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Table 9. The meson-meson channels in the light meson sector where 
one-pion exchange is strong and attractive. With additional at- 
traction of shorter range, giving roughly half of the attraction, 
bound states should exist. The experimental non-q~ candidates 
which could be such deusons are listed in the last column. The iota 

peak (listed under t/(1440) in [1]) probably contains two states 
r/(1390) and rl (1490) and the theta peak, f0(1710), may contain 
both spin 0 and 2 (see [1], [31]). The (pp+_coog)/V2 and 
(K*p-K*co)/~f2 channels were mentioned in [2], and are not 
discussed further in this paper, being left for future work 

Composite I jPc Threshold/MeV Experimental non-q~ state 

K/~* 0 0- + 1390 n (1390)? in the "iota" peak 
KK* 0 1 + + 1390 f~ (1420) 
K ' K *  0 0 + + 1790 f0 (1710) "theta" 
K ' K *  0 0- + 1790 r/(1760) 
K 'K*  0 1 +-  1790 
K*_K* 0 2 + + 1790 f2 (1720) "theta" 
(pp + o)co)/~-  0 0 + 1540-1566 r/(1490)? in the "iota" peak 
(pp - co~o)/]/~ 0 0 + + 1540-1566 f0(1515) 
(pp + coe))/~ 0 2 + + 1540-1566 f2(1520) ("Ax") 

~- 0 + + 1665-1678 ( x * p -  x*o~)/~s 2 

but  also for  K K *  systems one has a potential  term roughly 
only half  as strong as needed. Of  course, this conclusion 
depends somewhat  on how the tensor potential  is regu- 
larized. (One could argue that  the cut  off  A should be 
larger, and furthermore,  one could increase the scale 
V 0 = 1.3 MeV to 1.75 MeV, as suggested by the K* width, 
(10). Both  o f  these arguments  would increase the bind- 
ing). But, it should also be remembered that  the nonre- 
lativistic potential  model  is least reliable for light had- 
tons, and that  in K K *  the intermediate pion can be on 
shell, which should give some repulsion. 

In Table 9 the quan tum numbers  are listed, where one 
finds the largest a t t ract ion in the light meson sector, to- 
gether with the experimental non-q~ candidates. The fact 
that  all the best non-qq  candidates are included in this 
list, can be taken as support  o f  the idea that  these states 
actually are deusons, where pion exchange contr ibute 
about  half  o f  their binding energy. 

In channels with exotic f lavour or  CP quan tum num- 
bers pion exchange is generally repulsive or  quite weak. 
Therefore, one does not  expect that  such exotic deusons 
exist, a l though B *B * m a y  be an exception. Neither  does 
the deuson model  predict new non-q ~ states which should 
have been seen. E.g., for I =  1 channels one pion exchange 
is generally a factor  3 weaker than for I - - 0 ,  and one 
certainly does not  expect such states within the light meson 
sector. Also for j , c =  1 - - the centrifugal barrier essen- 
tially forbids such deusons f rom existing (which should 
have been seen in e+e  - annihilation). 

Where  could the predicted heavy deusons o f  Table 8 
be produced and seen experimentally ? Unfortunately,  this 
will not  be easy, but  two good  places seems to be: p/5 in 
flight at the Fermilab ant iproton accumulator ,  and Y 
decay looking at final states including e.g. J/~uoJ (for the 
D / )  * deusons) or  D/5, Ds * (for the D */) * deusons).  

To find these states would be important ,  no t  only 
because they would confi rm the expectations f rom pion 
exchange and constrain the parameters  o f  the model  pre- 
sented here. More  importantly, if these deusons are found, 
they at the same time would  give strong support  for the 
interpretat ion that  many,  perhaps all, o f  the present light 

non-q~ candidates really are deuteronlike states. This 
would then imply that  experimental evidence for baglike 
mul t iquark states and glueballs would have to be looked 
for at higher energies. 

Acknowledgements. I thank J.-M. Richard for discussions and for 
pointing out the numerical method used in this paper. Also com- 
ments by T.E.O. Ericson, A.M. Green, G. Karl, J. Paton and D.O. 
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崩壊過程�

n	  =	  1,2,3	  	  k=	  1,2�

•  最近ベルによってエキゾチック量子数を
持つ新たな２つの共鳴状態が報告された	  

•  M(Zb)	  =	  10608	  MeV	  ,Γ(Zb)	  =	  15.6	  MeV	  
•  M(Z’

b)	  =	  10653	  MeV	  ,Γ(Z’
b)	  =	  14.4	  MeV	  

•  Zb	  と Zb’　は閾値に非常に近い	  	  
•  IG	  (JP)	  =	  1+(1+)	  

B*B*�

BB* �

45MeV �

Z’
b�

B*B*	  bound	  state?�

BB*	  bound	  state?�

Zb�

(10650) �

(10604) �

2	  bottomium	  like	  states�

ϒ(5S)	  	  Z+
b	  π-‐

	  ϒ(nS)	  π+	  π-‐�

ϒ(5S)	  	  Z+
b	  π-‐

	  	  hb(kP)	  π+	  π-‐	  �



Heavy	  meson	  molecule �
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第 1章

classified list

1.1 DD̄ hadron composite

JPC Channels

0++ BB̄(1S0), B∗B̄∗(1S0), B∗B̄∗(5D0)
0+− なし
0−+ BB̄∗(3P0) − B∗B̄(3P0), B∗B̄∗(3P0)
0−− BB̄∗(3P0) + B∗B̄(3P0)
1++ BB̄∗(3S1) + B∗B̄(3S1), BB̄∗(3D1) + B∗B̄(3D1), B∗B̄∗(5D1)
1+− BB̄∗(3S1) − B∗B̄(3S1), BB̄∗(3D1) − B∗B̄(3D1), B∗B̄∗(3S1), B∗B̄∗(3D1)
1−+ BB̄∗(3P1) − B∗B̄(3P1), B∗B̄∗(3P1)
1−− BB̄(1P1),B∗B̄∗(1P1), BB̄∗(3P1) + B∗B̄(3P1), B∗B̄∗(5P1) B∗B̄∗(5F1)
2++ BB̄(1D2), BB̄∗(3D2) + B∗B̄(3D2),

B∗B̄∗(1D2), B∗B̄∗(5S2), B∗B̄∗(5D2), B∗B̄∗(5G2)
2+− BB̄∗(3D2) + B∗B̄(3D2), B∗B̄∗(3D2)
2−+ BB̄∗(3P2) − B∗B̄(3P2), BB̄∗(3F2) − B∗B̄(3F2), B∗B̄∗(3P2), B∗B̄∗(3F2)
2−− BB̄∗(3P2) + B∗B̄(3P2), BB̄∗(3F2) + B∗B̄(3F2), B∗B̄∗(5P2), B∗B̄∗(5F2)

3	  Heavy	  meson	  molecule �
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26 第 4章 Exotic Nuclei

図 4.1 KN系のファインマン図 図 4.2 DN系のファインマン図

ルが支配的であると考える。
一方、DN と B̄N 系はより複雑な機構を持つ。このときはクォークの消失チャンネル
があるために、t-チャンネルの優位性は失われ、s-チャンネル及び u-チャンネルの考慮が
必要とされる。よって、我々がここで言及するのは D̄N 系と BN 系の束縛状態である。

4.1 Model set up

heavy メソンと核子の束縛状態における有効ポテンシャルを導くために、カイラル対称
性と HQSに基づいたラグランジアンを用いる。(第 1章参照)

L =igTr[Hbγµγ5Aµ
baH̄a] + iβTr[Hbv

µ(Vµ − ρµ)baH̄a]
+ iλTr[Hbσ

µνFµν(ρ)H̄a] (4.1)

ここで H は Heavyメソン場を表し、heavy pseudo scalarメソンの消滅演算子を P と
し、heavy vectorメソンの消滅演算子を P ∗ とすると

Ha =
1 + /v

2
[P ∗

aµγµ − Paγ5] (4.2)

と定義される。vはメソンの四元速度である。ラベル aは今、upか downのフレーバー
を表す。
上記のラグランジアンから HQSカイラル摂動論による有効ラグランジアンは次のよう
に記述される。

Heavy	  meson	  field �

P	  =	  D	  or	  B� P*	  =	  D*	  or	  B*�

P P*

P P*

P* P*

P P

P* P*

P* P*
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表 1.1 D̄N と BN の束縛エネルギー

Ebin[MeV ] Relative radius[fm]

D̄N(π) -1.62 3.5
D̄N(πρω) -2.03 3.2
BN(π) -19.74 1.3

BN(πρω) -22.69 1.2

ΛP

ΛN
=

rN

rP
(1.11)

Aµ ≈ i

f
∂µπ̂ (1.12)
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ΛP

ΛN
=

rN

rP
(1.11)

Aµ ≈ i

f
∂µπ̂ (1.12)

LNNπ = igNNπN̄γ5N π̂ (1.13)

LNNρ = gNNρ

(
γµρ̂µ +

κ

2mN
σµν∂ν ρ̂µ

)
N (1.14)

Fµν = ∂µρν − ∂νρµ (1.15)

4	  Formalism�
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TABLE I: Various coupled channels for a given quantum number JP for negative parity P = −1.

JP channels

1/2− PN(2S1/2) P ∗N(2S1/2) P ∗N(4D1/2)

3/2− PN(2D3/2) P ∗N(4S3/2) P ∗N(4D3/2) P ∗N(2D3/2)

II. INTERACTIONS

The systems we are interested in have a manifestly exotic flavor structure of qqqqQ̄ in

its minimal quark content, which is a heavy quark analogue of the pentaquark Θ+ ∼ qqqqs̄.

Here Q and q denote heavy and light (u, d) quarks. We investigate whether these exotic

baryons are formed as (quasi) bound states of a Q̄q meson (denoted by P or P ∗ following

introduction) and a qqq nucleon (denoted by N). For this picture to work well, these two

hadronic ingredients should be sufficiently apart and keep their identities. Possible effects of

internal structure is then expressed by form factors. The two-body states of a pseudoscalar

(vector) meson and a nucleon are classified by their isospin I, total spin J and parity P , or

orbital angular momentum L, where P = (−1)L+1. For a given JP , there are three or four

coupled channels as summarized in Table. I, where low lying components including S-states

are shown.

To obtain interactions for heavy mesons and nucleons, we employ Lagrangians satisfying

heavy quark symmetry and chiral symmetry [52]. They are well-known and given as

LπHH = igπTr
[
Hbγµγ5A

µ
baH̄a

]
, (1)

LvHH = −iβTr
[
Hbv

µ(ρµ)baH̄a

]
+ iλTr

[
Hbσ

µνFµν(ρ)baH̄a

]
, (2)

where the subscripts π and v are for the pion and vector meson (ρ and ω) interactions, and

vµ is the four-velocity of a heavy quark. In Eqs. (1) and (2), the heavy meson fields of Q̄q

are parametrized by the heavy pseudoscalar and vector mesons,

Ha =
1 + v/

2

[
P ∗

a µγ
µ − Paγ5

]
, (3)

H̄a = γ0H
†
aγ0 , (4)

where the subscripts a, b are for light flavors (u, d). The pseudoscalar and vector fields are

4
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coupled channels as summarized in Table. I, where low lying components including S-states

are shown.

To obtain interactions for heavy mesons and nucleons, we employ Lagrangians satisfying

heavy quark symmetry and chiral symmetry [52]. They are well-known and given as

LπHH = igπTr
[
Hbγµγ5A

µ
baH̄a

]
, (1)

LvHH = −iβTr
[
Hbv

µ(ρµ)baH̄a

]
+ iλTr

[
Hbσ

µνFµν(ρ)baH̄a

]
, (2)

where the subscripts π and v are for the pion and vector meson (ρ and ω) interactions, and

vµ is the four-velocity of a heavy quark. In Eqs. (1) and (2), the heavy meson fields of Q̄q

are parametrized by the heavy pseudoscalar and vector mesons,

Ha =
1 + v/

2

[
P ∗

a µγ
µ − Paγ5

]
, (3)

H̄a = γ0H
†
aγ0 , (4)

where the subscripts a, b are for light flavors (u, d). The pseudoscalar and vector fields are

4
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LNNπ = igNNπN̄γ5N π̂ (1.15)

LNNρ = gNNρN̄

(
γµρ̂µ +

κ

2mN
σµν∂ν ρ̂µ

)
N (1.16)

−iβTr[Hbv
µ(ρµ)baH̄a] (1.17)

V =




a d e
d b f
e f c



 (1.18)

JPC Channels

0++ DD̄(1S0), D∗D̄∗(1S0), D∗D̄∗(5D0)
0+− なし
0−+ DD̄∗(3P0) − D∗D̄(3P0), D∗D̄∗(3P0)
0−− DD̄∗(3P0) + D∗D̄(3P0)
1++ DD̄∗(3S1) + D∗D̄(3S1), DD̄∗(3D1) + D∗D̄(3D1), D∗D̄∗(5D1)
1+− DD̄∗(3S1) − D∗D̄(3S1), DD̄∗(3D1) − D∗D̄(3D1), D∗D̄∗(3S1), D∗D̄∗(3D1)
1−+ DD̄∗(3P1) − D∗D̄(3P1), D∗D̄∗(3P1)
1−− DD̄(1P1),D∗D̄∗(1P1), DD̄∗(3P1) + D∗D̄(3P1), D∗D̄∗(5P1) D∗D̄∗(5F1)

LV V P =
gV V P

4fπ
εµναβtr(∂µVνVα∂βΦ) (1.19)

gπ = 0.59, β = 0.9, λ = 0.56[GeV −1] (1.20)
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ϒ(5S)	  	  Z+
b	  π-‐

	  	  hb(kP)	  π+	  π-‐	  �

Decay	  processes �

n	  =	  1,2,3	  	  k=	  1,2�

•  M(Zb)	  =	  10608	  MeV	  ,Γ(Zb)	  =	  15.6	  MeV	  
•  M(Z’

b)	  =	  10653	  MeV	  ,Γ(Z’
b)	  =	  14.4	  MeV	  

•  Zb	  and	  Zb’	  are	  close	  to	  thresholds	  
•  IG	  (JP)	  =	  1+(1+)	  
•  We	  found	  two	  states	  	  near	  the	  

thresholds	  
•  We	  also	  predicted	  bound	  states	  in	  

another	  	  channels	  
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Zb�

EB	  =7.6	  MeV�

Ere	  =46.3MeV�
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Spectrum	  of	  BB	  molecular	  states �
B*B*�

BB* �
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(10604) �

IG(JP) � 1+(1+) �1-‐(1+) �1-‐(2+) �

BB�

45MeV �

Z’
b�

Zb�

•  	  I(JPC)	  =	  1-‐(1+)	  チャンネルに一つの束縛状態	  
•  	  I(JPC)	  =	  1-‐(2+)	  チャンネルに一つの共鳴状態�
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IG(JP) � 1+(1+) � 1-‐(1+) �1-‐(0+) � 1-‐(2+) �

ϒ(5S)	  �

M.B.Voloshin(2011) �

B*B*�

BB* �

BB�

Z’
b�

Zb�

π �
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Wb1�

W’
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Υπ,	  hbπ,�
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Summary	  and	  future	  work �

• ヘビーメソン分子状態についてOBEPを用いて系統的に
解析を行なった	  
• ２つの共鳴状態　Zb(10610)	  と Zb(10650)	  は	  BB*	  と	  
B*B*	  の束縛状態及び共鳴状態として解釈できうること
を示した	  
• BB	  分子状態は他のチャンネルにおいても存在し得る	  
(1-‐(2+),1-‐(1+))	  
• 他のチャンネルについても計算(I=0	  状態及びDD,BBな
どのエキゾチックな量子数を持つ状態)	  
• 崩壊幅や生成率の計算	  
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