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Introduction

Study of few-body systems

Properties of few-body systems <—> two-body interaction
- ¢.f. hypernucilei
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In some cases, different interactions give the same physics.

OJJQ » same! <
universal physics @

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




Introduction

Two-body universal physics

Universal two-body physics: unitary limit

1) s-wave short range interaction
2) scattering length : |a| » rs : interaction range

- system is scale invariant
- a shallow bound state existsifa > 0
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Examples: nucleons and “He atoms 9

N [MeV] | 4He [mK]
Bo 2.22 1.31
1/maz| 1.41 1.12




Introduction

Three-body universal physics

Three-body system in hyperspherical coordinates

(r12,73,12) <> (R, a3, P12, 73,12)

hyperradius hyperangular variables O
(dimensionless)

If |a| —> o, system is scale invariant.

1

Efimov effect: attractive 1/Rz2
V. Efimov, Phys. Lett. B 33, 563 (1970)

B} /Byt &~ 22.7°

- infinitely many bound states

- discrete scale invariance: RG limit cycle
P.F. Bedaque, H.-W. Hammer, U. van Kolck, Phys. Rev. Lett. 82, 463 (1999)




Introduction

Tuning two-body interactions

Large |a| is achieved by tuning two-body interaction
- Atomic physics: Feshbach resonance

/

In hadron physics, interactions are basically fixed.
- quark mass term in QCD: external scalar field

Lqcp = 582;]3 — mqq

- variation of quark mass -> tuning hadron interaction?



Introduction

Tuning two-hadron interactions
Nuclear force @ unphysical quark masses

- Nuclear forces can reach unitary limit by mug (mr)_/
E. Braaten, H.-W. Hammer, Phys. Rev. Lett. 91, 102002 (2003)
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- predictable by chiral EFT for small myg

- calculable by lattice QCD for large muq

cf.) N. Barnea, L. Contessi, D. Gazit, F. Pederiva, U. van Kolck,
Phys. Rev. Lett. 114, 052501 (2015)



Three-pion systems

Two-pion interaction

nirm scattering length <— chiral low energy theorem
S. Weinberg, Phys. Rev. Lett. 17, 616-621 (1966)

- Mn ~ (Mug)1/2 ~ explicit breaking of chiral symmetry

Physical rirt (I=0) is unbound but has a resonance “0”

(resonance: unstable eigenstate above threshold)
f(.)(500) or o /G(JPC) _ 0+(0++)

was fy(600)
A REVIEW GOES HERE - Check our WWW List of Reviews

f,(500) T-MATRIX POLE /5
Note that I' ~ 2 Im(\/spﬁ).

VALUE (MeV) DOCUMENT ID TECN COMMENT
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Low energy theorem is valid only for small myq
How about large m,s? —> lattice QCD




Three-pion systems

Increasing ud quark mass

Lattice QCD/chiral EFT can tune the
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Three-pion systems

Universal physics of three pions

Universal physics of riiiim with large nimi(1=0) scattering length
T. Hyodo, T. Hatsuda, Y. Nishida, Phys. Rev. C89, 032201(R) (2014)

- Let |=0 nim scattering length large by changing mq

iIsospin sym. (110mOm0-m10r7-71+) iIsospin breaking (r9110710)
— E 1.0+
. 1/a 0.5
- 1I 0 —0I S 0 O=.5 1 I.O . .
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— B 051

0.5+ / 0
Three-body . 17
bound states! A
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- Universal physics of pions @ unphysical myg
- Coupled-channel effect reduces the attraction.
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Three-pion systems

Implication for real world

Universality -> a niiiim bound state @ heavy myg

- Heavy myq is continuously connected to physical point.

- Existence of a pole (eigenstate) is stable against the
continuous change of parameters (such as myg).
Y. Kamiya, T. Hyodo, arXiv:1711.04558 [hep-ph]

1 dzdarg F(2)
2T C dz

= (# of zeros) — (# of poles)

—> 7irimt state may exist as a resonance at physical point.
Possible candidates ~ =1, J=0 state : excited state of 1?

(1500 i D, om0
See also minireview under non-g¢q candid:

Physics G33 1 (2006).
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Two neutrons with a flavored meson

Two neutrons and one flavored meson
Flavored meson: K- (su, strangeness), D° (cu, charm)

K-nn/D%nn system with J=0, 1=3/2, 13=-3/2

- different from J=0, |=1/2 (so-called K-pp-Konp)
- all interactions: isospin |=1 (no /A(1405))

Desirable features for Efimov effect @ =1 @
- no coupled channels
- no Coulomb interaction

- |ann| ~ 20 fm » rs ~ O(1) fm =l =1

©

Two-body meson-neutron scattering length?
12



Two neutrons with a flavored meson

Meson-neutron interaction

K-n system: KN scattering data
Y.Ikeda. T. Hvodo, W. Weise, Phys. Lett. B706, 63 (2011); Nucl. Phys. A881, 98 (2012

- data fitted as x°/d.o.f. ~1 _ i :
F F s
do1c-n = —05TH02 — 0.7204) fm =k
Tie Py
decay : w| & ol o
—> Strangeness sectoris 7 .o ” e
unbound

DOn system: identify >:(2800) as a JP=1/2- state

ZC(28OO) 1UP) = 1(?7) Status: k%%

Seen in the /\jf T, /\jf 770, and /\j 7 mass spectra.

X,(2800) MASSES

- DOn threshold ~ 2804 MeV

—> Charm sector has a shallow quasi-bound state s



Two neutrons with a flavored meson

Idealization

Zero coupling limit (ZCL)

- coupling to decay channels are switched off
- ak-n < O (attractive), apon > O (repulsive, with bound state)

Varying ms —> mc

strange, unbound charm, bound

Unitary limit: tuning mg,c in ZCL y



Two neutrons with a flavored meson

Model extrapolation

Contact mteractlon model with extrapolatlon parameter x

with decay channels ZCL (without decay)
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- In ZCL, unitary limit at mx = 1337 MeV (x~0.6)

- With decay channel, remnant is not very clear.
15



Two neutrons with a flavored meson

Two-body universality

Check of universality: |kn-Ka|/mn

- full eigenmomentum: ., = /2uE,

- universality prediction: k. == [1+0(=)], r ~1/m.
with decay channels ZCL (without decay)
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Universality governs the system near D°n even with decay



Two neutrons with a flavored meson

Three-body system
Three- body equations for K-nn/Dnn system

;@ﬁ Wm;w

d’(nK)

Asymptotic behavior of K-nn/D%nn system at unitary limit:
- As(nn) —> o and ag(nk) —> o

¢ 27 sin|s arcsin(a/2)] Lc, 472 sin?[s arccot(v/4b — 1)] 50 — 1.01156
s cos(ms/2) 2 cos?(ms/2)

- as(nn) fixed and ad(nK) —> o0
-, 27 sin|s arcsin(a/2)] L s — 0.327675
S cos(ms/2)

- RG limit cycle in the asymptotic expressions: Efimov effect

Implication for real world:
—> DOnn state may exist as a resonance at physical point.



Summary
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Hadron-hadron interactions can be tuned by
changing quark masses.

Increase myq : unitary it (1=0) scattering
—> Efimov effect in 1107710710
T. Hyodo, T. Hatsuda, Y. Nishida, Phys. Rev. C89, 032201(R) (2014)

Decrease mc (+ZCL) : unitary D%n scattering
—> Efimov effect in Dnn

U. Raha, Y. Kamiva, S.-I. Ando. T. Hvodo. arXiv:1708.03369 [nucl-th

Remnant of Efimov physics may be observed
as a three-body resonance in nature.
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