6 Y. LYU RCNP seminar

𝑁𝜙 in spin ½  channel

➢ Spin-averaged femtoscopic
correlation from ALICE Exp. 

28/30

arXiv:2212.12690

➢ Potential in spin 3/2 channel from 
HAL QCD coll.
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𝑁𝜙 in spin ½  channel

➢ Spin-averaged femtoscopic
correlation from ALICE Exp. 
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arXiv:2212.12690

➢ Potential in spin 3/2 channel from 
HAL QCD coll. Lattice (HALQCD) 

Phys. Rev. D 106, 074507 (2022)
V(ϕN )Correlation function by ALIS 

Phys.Lett.B 848 (2024) 138358

Large attractionLarge production


