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1. Introduction

2. Evidences of coexistence:
X(3872), (2012)

3. Summary

We have the fundamental theory: QCD
Question: How QCD develop hadronic/femtoscopic matter?
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1. Introduction

Strongly interacting femtoscopic world

QGP (high T) Neutron stars (ngh D)
PQCD, Simulations

Observatories

Many-body dynamics R ﬂ
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Effective theories ., Atomic nuclei |" Brotchadions V VYV
Quasi-particles JO IO % T i R
Chiral symmetry breaking % 200~

Color confinement

Mass generation J Hadrons ’ 1ooi
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== V. Burkert, et al
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1. Introduction

Strongly interacting femtoscopic world

Agcp ~ 200 MeV, A, ~daf, ~ 1 GeV

2.0 . .

Effective theories =~ . Atomic nucler |

Quasi-particles R % B
Chiral symmetry breaking § r Accelerators
Color confinement A
Mass generation J Hadrons oo
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Quick history

1956: p,n, A model: Sakata
1959: A(1405), 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), O+ h
2007: HALQCD for HH forces, Aoki-Hatsuda-Ishii

2015: Discovery of P, Pentaquark with cc

2020: Prediction of 7., Karliner and Rosner

ce’

2022: Discovery of T, Tetraquark with cc -)
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Exotics

~ Multi-quarks

near/above
Threshold
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Quark excitation Pair created multiquarks

Multiquarks

6: OR @
Compact Extended
e.g., diquark + triquark €.g., meson + baryon
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Molecular like states via clusterization

Not only in hadrons but also in nuclei

Alpha cluster (molecular) structure 'se “c ™o *Ne *Mg

of nuclei =~ & & &H &9
c © ©C» ©m
Prog. Theor. Phys. 40, 277 (1968) i
Ikeda diagram °© & g&o
(135
Also see, e ?;a
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
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Are hadrons (near threshold) molecular-like?
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https://cds.cern.ch/record/1237837/files/p15.pdf

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?
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Doctor thesis

/

1867, 2, T. Maskaw

Progress of Theoretical Physics, Vol. 38, No. 1, July 1967

Mixing Effect between Particles and Resonances

Published paper

Toshihide MASKAWA, Hiroki KONDO
and Ziro MAKRI*®

Department of Physics, Nagoya Unwversity, Nagoya
*Research Institute for Fundamental Physics
Kyoto University, Kyoto
(Received February 23, 1967)
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8L 473 Yakawa 3O IEH 3 14 =350 vy Ko i nt,

The system of pion, nucleon, and (3-3) particle acting mutually through the Yukawa
interaction 18 investigated by means of the static meson theory. It is assumed that these particles
(including the (3-3) particle) can be treated as elementary ones although they are equally
constructed from urbaryons. An integral equation for the scattering amplitude is solved in
some reasonable approximation. Since the Yukawa interaction is strong enough to produce
resonances between pion and nucleon, one may_expect that two resonances (or bound states)
exist in the (3-3) state of pion-nucleon scattering. In fact, the solution with two resonances
is obtained in case the mixing energy is small. It is shown, however, that one of them

disappears when the mixing energy increases.

_ —
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2. Coexistence of different structures

Experimental fact:
Many new states are observed near/above threshold

INSIDE PENTAQUARKS
AND TETRAQUARKS

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.

CERN COURIER NOVEMBER/DECEMBER 2024
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Events/0.010 GeV

Evidences, X(3872)

Belle@KEK, PRLI1 262001 (2003)

B* - (Jlyntn)K*

i | [ [ [ | [ [ [ | [ ]
- _ W, ]
300— _ _
) cC ]
200~ X(3872) 7
) ccuu ]
100_— l —_
ol ot T
0.40 0.80 1.20

M(T'TT7T) - M(/*[) (GeV)
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LHCb, PRD 102, 092005 (2020)

pp collisions at center-of-mass

energies of 7 and 8 TeV
- 2012 LHCb
I I Illll'llllllllIII""I""II""[""I""I' A
3.67 3.68 3.69 3.7
mJ/¢ A O [GGV]

12/22



Events/0.010 GeV

300

200

Why Molecule ?

e Located almost at the threshold D%(ci))D™(¢u)

100
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W,

X(3872)

l
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JP=0t 1t

Belle@KEK, PRLI1, 262001 (2003)

X :3871.65 =£0.06 MeV
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DD - 3871.69 DtD* : 3879.92

M(T'TT7'T) - M(7*7) (GeV)

e Spin-parity J©¢ = 1" from angular correlation

Consistent with S-wave DD molecule

DD* with small binding energy — Large spatial size
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BUT

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

\ Deuteron @ALICE

10*

10°

Large production rates _ o
. . . 3 oY s
in collisions at i o . o 00
high energy and g 't X(3872) e
large transverse momentum Ew‘ E Hypertiton GALICA.
"(rescaled from Pb-PR N},
is not likely to occur 102 "\
10° =1
10
5 - Ru=5 \’\‘
10 gl 1 ,IAUICEéDLl 143601(001163 (IO B SRR A IR
B75 1
0 PRC93029917(2%1§XGeV) 5 ATLASJ&9P01717(2&P7)

Implies admixture of D’D™ and compact quark core ~ ¢
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Hybrid of DD* and cc

e ¢¢ - DD* (without DD* interaction)
M. Takizawa and S. Takeuchi, Prog. Theor. Exp. Phys. 2013, 093D01
* ¢C - DD* (with OPEP for DD*¥)
Y. Yamaguchi, A. Hosaka, S. Takeuchi and M. Takizawa, J.Phys.G 47 (2020) 5, 053001

Prepare convenient bases and couplings

Chiral and heavy-quark symmetries

Extended molecular w5+ Compact cc y; Coupling
D : b
! OPEP + cc + cC
D* : D*

Yiot = CeeWee + CoW¥pop+o + C+¥p+p*-

— Y.z T WYpp+  Superposition of two structures
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Cartoons for X(3872)

86 % 6 % 6 %

Takeuchi & Takizawa, PTEP9, 093DO01
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 €2(2012) ~ sss

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

Expected to have a simple structure

From PDG o :
2 BARYONS (5= -3, I= 4] 140 MeV PpP-wave excitation ot SsS
2" =588 ~
LB MV R(495) + E#(1530)
2~ weee
1 Q,(2012)
£(2250)~ 340 MeV
2(2380)
£2(2470)~ .-
' * Q,(1672)

Is Q(2012) K=* molecule?
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Similar strategy

Q.-F. Lyu, H, Nagahiro and AH, Phys.Rev.D 107 (2023) 1, 014025
With inputs from the quark model and chiral symmetry

Prepare convenient bases and couplings

Chiral symmetry for constituent quarks

Molecular gz Compact sss . Coupling
K L 2 L 4
~ L 4
) 2 L g
‘e L? P-wave
> § ——> :
G > + S > with
> 3 >
S-wave interaction S-wave
Weinberg-Tomozawa Yukawa interaction
0-q

Vary the coupling o, Pole trajectory

\Ptot = Cge+YWke* + CossWsss
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., Molecule ‘* and sss* (3q *)_stateS' a=0

Channel 1: sss

Wlthout coupllng

I .
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Trajectory when varying the coupling o

T
SSS

2008
0

o\ h=0m=l
—40| \ 5< ,,,,,,,,,,,,,,,,,,,,,,,,,,, fwwwwwwwwﬂ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,, E ,,,,,,,,,,,,,,,,,,,,,, ]
% ol |Q(phys)) 0.16 |Q(:*K)) +0.54 54 |Q(3q)) + Non-interacting E¥K
I% Trajectory ? 5 w
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—100}| ,,,,,,,,,,,,,,,,,,,,,,,,, ‘ |
—i0f @ .
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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...
clusters

X(3872) is dominated by DD* molecule with fraction of ¢c

Q(2012) has large component of sss* with some K X*

* New experimental data will come; Belle, LHC, BES, Jlab, ...
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Cross Section (ub)
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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

¢, Jy, . ..

\ ¢, Jy, ... p

Large production

¢,J/l//,\\—/ ¢,J/W,

Correlation function by ALIS
PhysLeﬁ13848(2024)138358

V(¢N) Lattice (HALQCD)
Phys. Rev. D 106, 074507 (2022)

1.5 ALICE pp Vs =13 TeV -
E High-mult. (0 — 0.17% INEL > 0) :
141 07<8,<1.0 7
13 - o  p9o®po 3
g E Lednicky-Lyuboshits model E L tt t .
l12F d,=7.85+154 (stat) £ 026 (syst)m - _300} arge attraction
- [ -*_] R(f,) = 0.85 + 0.34 (stat.) + 0.14 (syst.) fm E é
1.1 :— 3(f) = 0.16 £ 0.10 (stat.) + 0.09 (syst.) fm E —-400 . t/a=12 |
1:_ ‘+1+;_¢_f—0—5—0—)‘_e_,!—0_}_0_ —500# + t/a=13'
C m 4 t/a=14
RIS EPEPEPINS IPUPEPI EPRPIPI EPRPIAFE FEPAPErE EEATEr B | | | | r :
0 50 100 150 200 250 300 350 400 ~000 0TI 0TI 20 25 30

k* (MeV/c) rfm]
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