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強い相互作用はQCD（クォーク、グルーオン）で記述される

導入
低エネルギーのQCDの難しさ／面白さ

QCDは漸近自由性をもち、低エネルギーでは非摂動的

幅広いスケールの物理、異なる対称性

LQCD = −1

4
Ga

µνG
µν
a + q̄α(iγ

µDαβ
µ −mδαβ)qβ

１. カイラル対称性の自発的破れ：真空の変化
２. カラー閉じ込め：観測される自由度はハドロン
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カラー閉じ込め

ハドロン動力学、
ハドロン構造

高温／高密度物質
核力の起源、核構造

ストレンジネス

核子構造

カイラル相転移

重イオン衝突、QGP
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ハドロン物理の研究対象
導入

カラー閉じ込め：ヤンミルズ方程式と質量ギャップ問題

Report on the Status of the Yang-Mills
Millenium Prize Problem

Michael R. Douglas

April 2004

Yang-Mills Existence and Mass Gap: Prove that for any
compact simple gauge group G, quantum Yang-Mills theory of R4

exists and has a mass gap ∆ > 0.

As explained in the official problem description set out by Arthur Jaffe and Edward Witten, Yang-Mills

theory is a generalization of Maxwell’s theory of electromagnetism, in which the basic dynamical variable

is a connection on a G-bundle over four-dimensional space-time. Its quantum version is the key ingredient

in the Standard Model of the elementary particles and their interactions, and a solution to this problem

would both put this theory on a firm mathematical footing and demonstrate a key feature of the physics

of strong interactions.

To illustrate the difficulty of the problem, we might begin by comparing it to the study of classical

Yang-Mills theory. Mathematically, this is a system of non-linear partial differential equations, obtained

by extremizing the Yang-Mills action,

S =
1

4g2

�
Tr F ∧ ∗F,

where F = dA + A ∧ A is the curvature of the G-connection A. Perhaps the most basic mathematical

question here is to specify a class of initial conditions for which we can guarantee existence and uniqueness

of solutions. Among the qualitative properties of these solutions, one with some analogies to the “mass

gap” problem would be to establish or falsify the existence of solitonic solutions, whose energy density

remains localized for all times (in fact, these are not believed to exist). Such questions have seen a great

deal of mathematical progress in recent years, using techniques which are founded on the well-developed

theory of linear PDE’s.

By contrast, there is at present no satisfactory mathematical definition of the quantum Yang-Mills

theory, because of the famous difficulties of renormalization. Conceptually, the simplest starting point for

discussing this is probably to consider Yang-Mills theory on a “lattice,” in other words a graph Γ with

vertices, edges and a set of faces or “plaquettes,” each of which is a closed loop in Γ. For example, we

could take the vertices to be integral points Z4 ∈ R4
; the edges to be the straight lines connecting pairs

of points at unit distance, and the plaquettes to be the loops of total length four. A G-connection on Γ
is then a map from edges into G, and the curvature of the connection on a specified plaquette is (minus)

the trace of the holonomy around that loop minus the identity matrix. The Yang-Mills action can again

be taken to be the sum of squared curvatures.

Given this explicit description of the space of configurations, we can define “quantum lattice Yang-

Mills” on a finite subgraph γ of Γ in terms of a functional integral,

Z[γ, g2, G] =

� �
dUi e−S ,

where the integral is over all holonomies in γ, in other words all maps from edges into G; the measure is the

product of Haar measure for the holonomy on each edge; and S is the Yang-Mills action. The quantity Z
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4

メソン~160種類バリオン~130種類

ハドロンの多様な性質
観測されているハドロンの表（Particle Data Group）

様々な質量、崩壊幅、崩壊モード

導入

粒子の内部構造

全てが単一のQCDラグランジアンから出てくる

ハドロン間の相互作用

Λ(1405)

http://pdg.lbl.gov/
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目次

導入

バリオン励起状態の構造

Λ(1405)の構造の実験的検証

まとめ

目次

・相対論的重イオン衝突の生成量

・構成子クォーク模型（３クォーク）
・エキゾチック構造（５クォーク、ハドロン分子）

M
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構成子クォーク模型
バリオン励起状態の構造

例）カラースピン相互作用（１グルーオンの交換）

Hcs = − fcs
mimj

(λc
i · λ

c
j)(σi · σj)

QCD：クォーク間でグルーオンを交換

対称性で決めた波動関数 --> バリオン基底状態をよく記述

クォーク模型：閉じ込めポテンシャル

非摂動相互作用が閉じ込めポテンシャルを作ると考える

それでも残ったクォーク間の相関：残留相互作用
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励起状態の実験との比較
バリオン励起状態のスペクトル（カラースピン相互作用）

N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978)

模型の予言
実験データ

Λ(1405)

模型の予言と実験データが幅広く一致

バリオン励起状態の構造
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エキゾチックハドロン
クォーク模型：対称性から決まる波動関数＋残留相互作用の摂動
　--> ハドロンの性質をよく再現
　--> 通常ハドロンの主要な構造

バリオン：３クォーク　　メソン：クォーク反クォーク対

上記の分類にあてはまらないもの、その他の構造
　--> エキゾチックハドロン
条件：カラー白色
例）４クォーク＋反クォーク（ペンタクォーク）

バリオン励起状態の構造
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閾値付近の分子的構造
通常ハドロン以外の構造

励起状態：２ハドロン状態へ崩壊
閾値近傍では基底状態と異なる構造？

クォーク模型

エ
ネ
ル
ギ
ー

内部励起
qq対生成

M
B

ハドロン分子的多クォーク

E [MeV]

0

10

Ground state

Excited Hoyle state

12C Hoyle状態

　--> ハドロン間の相互作用？
　--> カイラル対称性

バリオン励起状態の構造
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ハドロン分子を記述する模型：カイラル動力学
カイラル動力学模型

リップマンシュヴィンガー方程式

T

= +
T

V V GT = V + V GT

⇒ T =
1

1− V G
V

M
B
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Λ(1405)

Re[z] [MeV]

Im[z] [MeV]

|T|散乱振幅 T 
--> 散乱断面積、位相のずれ、
　  共鳴状態

T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012)
兵藤哲雄、慈道大介「カイラル動力学とK中間子を含むハドロン分子的状態」
日本物理学会誌 ４月号掲載予定

Λ(1405)：メソンとバリオンの分子的状態

バリオン励起状態の構造
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構造の解明に向けて
Λ(1405)の構造：JP=1/2-

(a) ３クォーク：クォーク模型に基づく構造（軌道角運動量１）

(c) ハドロン分子：カイラル動力学模型に基づく構造

Λ(1405)共鳴の構造の実験的検証

(b) ５クォーク： クォーク模型に基づく構造（軌道角運動量０）

どのようにして構造の違い／主成分を実験で観測するか？

M
B

ハドロン分子５クォーク３クォーク

量子力学 --> 可能な状態の重ね合わせ

+ + + . . .|Λ(1405) � =
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相対論的重イオン衝突
高エネルギーで原子核２つを衝突させる
　--> クォークとグルーオンのプラズマ

多数のハドロンを観測する

K. Yagi, T. Hatsuda and Y. Miake, Quark-Gluon Plasma, Cambridge (2005)

Λ(1405)共鳴の構造の実験的検証
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ハドロン生成量と内部構造

M
B

?

?

?

Identifying Multiquark Hadrons from Heavy Ion Collisions

Sungtae Cho,1 Takenori Furumoto,2,3 Tetsuo Hyodo,4 Daisuke Jido,2 Che Ming Ko,5 Su Houng Lee,1,2
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Identifying hadronic molecular states and/or hadrons with multiquark components either with or

without exotic quantum numbers is a long-standing challenge in hadronic physics. We suggest that

studying the production of these hadrons in relativistic heavy ion collisions offers a promising resolution

to this problem as yields of exotic hadrons are expected to be strongly affected by their structures. Using

the coalescence model for hadron production, we find that, compared to the case of a nonexotic hadron

with normal quark numbers, the yield of an exotic hadron is typically an order of magnitude smaller when

it is a compact multiquark state and a factor of 2 or more larger when it is a loosely bound hadronic

molecule. We further find that some of the newly proposed heavy exotic states could be produced and

realistically measured in these experiments.

DOI: 10.1103/PhysRevLett.106.212001 PACS numbers: 14.40.Rt, 24.10.Pa, 25.75.Dw

Finding hadrons with configurations other than the usual
q !q configuration for a meson and qqq for a baryon is a
long-standing challenge in hadronic physics. In 1970s, the
tetraquark picture [1] was suggested as an attempt to
understand the inverted mass spectrum of the scalar nonet.
At the same time, the exotic H dibaryon [2] was proposed
on the basis of the color-spin interaction. While results
from the long search for the H dibaryon in various experi-
ments turned out to be negative, we are witnessing a
renewed interest in this subject as the properties of several
newly observed heavy states, including DsJð2317Þ [3] and
Xð3872Þ [4], cannot be properly explained within the
simple quark model.

An important aspect in understanding a multiquark
hadron involves the discrimination between a compact
multiquark configuration and a loosely bound molecu-
lar configuration with or without exotic quantum num-
bers. While the wave function of a loosely bound
molecular configuration is dominantly composed of a
bound state of well separated hadrons, the main Fock
component of a compact multiquark configuration typi-
cally has the size of a hadron, with little if any sepa-
rable color singlet components. For a crypto-exotic
state, one further has to distinguish it from a normal
quark configuration. For example, f0ð980Þ and a0ð980Þ
could be either normal quark-antiquark states [5],

compact tetraquark states [1], or weakly bound K !K
molecules [6].
Previously, discriminating between different configura-

tions for a hadron relied on information about the detailed
properties of the hadron and its decay or reaction rate [7].
Moreover, searches for exotic hadrons have usually been
pursued in reactions between elementary particles. In this
Letter, we show that measurements from heavy ion colli-
sions at ultrarelativistic energies can provide new insights
into the problem and give answers to some of the funda-
mental questions raised above [8–10]. In particular, we
focus on the yields of multiquark hadrons in heavy ion
collisions. To carry out this task, we first use the statistical
model [11], which assumes that the produced matter in
relativistic heavy ion collisions is in thermodynamical
equilibrium and is known to describe the relative yields
of normal hadrons very well, to normalize the expected
yields. We then use the coalescence model [12], which is
based on the sudden approximation by calculating the
overlap of the density matrix of the constituents in an
emission source with the Wigner function of the produced
particle, to take into account the effects of the inner struc-
ture of hadrons, such as angular momentum [13] and the
multiplicity of quarks [9]. The coalescence model has been
extensively used to study both light nucleus production in
nuclear reactions [14] and hadron production from the

PRL 106, 212001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
27 MAY 2011

0031-9007=11=106(21)=212001(4) 212001-1 ! 2011 American Physical Society

統計模型
- 熱平衡
- 通常ハドロンを記述

コアレッセンス模型
- 波動関数の重なり
- 内部構造を反映

相対論的重イオン衝突でのハドロン生成量を計算

Λ(1405)共鳴の構造の実験的検証



14

生成量の計算結果
相対論的重イオン衝突でのハドロン生成量を計算

(a) ３クォーク

(c) ハドロン分子

(b) ５クォーク

M
B

構造の違いが生成量にあらわれる：観測で決定できる？
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Λ(1405)共鳴の構造の実験的検証
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ハドロン物理の目的：低エネルギーQCDを理解する

バリオン励起状態：３クォーク、５クォーク、ハドロン分
子などの多様な構造が可能

重イオン衝突での生成量：内部構造を反映

ハドロン励起状態の構造とその検証方法を議論した
まとめ

まとめ

M
B< <

S. Cho, et al, Phys. Rev. Lett. 106, 212001 (2011); C 84, 064910 (2011)

T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012)


