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ハドロンの複合性と
低エネルギー普遍性
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2qqq/qq̄で記述される量子数のみ（自明ではない！）。
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ハドロンの分類
イントロダクション

~ 360種類全てが単一のQCDラグランジアンから出てくる。

観測されているハドロン JP
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テトラクォーク候補(Belle)
：Zb(10610), Zb(10650)

qqq/qq̄で記述できない状態
イントロダクション

ペンタクォーク候補(LHCb)
：Pc(4450), Pc(4380)

R. Aaij, et al., Phys. Rev. Lett. 115, 072001 (2015)

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Λb —> K- + Pc 

                               ↳ J/ψ(cc̄) + p(uud)

ごく少数しか発見されていない。なぜ少ないのか？

Υ(5S) —> π± + Zb 

                                      ↳ Υ(nS)(bb̄) + π∓(ud̄/dū)

where Mmissð!þ!#Þ is the missing mass recoiling

against the !þ!# system calculated as Mmissð!þ!#Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: # E&

!þ!#Þ2 # p&2
!þ!#

q
, Ec:m: is the center-of-mass

(c.m.) energy, and E&
!þ!# and p&

!þ!# are the energy

and momentum of the !þ!# system measured in the
c.m. frame. Candidate !ð5SÞ ! !ðnSÞ!þ!# events
are selected by requiring jMmissð!þ!#Þ #m!ðnSÞj<
0:05 GeV=c2, where m!ðnSÞ is the mass of an !ðnSÞ state
[7]. Sideband regions are defined as 0:05 GeV=c2 <
jMmissð!þ!#Þ #m!ðnSÞj< 0:10 GeV=c2. To remove
background due to photon conversions in the innermost
parts of the Belle detector we require M2ð!þ!#Þ>
0:20; 0:14; 0:10 GeV=c2 for a final state with an !ð1SÞ,
!ð2SÞ, !ð3SÞ, respectively.

Amplitude analyses of the three-body !ð5SÞ !
!ðnSÞ!þ!# decays reported here are performed by means
of unbinned maximum likelihood fits to two-dimensional
M2½!ðnSÞ!þ( vs M2½!ðnSÞ!#( Dalitz distributions.
The fractions of signal events in the signal region are
determined from fits to the corresponding Mmissð!þ!#Þ
spectrum and are found to be 0:937) 0:015ðstatÞ, 0:940)
0:007ðstatÞ, 0:918) 0:010ðstatÞ for final states with!ð1SÞ,
!ð2SÞ,!ð3SÞ, respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a
GEANT-based MC simulation [8] and is found to be small
except for the higherM½!ðnSÞ!)( region. The distribution
of background events is determined using events from the
!ðnSÞ sidebands and found to be uniform (after efficiency
correction) across the Dalitz plot.

Dalitz distributions of events in the!ð2SÞ sidebands and
signal regions are shown in Figs. 1(a) and 1(b), respec-
tively, where M½!ðnSÞ!(max is the maximum invariant
mass of the two !ðnSÞ! combinations. This is used to
combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
system near 112:6 GeV2=c4 and 113:3 GeV2=c4, where
the distortion from straight lines is due to interference with
other intermediate states, as demonstrated below. One-
dimensional invariant mass projections for events in the

!ðnSÞ signal regions are shown in Fig. 2, where two peaks
are observed in the !ðnSÞ! system near 10:61 GeV=c2

and 10:65 GeV=c2. In the following we refer to these
structures as Zbð10 610Þ and Zbð10 650Þ, respectively.
We parametrize the !ð5SÞ ! !ðnSÞ!þ!# three-body

decay amplitude by

M ¼ AZ1
þ AZ2

þ Af0 þ Af2 þ Anr; (1)

where AZ1
and AZ2

are amplitudes to account for contribu-
tions from the Zbð10 610Þ and Zbð10 650Þ, respectively.
Here we assume that the dominant contributions come
from amplitudes that preserve the orientation of the spin
of the heavy quarkonium state and, thus, both pions in the
cascade decay !ð5SÞ ! Zb! ! !ðnSÞ!þ!# are emitted
in an S wave with respect to the heavy quarkonium system.
As demonstrated in Ref. [9], angular analyses support this
assumption. Consequently, we parametrize the observed
Zbð10 610Þ and Zbð10 650Þ peaks with an S-wave Breit-

Wigner function BWðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p

M2#s#iM"
, where we do

not consider possible s dependence of the resonance width.
To account for the possibility of !ð5SÞ decay to both
Zþ
b !

# and Z#
b !

þ, the amplitudes AZ1
and AZ2

are symme-
trized with respect to !þ and !# transposition. Using
isospin symmetry, the resulting amplitude is written as
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FIG. 1. Dalitz plots for !ð2SÞ!þ!# events in the (a) !ð2SÞ
sidebands; (b) !ð2SÞ signal region. Events to the left of the
vertical line are excluded.
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FIG. 2. Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the !ð1SÞ
(a),(b), !ð2SÞ (c),(d), and !ð3SÞ (e),(f) signal regions. The
hatched histogram shows the background component.

PRL 108, 122001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

23 MARCH 2012

122001-3

A. Bondar, et al., Phys. Rev. Lett. 108, 122001 (2012)
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励起状態の記述（バリオンの例）
構成子クォーク模型 エキゾチック

エ
ネ
ル
ギ
ー

内部励起

B
M

qq̄ 対生成

マルチクォーク ハドロン分子
（クラスター）

様々なハドロン励起

qqq以外のエキゾチック構造をどのように判別するか？

イントロダクション

- 反クォークの存在：”価クォーク数”の非保存
- カラー閉じ込め：クォークは漸近状態ではない



5

ハドロンの複合性
イントロダクション

複合性 X：ハドロン波動関数の２ハドロン部分空間への射影

1̂ = P̂
two-body

+ P̂
others

, P̂
two-body

=

Z
d3p

(2⇡)3
|p ihp |

- 束縛状態の (X, Z) は確率として解釈可能 <—波動関数の規格化

- 漸近状態（ハドロン）で定義：QCDでwell defined

- 定量的なクラスター性の指標  X+Z=1,  0<X<1 

S. Weinberg, Phys. Rev. 137, B672 (1965);
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013)

複合性
２体成分の割合

X = hB |P̂
two-body

|B i

“一粒子性”
（その他すべて）

Z = hB |P̂
others

|B i
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低エネルギー普遍性
２体系の普遍性：ユニタリー極限

N

N

strong

4He

vdW
B2 =

1

ma2

h
1 +O

⇣rs
a

⌘i

- 系はスケール不変
- a > 0 で浅い束縛状態が存在

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

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

例：核子と4He原子

1) s波の短距離相互作用
2) 散乱長：|a| ≫ rs：相互作用距離

イントロダクション
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a0：散乱長, re：有効レンジ, R = (2μB)-1/2：波動関数の広がり
Rtyp : 相互作用の典型的長さスケール

s波弱束縛状態 (R ≫ Rtyp) の複合性 0<X<1 
S. Weinberg, Phys. Rev. 137, B672 (1965);
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013)

安定状態の弱束縛関係式

- 重陽子はNN複合状態（a0~R≫re）<— X ~ 1
  核力や波動関数を知らなくても観測可能量から構造が分かる。

a0 = R

⇢
2X

1 +X
+O

⇣
Rtyp

R

⌘�
, re = R

⇢
X � 1

X
+O

⇣
Rtyp

R

⌘�

２体系と低エネルギー普遍性

- 弱束縛関係式：スケール不変性の破れと複合性の関係
T. Hyodo, Phys. Rev. C90, 055208 (2014)

B—> 0 極限は完全に複合的： X = 1（スケール不変性：a0=R）
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準束縛状態（崩壊の効果込み）の弱束縛関係式 X <— (EQB, a0)
応用例

a0 = R

(
2X

1 +X
+O

⇣���Rtyp

R

���
⌘
+

s
µ03

µ3
O
⇣�� l

R

��3
⌘)

, R =
1p�2µEQB

, l ⌘ 1p
2µ⌫00

- 複素固有エネルギーとKN̅散乱長の決定

- EQB = -10 -26i MeV, a0 = 1.39-0.85i fm

Y. Ikeda, T. Hyodo, W. Weise, Phys. Lett. B706, 63 (2011)

２体系と低エネルギー普遍性

Y. Kamiya, T. Hyodo, Phys. Rev. C93, 035203 (2016), PTEP 2017 023D02 (2017)

Λ(1405)：KN̅閾値近傍の共鳴状態
R.H. Dalitz, S.F. Tuan, Phys. Rev. Lett. 425 (1959)

KN̅

en
er

gy

πΣ

Λ(1405)

!"##!"$#!""#!"%#
&$#
&"#
&%#
&'##($

#("

#(%

#('
#($

#("

#(%

#('

�!"#$%&

!"#$%&#'"(%

)*#$%&#'"(%

+,+&#-.'"(%

Λ(1405)の（閾値に近い）状態はKN̅複合的
N

K ̅
- XKN̅ =1.2 + 0.1i



9

３体系へ
２体系での低エネルギー普遍性：ユニタリー極限

３体系と低エネルギー普遍性

スケール不変性
弱束縛関係式

３体系での低エネルギー普遍性
V. Efimov, Phys. Lett. B 33, 563 (1970)
E. Braaten, H.-W. Hammer, Phys. Rept. 428, 259 (2006)

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 
n umber  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 .  

T he  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 .  

L e 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 g o ,  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 

1/a

�|E|1/2

エフィモフ効果
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πππ系の普遍性
普遍性の発現：散乱長の調整

- ππ 散乱長 <—クォーク質量mq、カイラル対称性の回復に依存
T. Hyodo, T. Hatsuda, Y. Nishida, Phys. Rev. C89, 032201(R) (2014)

アイソスピン対称(π0π0π0-π0π-π+) アイソスピンの破れ(π0π0π0)

-1.0

-0.5

E

-1.0 -0.5 0.5 1.0

1/a

 -B2
 -B3

0

-2.5

-2.0

-1.5

-1.0

-0.5

0.5

1.0E'

-2 -1 1 2

1/a'

0

 -B2
 -B3

π

π π

３体束縛状態！

３体系と低エネルギー普遍性

１つの束縛状態

- 物理系への示唆：核媒質中でのσとπ*の同時ソフト化？

エフィモフ効果（無限個の状態）
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メソンと２中性子系の普遍性
３体系と低エネルギー普遍性

K-nn/D0nn 系（J=0, I=3/2, I3=-3/2）≠ K-pp (I=1/2)

K-

nn

- 全ての相互作用がアイソスピン I=1 (no Λ(1405))

I=1 I=1

I=1

- 結合チャンネルがない
- クーロン相互作用がない
- ann ~ -20 fm ≫ rs ~ O(1) fm

エフィモフ効果に有利

U. Raha, Y. Kamiya, S.-I. Ando, T. Hyodo, in preparation

- ２体K-n系：ms増加（mK ~ 1337 MeV）でユニタリー極限
- ３体K-nn系：K-nがユニタリー極限のときにエフィモフ効果
- 物理系への示唆：３体共鳴状態？

結果
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複合性X：ハドロン構造の漸近状態による定量的な
クラスター性の指標

低エネルギー普遍性：系の微視的な詳細に依存し
ない帰結、階層を超えて適用可能

２体系：複合性の弱束縛関係式、Λ(1405)の構造

３体系：理想化された３ハドロン系（π0π0π0,       
K-nn）でのエフィモフ効果

まとめ
まとめ


