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導入：原子核・ハドロン物理
原子核物理 in 理論物理学

超弦理論、ヒッグス、
統一理論、、、

初期宇宙、暗黒物質、ブ
ラックホール、重力波

物理学第１分野 物理学第２分野

強い相互作用(QCD)
の物理統計物理・ダイナミクス

量子物性理論 素粒子

宇宙

原子核・ハドロン
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原子

原子核
10 fm = 10-14 m

1 Å = 10-10 m
電子

導入：原子核・ハドロン物理

原子、原子核、ハドロン

原子核(多体系)の性質を核子(陽子＋中性
子)間の相互作用から理解する

原子核物理学

ハドロン物理学
ハドロン(核子など)の性質を
QCDから理解する

クォーク

クォーク

クォーク

1 fm = 10-15 m

グルーオン
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導入：原子核・ハドロン物理
原子核・ハドロン物理の広がり(例)

物理学第１分野 物理学第２分野

統計物理・ダイナミクス

量子物性理論 素粒子

宇宙

原子核・ハドロン
強い相互作用(QCD)の物理

ホログラフィック
QCD

中性子星重イオン衝突

非平衡動力学

超弦理論

超新星、ブラックホール

pionの普遍的物理

冷却原子



普遍的物理：臨界現象
普遍的(universal)：異なる物理系が同じ性質を示す

N. Goldenfeld, “Lectures on phase transitions and the renormalization group” (1992)
例：相転移と臨界現象

- 相関長 ξ は臨界点で発散 ~ 長距離秩序
   —> 秩序変数の振る舞いは臨界指数で特徴づけられる

流体と磁石の相転移が同じ臨界指数を持つ：臨界現象の普遍性

少数系の普遍的物理

- 磁性体の臨界指数(DyAlO3)
M / (Tc � T )0.311±0.005

- 気液相転移の臨界指数(SF6)
|⇢+ � ⇢�| / |T � Tc|0.327±0.006

いろいろな物質で~0.325
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２体系の散乱長

uk=0(r)

a < 0

|a| ! 1

少数系の普遍的物理

a > 0

散乱長 a：低エネルギー２体散乱を特徴づける長さスケール

- k=0での散乱断面積(反応の起こりやすさ)
� = 4⇡a2

2a

臨界現象の普遍性：臨界点近傍で相関長 ≫ 系の典型的長さ
—> 少数系でも大きな長さスケールがあれば普遍性？

- 有効レンジ展開の主要項

V (r)

r0 r

- 動径波動関数がゼロになる距離

fl=0(k) =
1

k cot �0(k)� ik

=

1

�1/a� ik +O(k2)
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少数系の普遍的物理

NN
核力

4Heファンデル
ワールス力

N [MeV] 4He [mK]
B2 2.22 1.31
1/ma2 1.41 1.12

a ! �a, E ! ��2E

散乱長が大きい場合の２体系の普遍性
- 散乱長が正であれば、浅い束縛状態が存在

- 散乱長が大きい = すれすれの束縛状態
- このとき２体系はスケール不変

核子とヘリウム原子の２体束縛状態は同じ式で記述できる

２体系の普遍性

B2 =
1

ma2

h
1 +O

⇣rs
a

⌘i

有効レンジ(到達距離)
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３体系の普遍性
３体問題を量子力学で考える(hyperspherical座標)

少数系の普遍的物理

Volume 33B, number  8 P H Y S I C S  L E T T E R S  21 December  1970 

ENERGY LEVELS ARISING FROM RESONANT T W O - B O D Y  FORCES 
IN A THREE-BODY SYSTEM 

V.  E F I M O V  
A.F.Ioffe Physico-Technical Institute, Leningrad, USSR 

Received 20 October  1970 

Resonant  two-body fo rces  a re  shown to give r i s e  to a s e r i e s  of levels  in t h r e e - p a r t i c l e  s y s t e m s .  The 
numbe r  of such levels  may be very large.  Poss ib i l i ty  of the exis tence  of such levels in s y s t e m s  of three  
a - p a r t i c l e s  (12C nucleus) and three  nucleons (3ti) is d i scussed .  

The  r a n g e  of n u c l e o n - n u c l e o n  f o r c e s  r o i s  
known  to be  c o n s i d e r a b l y  s m a l l e r  t han  the  
s c a t t e r i n g  l e n g t s  a. T h i s  f ac t  i s  a c o n s e q u e n c e  of 
the  r e s o n a n t  c h a r a c t e r  of n u c l e o n - n u c l e o n  f o r c e s .  
A p a r t  f r o m  t h i s ,  m a n y  o t h e r  f o r c e s  in  n u c l e a r  
p h y s i c s  a r e  r e s o n a n t .  The  a i m  of t h i s  l e t t e r  i s  to 
e x p o s e  an  i n t e r e s t i n g  e f f e c t  of r e s o n a n t  f o r c e s  in 
a t h r e e - b o d y  s y s t e m .  N a m e l y ,  f o r  a ' " r  o a 
s e r i e s  of bound  l e v e l s  a p p e a r s .  In a c e r t a i n  c a s e ,  
the  n u m b e r  of l e v e l s  m a y  b e c o m e  in f in i t e .  

Le t  us  e x p l i c i t l y  f o r m u l a t e  t h i s  r e s u l t  in  the  
s i m p l e s t  c a s e .  C o n s i d e r  t h r e e  s p i n l e s s  n e u t r a l  
p a r t i c l e s  of e q u a l  m a s s ,  i n t e r a c t i n g  t h r o u g h  a 
p o t e n t i a l  gV(r). At c e r t a i n  g = go two p a r t i c l e s  
ge t  bound  in t h e i r  f i r s t  s - s t a t e .  F o r  v a l u e s  of g 
c l o s e  to go ,  the  t w o - p a r t i c l e  s c a t t e r i n g  l e n g t h  a 
i s  l a r g e ,  and  i t  i s  t h i s  r e g i o n  of g t h a t  we s h a l l  
con f ine  o u r s e l f  to. The  t h r e e - b o d y  c o n t i n u u m  
b o u n d a r y  i s  s h o w n  in the  f i g u r e  by c r o s s - h a t c h i n g .  
The  e f f e c t  we a r e  d r a w i n g  a t t e n t i o n  to i s  the  f o l -  
lowing .  As  g g r o w s ,  a p p r o a c h i n g  go ,  t h r e e - p a r -  

-~1 ~ 

Fig. 1. 

g<g. g>g, 

The level  spec t rum of three  neutra l  spinless  
par t i c les .  The scale is not indicative.  

t i c l e  bound  s t a t e s  e m e r g e  one a f t e r  the  o t h e r .  At 
g = go ( in f in i t e  s c a t t e r i n g  l eng th)  t h e i r  n u m b e r  i s  
i n f in i t e .  As  g g r o w s  on b e y o n d  go, l e v e l s  l e a v e  
in to  c o n t i n u u m  one a f t e r  the  o t h e r  ( s ee  fig.  1). 

The  n u m b e r  of l e v e l s  i s  g i v e n  by the  e q u a t i o n  

N ~ 1 l n ( j a l / r o )  (1) 
7T 

All  the  l e v e l s  a r e  of the  0 + kind;  c o r r e s p o n d i n g  
wave  funcLions  a r e  s y m m e t r i c ;  the  e n e r g i e s  
EN .~ 1/r o2 (we u s e ~ = m  = 1); the  r a n g e  of t h e s e  
bound  s t a t e s  i s  m u c h  l a r g e r  t han  r o. 

We wan t  to s t r e s s  tha t  t h i s  p i c t u r e  is  va l id  f o r  
a ,-, r o. T h r e e - b o d y  l e v e l s  a p p e a r i n g  at  a ~ r o 
o r  wi th  e n e r g i e s  E ~ 1 / r  2 a r e  not  c o n s i d e r e d .  

T h e  p h y s i c a l  c a u s e  of the  e f f ec t  i s  in the  
e m e r g e n c e  of e f f e c t i v e  a t t r a c t i v e  l o n g - r a n g e  
f o r c e s  of r a d i u s  a in  the  t h r e e - b o d y  s y s t e m .  We 
can  d e m o n s t r a t e  t ha t  they  a r e  of the  1/1~ 2 kind;  
R 2 = r 2 2  + r 2 3  + r 2 1 .  T h i s  f o r m  i s  v a l i d  f o r R  2: 
r o. Wi th  a ~ o0 the  n u m b e r  of l e v e l s  b e c o m e s  in -  
f i n i t e  a s  in the  c a s e  of two p a r t i c l e s  i n t e r a c t i n g  
wi th  a t t r a c t i v e  1 / r  2 p o t e n t i a l .  

Our  r e s u l t  m a y  be  c o n s i d e r e d  a s  a g e n e r a l i z a -  
t i on  of T h o m a s  t h e o r e m  [1]. A c c o r d i n g  to the  
l a t t e r ,  when  g--~ g o '  t h r e e  s p i n l e s s  p a r t i c l e s  do 
h a v e  a bound  s t a t e .  We a s s e r t  t ha t  in f ac t  t h e r e  
a r e  m a n y  s u c h  s t a t e s ,  and  f o r  g = go  t h e i r  n u m -  
b e r  i s  i n f in i t e .  

Note  t ha t  the  e f f e c t  d o e s  not  d e p e n d  on the  
f o r m  of t w o - b o d y  f o r c e s  - i t  i s  only  t h e i r  r e s o n a n t  
c h a r a c t e r  t h a t  we r e q u i r e .  

F r o m  eq. (1) one  f i n d s  t ha t  the  m a g n i t u d e  of the  
s c a t t e r i n g  l e n g t h  at  w h i c h  (N+ 1)s t  l e v e l  a p p e a r s  
i s  a p p r o x i m a t e l y  e~ t i m e s  ( ~ 2 2  t i m e s )  l a r g e r  
t h a n  t ha t  f o r  Nth  one.  T h u s ,  if we a s s u m e  tha t  
the  t h r e e - b o d y  g r o u n d  s t a t e  a p p e a r s  at  a ~ t o ,  
the  f i r s t  e x c i t e d  l e v e l  f r o m  t h i s  0 + - s e r i e s  wi l l  

563 

2

1
(r12, r3,12) $ (R,↵3, r̂12, r̂3,12)

3

r12

r3,12
hyper角度変数 Ω (無次元)hyper動径

散乱長無限大でスケール不変
V (R,⌦) / 1

R2

1/a

�|E|1/2

V. Efimov, Phys. Lett. B 33, 563-564 (1970)
エフィモフ効果 : 同種ボソンで引力的1/R2

E. Braaten, H.-W. Hammer, Phys. Rept. 428, 259 (2006)

- 無限に多くの束縛状態
- 離散的スケール不変性(量子異常)

Bn
3 /B

n+1
3 ⇡ 22.72
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エフィモフ効果：冷却原子実験
冷却原子実験による実現

少数系の普遍的物理

T. Kraemer et al., Nature 440, 315 (2006)

- 散乱長 a を磁場でコントロール(フェッシュバッハ共鳴)

実験データ(３体recombination rate)が普遍的理論で再現

large |aP| !
rVP (r)

VQ(r)
B
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pionとは
湯川：核力はpionの交換で媒介される

pionとその相互作用

H. Yukawa, Proc. Phys. Math. Soc. Jap. 17, 48-57 (1935)

南部：カイラル対称性の自発的破れに伴うNGボソン
Y. Nambu, G. Jona-Lasinio, Phys. Rev. 124, 246-254 (1961)

- 擬スカラー粒子
- アイソスピン I=1
- 最も軽いハドロン
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pionの散乱長
ππ 散乱長 <— カイラル低エネルギー定理

pionとその相互作用

- 7/4, 1/2 ~ 群論因子(アイソスピン対称性)
- 1/fπ2 ~ カイラル対称性の自発的破れ
- mπ ~ mq1/2 ~ カイラル対称性の明白な破れ

S. Weinberg, Phys. Rev. Lett. 17, 616-621 (1966)

aI=0 / �7

4

m⇡

f2
⇡

, aI=2 / 1

2

m⇡

f2
⇡

現実の ππ 散乱長は小さい <— mπ が小さい
- aI=0 ~ -0.31 fm, aI=2 ~ 0.06 fm / QCDスケール ~ 1 fm

もしmqやfπを調節できれば、|a| を大きくできる？
注）低エネルギー定理は mπ ≪ 4πfπで妥当
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pion質量と散乱長
I=0 ππ 散乱長とσ 中間子

pionとその相互作用

accuracy. Gauge configurations are created by HMC in a
vector supercomputer, while most of the disconnected propa-
gator is calculated in a parallel machine.
The propagators of the ! , " , and # for $!0.1874 are

shown in Fig. 2. From our results, we estimate the critical
value of the hopping parameter and the lattice space as $c
!0.195(3) and a!0.207(9) fm, respectively, which are to
be compared with the CP-PACS values, $c!0.19286(14)
and a!0.197(2) fm. Thus our lattice size is (1.6 fm)3. The
mass ratios of m! /m" and m# /m" together with mconnect /m"
are summarized in Table I, where mconnect is the mass evalu-
ated only from the connected diagram. We have extracted the
! and " masses using two-pole formula from their propaga-
tors. The small errors of the ! and " propagators indicate the
high precision of our simulation. Our result for the mass
ratios m! /m" in Table I is in good agreement with that of
CP-PACS, with unavoidable small differences owing to the
different lattice sizes. To extract the # meson mass, we have
used the one-pole ansatz because its propagator has large
error bars at large t%6 in spite of our high statistics, which
implies that the obtained value gives an upper limit of the
scalar meson mass. Figure 2 and Table I show that the mass
of the # is of the same order as the mass of the "; we remark
that the 2! threshold is higher than the # in our simulation.
We have checked that the effective mass method gives es-
sentially the same result as that given above.
Figure 1 shows the individual contributions of the con-

nected and disconnected parts of the # propagator, which
reaches a plateau at t&5, as the precision of our calculation
is limited to O'G(t)(%10"4. The connected part shows
clear signals of a rapid damping with small error bars. We
note that the connected part of the # propagator can be re-
garded as the one of the a0 meson, provided that the differ-
ence between the u-quark and the d-quark is neglected.
Therefore, the rapid damping of the connected part of the #
propagator is in accordance with the fact that the a0 is
heavier than the " . Figure 1 shows that the disconnected part
dominates the # propagator. By comparing Fig. 2 with Fig.
1, we see that the # as a light meson results from the dis-
connected part of the # propagator with the background
vacuum condensate subtracted, which are odd with the con-

stituent quark model. In the naive sense, the connected quark
diagram corresponds to the constituent quarks in the SU)3*
nonrelativistic quark model where the OZI rule is satisfied.
This may give a clue to clarify the physical content of the #
meson, as will be discussed later. The mass of the connected
# )the a0) shown in Table I is almost 2.5 times of the " mass
and exhibits only a weak dependence on the hopping param-
eter, suggesting an irrelevance of chiral symmetry to the a0
meson.
In Fig. 3, we display m!

2 , m" , m# , and 2m! in lattice
units as a function of the inverse hopping parameter. As the
chiral limit is approached, the # meson mass obtained from
the full # propagator decreases and eventually becomes
smaller than the " meson mass in the chiral limit.
We have also calculated the $ meson using the same con-

figurations. We take the same hopping parameter values for u
and d quarks and use the following three values for the
s-quark hopping parameter, $s!0.1835, 0.1840, and 0.1845.
The ratios m$ /mK* and mK /mK* at the chiral limit are listed
in Table II. One may notice that all three values of $s fairly
reproduce the physical mass ratio mK /mK* in the chiral limit
of the u- and d-quarks. A more notable point is that the
resultant $ mass hardly changes with the variation of $s and
is almost twice as heavy as the K*; i.e. the $ is not degen-
erated with the # , although they should belong to the same
nonet. The origin to lift the octet-singlet degeneracy may be
attributed the following facts; because of the strangeness
content, the $ propagator is solely composed of a connected
diagram and contains no disconnected part, the latter of
which was the origin of the light mass of the # . In fact, the

FIG. 2. Propagators of the ! , " , and # for $!0.1874. FIG. 3. m!
2 , m" , m# , and 2m! in the lattice unit as a function

of the inverse hopping parameter. The chiral limit is given by $c
!0.195(3).

TABLE II. The mass ratios m$ /mK* versus mK /mK* at $c
!0.1945(29). The s quark hopping parameters were taken to be
0.1835, 0.1840, and 0.1845.

s-quark hopping parameter 0.1835 0.1840 0.1845

mK /mK* 0.639)6* 0.631)6* 0.623)6*
m$ /mK* 2.039)43* 2.037)43* 2.044)44*

SCALAR MESONS IN LATTICE QCD PHYSICAL REVIEW D 70, 034504 )2004*

034504-3

2mπ

mσ

散乱長の発散！ 束縛 σ共鳴 σ

mq ⤴

—> 数値実験でpion散乱長が調整可能

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

f0(500) or σ

was f0(600)
IG (JPC ) = 0+(0 + +)

A REVIEW GOES HERE – Check our WWW List of Reviews

f0(500) T-MATRIX POLE
√

sf0(500) T-MATRIX POLE
√

sf0(500) T-MATRIX POLE
√

sf0(500) T-MATRIX POLE
√

s

Note that Γ ≈ 2 Im(
√

spole).

VALUE (MeV) DOCUMENT ID TECN COMMENT

(400–550)−i(200–350) OUR ESTIMATE(400–550)−i(200–350) OUR ESTIMATE(400–550)−i(200–350) OUR ESTIMATE(400–550)−i(200–350) OUR ESTIMATE

• • • We do not use the following data for averages, fits, limits, etc. • • •

(440 ± 10)−i(238 ± 10) 1 ALBALADEJO 12 RVUE Compilation

(445 ± 25)−i(278+22
−18) 2,3 GARCIA-MAR...11 RVUE Compilation

(457+14
−13)−i(279+11

− 7) 2,4 GARCIA-MAR...11 RVUE Compilation

(442+5
−8)−i(274+6

−5) 5 MOUSSALLAM11 RVUE Compilation

(452 ± 13)−i(259 ± 16) 6 MENNESSIER 10 RVUE Compilation
(448 ± 43)−i(266 ± 43) 7 MENNESSIER 10 RVUE Compilation

(455 ± 6+31
−13)−i(278 ± 6+34

−43) 8 CAPRINI 08 RVUE Compilation

(463 ± 6+31
−17)−i(259 ± 6+33

−34) 9 CAPRINI 08 RVUE Compilation

(552+ 84
−106)−i(232+81

−72) 10 ABLIKIM 07A BES2 ψ(2S) → π+π− J/ψ

(466 ± 18)−i(223 ± 28) 11 BONVICINI 07 CLEO D+ → π−π+π+

(472 ± 30)−i(271 ± 30) 12 BUGG 07A RVUE Compilation
(484 ± 17)−i(255 ± 10) GARCIA-MAR...07 RVUE Compilation
(430)−i(325) 13 ANISOVICH 06 RVUE Compilation

(441+16
− 8)−i(272+ 9

−12.5) 14 CAPRINI 06 RVUE ππ → ππ

(470 ± 50)−i(285 ± 25) 15 ZHOU 05 RVUE

(541 ± 39)−i(252 ± 42) 16 ABLIKIM 04A BES2 J/ψ → ωπ+π−

(528 ± 32)−i(207 ± 23) 17 GALLEGOS 04 RVUE Compilation
(440 ± 8)−i(212 ± 15) 18 PELAEZ 04A RVUE ππ → ππ
(533 ± 25)−i(249 ± 25) 19 BUGG 03 RVUE

517 − i240 BLACK 01 RVUE π0π0 → π0π0

(470 ± 30)−i(295 ± 20) 14 COLANGELO 01 RVUE ππ → ππ

(535+48
−36)−i(155+76

−53) 20 ISHIDA 01 Υ(3S) → Υ ππ

610 ± 14 − i620 ± 26 21 SUROVTSEV 01 RVUE ππ → ππ, K K

(540+36
−29)−i(193+32

−40) ISHIDA 00B pp → π0π0π0

445 − i235 HANNAH 99 RVUE π scalar form factor
(523 ± 12)−i(259 ± 7) KAMINSKI 99 RVUE ππ → ππ, K K , σσ
442 − i 227 OLLER 99 RVUE ππ → ππ, K K

469 − i203 OLLER 99B RVUE ππ → ππ, K K

445 − i221 OLLER 99C RVUE ππ → ππ, K K , ηη

(1530+ 90
−250)−i(560 ± 40) ANISOVICH 98B RVUE Compilation

420 − i 212 LOCHER 98 RVUE ππ → ππ , K K

440 − i245 22 DOBADO 97 RVUE Compilation
(602 ± 26)−i(196 ± 27) 23 ISHIDA 97 ππ → ππ

HTTP://PDG.LBL.GOV Page 1 Created: 7/12/2013 14:50

T. Kunihiro et al. (SCALAR Collaboration), Rev. Rev. D70, 034504 (2004)
格子QCD(第１原理計算)でクォーク質量が大きい場合を計算
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pion３体系のスペクトル
散乱長が大きいpionの３体系

-1.0

-0.5

E

-1.0 -0.5 0.5 1.0

1/a

 -B2
 -B3
 -V2
 -V3

0

2

1

-1

-2

E'

2-2 1/a'
0

 -B2
 -B3
 Re R3
 - Im R3

アイソスピン破れアイソスピン対称

２種の普遍的物理がpion３体系で実現可能

pion３体系の普遍的物理

T. Hyodo, T. Hatsuda, Y. Nishida, Phys. Rev. C89, 032201(R) (2014)

m⇡± 6= m⇡0m⇡± = m⇡0

B3 = 1.04391 B2

Bn
3

Bn+1
3

= 515.03 ⇠ (22.7)2

エフィモフ効果
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普遍的物理：条件を満たす任
意の物理系で成立

少数系の普遍性                     
<— 大きい散乱長 a

pion散乱長はクォーク質量を
調節することで可変 —> ハド
ロンによるエフィモフ効果

pion３体系の普遍的物理を議論した

まとめ

まとめ

π

π π

原子

原子
原子


