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Introduction

Classification of hadrons
Observed hadrons PDG2018 : http://pdg.1bl.gov/
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All ~ 360 hadrons emerge from single QCD Lagrangian.



Introduction

Threshold rules in hadron spectroscopy

Hadrons near an s-wave two-body threshold

A
Q
= @@ — ~2oo keV?
> - X(3872)
g I~45 MeV
c
© Dso(2317)

OO ®:6¢>~15Mev

¥ ~2 MeV A(1405)
fo(980)

“hadronic molecule” (various flavors, baryon numbers, ...) |



Introduction

- scattering length |a| » interaction range rc

Two-body universal physics

Near-threshold s-wave state: universal physics

E. Braaten, H.-W. Hammer, Phys. Rept. 428, 259 (2006);
P. Naidon, S. Endo, Rept. Prog. Phys. 80, 056001 (2017)

- size of (quasi-)bound state ~ |a| : loosely bound

- relation with eigenenergy E

]
a(E) ~— =

k

I

2uE

Examples: d, /A(1405), 4He dimer

NN [fm] | KN [fm] | 4He [ag]
a(E) | 4.3 1.2-0.8i | 178
b ool R 1.4-0.9i | 189
le 1.4 0.4 10

vdW

strong




Introduction

Classification of hadrons
Observed hadrons PDG2018 : http://pdg.1bl.gov/
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Only color singlet states are observed.
—> Color confinement problem

Flavor quantum numbers are described by ggo/qg.

Why no gggg, ggqgqg, ..- states (exotic hadrons)?
—> Exotic hadron problem, as notrivial as confinement!
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All ~ 360 hadrons emerge from single QCD Lagrangian.
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Long range correlation in QCD?

Two-body potential \ 1/m r
V(r) o % : long (infinite) range :
V(r) « e . finite (~1/m) range

Hadron-hadron interaction is considered to be finite range.

- Longest interaction range
<— exchange of lightest particle (1) ~ 1 fm

- Absence of the long range force is the basis for the
(standard) scattering theory, Luscher/HAL method, etc.

There can be (quasi) long range force beyond 1 fm.




Emergence of long range correlation

NN potential

Low energy NN interaction : m exchange

N (k) - . > N (k')
i m(q)
¢ >
N(p) N(p')

- Static approx. p" = (My,p), p" = (My,p’), ¢ =p"-p"=(0,q)

- Coupling gNivstN ~ gx'o-gx  (isospin ignored)
1
Potential /
(¢°)2 — g —m2
V(r) ~F.T. {92(01 )02+ q)—— }
R s 1

—MiT

€

Tensor op. Yukawa

r



Emergence of long range correlation
NN* potential (exchange)

NN*(JP=1/2-) interaction R D
+ / | 7(q)
Nk) o o o NG =
: N(p) N(p')
| m(9) Mass difference
ki . i = energy transfer

- Static approx. " = (Mn,p), p* = (My-,p'), ¢ =(A,q)

- Coupling G N*7tN +he ~ §x'1x

Potential (P5: spin exchange factor) p=mg— A2

1 —1 e KT

~2 _ ~2 ~2
V(T)NF.T.{g A2_q2_mQ}PJ—F.T.{g q2—|—,u2}PUN P, .

- Sign of V(r) is fixed and attractive (c.f. c exchange in NN)
- Effective mass y=0 —> long range force (Coulomb like)



energy
=
<i.|
Z

- A = my : N* lies on top of the 7N threshold —> amn = o
N*(k) N (k')

L

(q) N”

it
v @

TN wave function in N*




N*N ~ TNN : effective description of three-body system

N NG @

Similarity with the Efimov effect
- spatially large three-body system via unitary two-body int.

Realization in physical hadron systems
- No system with exact y=0 (N*: A~595 MeV / my;~140 MeV)

- Is there any system with small y?
10



A(1405)=A*: KN quasibound state near the threshold
T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012)

- K exchange between A\* and N

A" (at 1420 MeV), KN threshold _ |
= - =
3| KN °l —
> Eaz I;K~495 o
2 - I

(a) AIN,1S,
- u~91 MeV: K exchange has longer tail than expected

- attractive in spin singlet channel —> KNN as A*N system
T. Uchino, T. Hyodo, M. Oka, Nucl. Phys. A, 868-869, 53 (2011)

3
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Hadronic molecules by (quasi)long range correlation

Doubly charmed exotic meson

We consider Dso(cS, 0+)D(cq, O-) system via K exchange

- Charm C=2: manifestly exotic (ccqs)

Dso(2317), KD threshold

;A KD Do >
% DsO(Cé, O+) :

— r K
> |

S| |A~450 | mk~495 L, ———
Q

G D(cd, 0-)

- K exchange gives quasi-long range (u~200 MeV) attraction

Can the attraction generate a bound state?

12



ge correlation

Prediction of binding energy

Effective Lagrangian for DsocDK (and HQ partners) coupling

h _
L= §T1"[HaSbAab”75] + C.C.

- coupling constant h : Do—>Dm decay + SU(3) symmetry
- Short range cutoff R <— hadron size

B[MeV]

40
20 =
! T |
0 L
0 0.5 1

R_[fm]

-Rc ~ 0.5 fm —> ~ 6 MeV binding

13



Summary

< Long range correlation among hadrons
emerges when the mass difference A matches
with the mass of the exchange particle m.

Dy
0 - - D

e HT

. @

|

K Vi)~ Sy =V = A
|

¢ @

&« K exchange in Dso(0+)D(0-) system: i~200 MeV
—> prediction of exotic charmed tetraquark

M. Sanchez Sanchez, L..S. Geng, J. Lu, T. Hyodo, M.P. Valderrama,
Phys. Rev. D98, 054001 (2018)
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