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long range correlation in QCD
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Classification of hadrons
Introduction

All ~ 360 hadrons emerge from single QCD Lagrangian.
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~ 150 baryons ~ 210 mesons

Observed hadrons

Threshold rule!
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Threshold rules in hadron spectroscopy
Introduction

“hadronic molecule” (various flavors, baryon numbers, …)

en
er

gy
 [M

eV
]

~2 MeV

f0(980)

NK̅

Ds0(2317)

~45 MeV
X(3872)

~200 keV?

~15 MeV

Λ(1405)

K

DK

K̅

D D̅*

Hadrons near an s-wave two-body threshold
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Two-body universal physics
Near-threshold s-wave state: universal physics

N

N

strong

N

K̅
4He

vdW
- relation with eigenenergy E

a(E) ∼
i
k

=
i

2μE

NN [fm] K̅N [fm] 4He [a0]
a(E) 4.3 1.2-0.8i 178
aemp 5.1 1.4-0.9i 189
re 1.4 0.4 10

Examples: d, Λ(1405), 4He dimer

- scattering length |a| ≫ interaction range re

Introduction

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
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Classification of hadrons
Introduction

All ~ 360 hadrons emerge from single QCD Lagrangian.
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~ 150 baryons ~ 210 mesons

Observed hadrons

Threshold rule!
Only color singlet states are observed.

—> Color confinement problem

Flavor quantum numbers are described by qqq/qq̄.

Why no qqq̄q̄, qqqqq̄, ... states (exotic hadrons)?
—> Exotic hadron problem, as notrivial as confinement!
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Two-body potential

Long range correlation in QCD?
Introduction

V (r) / e�mr

r

V (r) / 1

r : long (infinite) range

: finite (~1/m) range

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

Hadron-hadron interaction is considered to be finite range.

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

r1/m

There can be (quasi) long range force beyond 1 fm. 
M. Sanchez Sanchez, L.S. Geng, J. Lu, T. Hyodo, M.P. Valderrama, PRD98, 054001 (2018)
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Low energy NN interaction : π exchange

NN potential
Emergence of long range correlation

⇡(q)

N(p)

N(k)

N(p0)

N(k0)

Tensor op.

Potential

V (r) ⇠ F.T.

⇢
g2(�1 · q)(�2 · q)

�1

q2 +m2
⇡

�

1

(q0)2 � q2 �m2
⇡

- Static approx. pµ = (MN ,p), p0µ = (MN ,p0), qµ = p0µ � pµ = (0, q)

- Coupling (isospin ignored)gN̄i�5⇡N ⇠ g�†� · q�

Yukawa e�m⇡r

r
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NN*(JP=1/2-) interaction

NN* potential (exchange)
Emergence of long range correlation

- Sign of V(r) is fixed and attractive (c.f. σ exchange in NN)

⇡(q)

N(p)

N⇤(k)

N⇤(p0)

N(k0)

- Effective mass μ=0 —> long range force (Coulomb like)

- Static approx. pµ = (MN ,p), p0µ = (MN⇤ ,p0), qµ = (�, q)

� = MN⇤ �MN

Mass difference 
= energy transfer

Potential (Pσ: spin exchange factor)

V (r) ⇠ F.T.

⇢
g̃2

1

�2 � q2 �m2
⇡

�
P� = F.T.

⇢
g̃2

�1

q2 + µ2

�
P� ⇠ g̃2P�

e�µr

r

µ =
p

m2
⇡ ��2

- Coupling g̃ N̄⇤⇡N + h.c. ⇠ g̃ �†1�

⇡(q)

N(p)

N⇤(k)

N(p0)

N⇤(k0)
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What does μ = (mπ2 - Δ2)1/2 = 0 <=> Δ = mπ mean?

Unitary limit and zero-energy resonance
Emergence of long range correlation

N*

en
er

gy

N

πN

Δ mπ

- Δ = mπ : N* lies on top of the πN threshold —> aπN = ∞ 

N

⇡(q)

N(p)

N⇤(k)

N⇤(p0)

N(k0)

N*

r

u(r)

πN wave function in N*

N π
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N*N ~ πNN : effective description of three-body system

Remarks and toward physical realization
Emergence of long range correlation

Realization in physical hadron systems
- No system with exact μ=0 (N*: Δ~595 MeV / mπ~140 MeV)
- Is there any system with small μ?

⇡(q)

N(p)

N⇤(k)

N⇤(p0)

N(k0)N
π

N

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

N

N
π
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Strange dibaryon
Hadronic molecules by (quasi)long range correlation

Λ* (at 1420 MeV), K̅N threshold

Λ*

en
er

gy
 [M

eV
]

N

K̅N

Δ ~482 mK ~495

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

- K̅ exchange between Λ* and N

- μ~91 MeV: K̅ exchange has longer tail than expected

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

K̄

N

⇤⇤

⇤⇤

N

T. Uchino et al. / Nuclear Physics A 868–869 (2011) 53–81 61

Fig. 3. Λ∗
aN (a = 1,2) potentials for the 1S0 and 3S1 channels. Thick solid lines stand for the total potential and thin

solid, dashed, and dash-dotted lines represent the K̄ , σ and ω exchange contributions.

show the individual contributions from σ , ω and K̄ exchanges. It can be seen that the poten-
tials depend strongly on the total spin of the Λ∗

aN system, while the qualitative feature of the
Λ∗

1N potential is similar to the Λ∗
2N potential. The contributions from the σ and ω exchanges

are stronger than that of the K̄ exchange. In the intermediate range region, however, there is
a large cancellation between the attractive σ exchange and the repulsive ω exchange as shown
by the contribution from the isoscalar exchange which is the sum of the σ and ω contributions
in Fig. 4. As a consequence, the contribution from the K̄ exchange is relatively important to
determine the sign of the potential. As noted in Section 2.2, the K̄ exchange is repulsive for
the S = 1 system, which results in the repulsive nature of the total potential except for the very
short range region. For the spin S = 0 case, the K̄ exchange contributes attractively and the
Λ∗N potential has an attractive pocket in the intermediate range and the repulsive core at short
distance.

Before solving the Schrödinger equation, let us study the bulk property of the Λ∗N interaction
by calculating the volume integral of the potential, which is the potential in momentum space at
p = 0

V (p = 0) =
∫

V (r) d3r = 4π

∞∫

0

r2V (r) dr. (21)
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We consider Ds0(cs,̄ 0+)D(cq̄, 0-) system via K exchange

Doubly charmed exotic meson
Hadronic molecules by (quasi)long range correlation

Ds0(2317), KD threshold

Ds0(cs,̄ 0+)

en
er

gy
 [M

eV
]

D(cq̄, 0-)

KD

Δ ~450 mK ~495

- Charm C=2: manifestly exotic (ccq̄s)̄

K

D

Ds0

Ds0

D

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

Can the attraction generate a bound state?
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Effective Lagrangian for Ds0DK (and HQ partners) coupling

Prediction of binding energy
Hadronic molecules by (quasi)long range correlation

- Rc ~ 0.5 fm —> ~ 6 MeV binding

- coupling constant h : D0 —>Dπ decay + SU(3) symmetry

0 0.5 1
Rc [fm]

0

20

40

60

80

100

B 
[M

eV
]

L =
h

2
Tr[H̄aSb /Aab�5] + C.C.

<latexit sha1_base64="5XAF+84XVhGh3B9YOVE5vduaXx8="></latexit><latexit sha1_base64="5XAF+84XVhGh3B9YOVE5vduaXx8="></latexit><latexit sha1_base64="5XAF+84XVhGh3B9YOVE5vduaXx8="></latexit><latexit sha1_base64="5XAF+84XVhGh3B9YOVE5vduaXx8="></latexit><latexit sha1_base64="5XAF+84XVhGh3B9YOVE5vduaXx8="></latexit>

- Short range cutoff Rc <— hadron size
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Long range correlation among hadrons 
emerges when the mass difference Δ matches 
with the mass of the exchange particle m.

K exchange in Ds0(0+)D(0-) system: μ~200 MeV 
—> prediction of exotic charmed tetraquark

Summary
Summary

V (r) ⇠ e�µr

r
, µ =

p
m2 ��2

K

D

Ds0

Ds0

D

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

D

D
K


