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Analysis of the Scalar Meson f0(980) as a Bound State of Two η Mesons
within the QCD Sum Rule Including the Contribution from the Instanton
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Using the quantum chromodynamics (QCD) sum rule including the contributions from the in-

stanton and the anti-instanton, we re-analyze whether the scalar meson f0(980) can be described as

a simple bound state of two pseudoscalar η mesons. We calculate the contributions to the QCD sum

rule from the instanton and the anti-instanton, which act in two quarks and three quarks of different

flavors, by interpolating the current of f0(980) for simple bound state of the two pseudoscalar η

mesons. According to the analysis with the QCD sum rule including the contributions both from

operators up to the energy dimension 10 with the operator product expansion (OPE) and from

the instanton and anti-instanton, describing f0(980) as a simple bound state of two η mesons as in

the case without the instanton-anti-instanton contributions included in the QCD sum rule, appears

difficult.
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)

���Û¼òøÍ�:rõ� ìøÍ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<Êô�Ç QCD ½+Ë½©gË:�̀¦ s�6 xK�"f Û¼ºú��� ×�æçß��� f0(980)\�¦

¿º Ä»��Û¼ºú��� ×�æçß��� η_� éß�í�H ½̈5Åq �©�I��Ð s�K�½+É Ãº e����Ht�\�¦ ��r� ì�r$3�Ùþ¡��. ¿º Ä»��Û¼ºú��� ×�æçß�

�� η_� éß�í�H ½̈5Åq �©�I�\� K�{©�
���H f0(980)_� ���ÀÓ\�¦ s�6 xK�"f, }f�¾ú�s� ���Ér ¿º 3$ß¼ü< [j 3$ß¼ ��s�

\�"f ���6 x
���H ���Û¼òøÍ�:rõ� ìøÍ���Û¼òøÍ�:r_� QCD ½+Ë½©gË:\� @/ô�Ç l�#�\�¦ >�íß�
�%i���. ���íß��� Y�L ���>h\�¦

s�6 xK� >�íß��)a \��-t� 	�"é¶s� 10��� ���íß�����t�_� l�#�ü< ���Û¼òøÍ�:rõ� ìøÍ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í

�<Ê
���H QCD ½+Ë½©gË: ì�r$3�\� ��ØÔ���, ���Û¼òøÍ�:rõ� ìøÍ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<Ê
�t� ·ú§�Ér QCD ½+Ë

½©gË:_� �â
Äºü< °ú s� f0(980)\�¦ ¿º Ä»��Û¼ºú��� ×�æçß��� η_� éß�í�H ½̈5Åq �©�I��Ð s�K�
�l���H #Q�90> �Ð���

��.
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I. "e Â]Ø

|9�|¾Ós� 1 GeV�Ð�� ����Ér Û¼ºú��� ×�æçß��� 9×�æ�½Ó_� ½̈
�̧ü< $í
|9�\� @/ô�Ç s�K�\���H Õª ×�æçß���[þt_� |9�|¾Ó ì�r�í

(mass spectrum)ü<Ô�æõ�õ�&ñ
\�"f�Ðs���H�ª��©�M:ë�H\� ú́§
�Ér �7HÔqts� e����H �©�S!�s���. ���Ér ��s��èÛ¼�2; ��×�æ�½Ó\� 5Åq

���H f0(980)ü< a0(980)�� °ú �Ér |9�|¾Ó�̀¦ °ú���H����H ��z�́õ�
a0(980)��¿º>h_�H�s��:r�©�I��ÐÔ�æõ�
���H��z�́�ÉrÕª×�æ
çß���[þts� �Ð:�x_� ×�æçß���ü< °ú s� 3$ß¼ü< ìøÍ3$ß¼�Ð s�ÀÒ

#Q��� �Ð:�x_� �©�I������ s�K�
�l� jËµ��H @/³ð&h���� ��þts]	כ

�� [1,2]. s��Qô�Ç �©�S!�\�"f Û¼ºú��� 9×�æ�½Ó\� 5Åq
���H Û¼ºú�
�� ×�æçß���[þt�Ér ¿º >h_� 3$ß¼ü< ¿º >h_� ìøÍ 3$ß¼�Ð s�ÀÒ

#Q��� _�àÔ��3$ß¼ (tetraquark) �©�I�{9� �s�����H	כ #��Q ]j
îß�[þts� e��#QM®o��. @/³ð&h���� ]jîß�[þt�Ð Û¼ºú��� ×�æçß���[þt
s� ��s�3$ß¼ (diquark)ü< ìøÍ��s�3$ß¼ (antidiquark)_� ½̈
5Åq �©�I�{9� �s�����H	כ ]jîß� [3–6]õ� ¿º ×�æçß���_� ½̈5Åq �©�I�
{9� �s�����H	כ ]jîß� [7–13] 1px�̀¦ [þt Ãº e����.

Ref. 3\�"f��H f0(980)�� Û¼ºú��� ��s�3$ß¼-ìøÍ��s�3$ß¼
ü< Ä»�� Û¼ºú��� ��s�3$ß¼-ìøÍ��s�3$ß¼ ½̈5Åq �©�I��Ð s�ÀÒ
#Q��������|9�|¾Ós�z�́+«>°úכ�Ð�����>����:r����H����Û¼òøÍ¦̀�	כ

�:r\� _�ô�Ç l�#�\�¦ �í�<Êô�Ç QCD ½+Ë½©gË:�̀¦ s�6 xK� �7H_�
�
%i���. Õª�Qô�Ç �©�S!�\�"f ��s��èÛ¼ºú������ #��Q S-�� íß�êøÍ
õ�&ñ
\�"f ��������H /BN"î
 �©�I�_� ì�r$3��̀¦ :�xK� f0(980)��
¿º η ×�æçß���_� ½̈5Åq �©�I�{9� �s�����H	כ [12, 13]_� ]jîß��̀¦
����, [14]\�"f��H f0(980)\�¦ ¿º η ×�æçß���_� éß�í�H ½̈5Åq �©�

I��Ð s�K�½+É Ãº e����Ht�\� @/
�#� ���Û¼òøÍ�:r\� _�ô�Ç l�#�

\�¦�í�<Ê
�t�·ú§�Ér QCD½+Ë½©gË:�̀¦s�6 xK�ì�r$3�
�%i���.³ð
ï�r&h���� ���íß��� Y�L ���>h\�¦ s�6 xK� \��-t� 	�"é¶s� 10��� ���
íß�����t� �í�<Êô�Ç QCD ½+Ë½©gË:�̀¦ s�6 xô�Ç ì�r$3�\� ��ØÔ���
f0(980)\�¦ ¿º η ×�æçß���_� éß�í�H ½̈5Åq �©�I��Ð s�K�
�l���H

#Q�90> �Ð����� [14].
q�[O�1lx&h���� QCD ���/BNs� °ú���H 0A�©��<Æ&h� ½̈�̧�ÐÂÒ'�
���̧��H ���Û¼òøÍ�:r (Instanton)\� _�ô�Ç 3$ß¼[þt ��s�_� �©�
 ñ���6 x�Ér /åJÀÒ�:r �§8̈�\� _�ô�Ç 3$ß¼[þt ��s�_� �©� ñ���6 x

õ� �8Ô�¦#Q y©�{9���ü< l�s�ô�Ç y©�{9���_� $í
|9��̀¦ s�K�
���H

X< e��#Q"f ×�æ¹כô�Ç %i�½+É�̀¦ 
���H �Ü¼�Ð	כ ·ú��94R e���� [15–
17]. QCD½+Ë½©gË:�̀¦s�6 xô�Çy©�{9���ì�r$3�\�"f�̧���Û¼òøÍ�:r
_� l�#���H ��ðøÍ��t��Ð ×�æ¹כ
��� [3,18–20]. s� �7Hë�H\�"f
��H [14]_� ���õ�\� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<Êô�Ç QCD
½+Ë½©gË:�̀¦ s�6 xK� f0(980)\�¦ ¿º η ×�æçß���_� éß�í�H ½̈5Åq �©�

I��Ð s�K�½+É Ãº e����Ht� �7H_�
��¦�� ô�Ç��. ��6£§ �©�\�"f
QCD ½+Ë½©gË:\� @/K� çß�|ÄÌy� &ñ
o�
��¦, ¿º >h_� Ä»��Û¼
ºú��� ×�æçß��� η_� ½̈5Åq �©�I�\� @/ô�Ç ���ÀÓ (Interpolating
current)\�¦s�6 xK����Û¼òøÍ�:r_�l�#�\�¦�í�<Êô�Ç QCD½+Ë½©
gË:�̀¦ Ë̈�����. Õª ��6£§ �©�\�"f QCD ½+Ë½©gË:�̀¦ ì�r$3�
��¦
���õ�\� @/K� �7H_�ô�Ç��.

II. ßÃÅ­���mÊ]Ø �ÇÊÝõu§ �º]K¤�X¢ QCD ¶�¥��ÈkÄ

QCD ½+Ë½©gË: [3,14,21,22]�̀¦ s�6 xô�Ç y©�{9���_� ì�r$3��Ér
�¦�9
���H y©�{9���_� \V�©�÷&��H 3'ß¼ ½̈�̧ü< °ú �Ér ½̈�̧\�¦

°ú���H ���ÀÓ JB(x)_� r�çß�í�H"fY�Lõ� QCD ���/BN |0 > Ü¼�Ð

��6£§õ� °ú s� &ñ
_�÷&��H �©��'a��

Π(q2) = i

∫
d4xeiq·x < 0|TJB(x)J†B(0)|0 > (1)

\�¦ U�·�Ér Ä»9þto�×¼ %ò
%i�\�"f >�íß�
���H �f"�\	כ Ø�¦µ1Ïô�Ç��.
�©��'a�� Π(q2)��H QCD ���/BN\� e����H #��Q 6£x»¡¤ (conden-
sate)\�¦ �í�<Ê
���H ���íß���Y�L ���>h (Operator product ex-
pansion: OPE)\�¦ &h�6 xK� |	�×¼aË> (perturbation) ~½ÓZO�Ü¼
�Ð>�íß��)a ΠOPE(q2)õ����Û¼òøÍ�:r\�_�ô�Ç ΠInst(q2)�Ð ½̈
$í
�)a��. �©��'a����H ì�ríß��'a>�\�¦ :�xK� y©�{9���[þts� �>rF�
�
��H Óüto�&h���� %ò
%i�\�"f_� �©��'a��_� )�Ãº ÂÒì�r ImΠü< ��
A�ü< °ú s� �������)a��.

Π(q2) =
1
π

∫ ∞

0

ds2 ImΠ(s2)
s2 − q2

. (2)

Óüto�&h���� %ò
%i�\�"f ImΠ��H

1
π

ImΠ(q2)

= (2π)3
∑

n

δ4(q − pn) < 0|JB(0)|n >< n|J†B(0)|0 >(3)

ü< °ú s� î�r1lx|¾Ós� pn��� y©�{9��� �©�I� |n >\� @/ô�Ç ½+Ës�

÷&��HX<, s� ½+Ë�̀¦ �¦�9
���H y©�{9��� �©�I�ü< ë�H)3�\��-t� s0

s��©�\�"f ��������H ���5Åq�©�I�_� ½+ËÜ¼�Ð ��H��K�

1
π

ImΠ(q2)

= |λB |2δ(q2 −m2
B) + θ(q2 − s2

0)
1
π

ImΠOPE(q2)(4)

Ü¼�Ð jþt Ãº e����. #�l�\�"f λB��H �¦�9ô�Ç y©�{9��� �©�I�

|B >�ÐÂÒ'� λB =< 0|JB(0)|B >Ü¼�Ð &ñ
_�÷&�¦, ���5Åq�©�
I�\�"f �̧��Hl�#�\�y©�{9���-3$ß¼ (hadron-quark)s�×�æ$í

_� ��&ñ
�̀¦ s�6 xK� ImΠOPE(s2)�̀¦ ��6 x
�%i��� [23]. d��
(4)\�¦ s�6 x
��¦ d�� (2)\� �Ð5\� ���8̈� (Borel transform)�̀¦
&h�6 x
���� ��6£§õ� °ú �Ér QCD ½+Ë½©gË:�̀¦ %3���H�� :

1
π

∫ s2
0

0

ds2e−s2/M2
ImΠOPE(s2) + B̂[ΠInst]

= |λB |2e−m2
B/M2

. (5)

M�Ér �Ð5\� |9�|¾Ó (Borel mass)s��¦ B̂[ΠInst]�Ér ���Û¼òøÍ
�:r\� _�ô�Ç l�#� ΠInst

\�¦ �Ð5\� ���8̈�ô�Ç �Ü¼�Ð	כ M_� �<ÊÃº

s���. s� d��_� ¢,aAá¤õ� �̧�ÉrAá¤�̀¦ °ú >� 
���H λBü< mB��

:£¤&ñ
ô�Ç �Ð5\� |9�|¾Ó %ò
%i�\�"f z�́+«>°úכõ� Ä»��
�>� îß�&ñ
&h�
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Fig. 1. Diagrammatic representation of the instanton
effects. q, q′ can be u, d quarks but cannot be the same
quark at the same time. Each line corresponds to the full
quark propagator containing the various condensates in
QCD vacuum. Lines on circle with I correspond to the
propagators of the quarks on the instanton.

Ü¼�Ð �>rF�
����, �¦�9
���H y©�{9���_� �©�I���H \V�©�÷&��H 3$
ß¼ ½̈�̧\�¦ °ú���H���¦ ½+É Ãº e����. s��Qô�Ç �Ð5\� |9�|¾Ó %ò
%i�
�̀¦ �Ð5\� �½Ó (Borel window)s����¦ ô�Ç��. ·ú¡Ü¼�Ð d��(5)_�
¢,aAá¤\� e����H ¿º �½Ó�̀¦ 	�YV�Ð LOPE(M)ü< LInst(M)���¦
½+É �.���s	כ

QCD ½+Ë½©gË:�̀¦ s�6 xK� f0(980)\�¦ ¿º η ×�æçß���_� éß�í�H

½̈5Åq�©�I��Ðs�K�½+ÉÃºe����Ht�\�¦·ú����Ðl�0AK�"f [14]\�
e����H f0(980)\� @/ô�Ç ���ÀÓ\�¦ ��r� æ¼���

J2η = c2J8J8 + 2csJ8J1 + s2J1J1 (6)

s���. J8, J1�Ér ��s��èÛ¼�2; 8×�æ�½Ó ×�æ Û¼ºú��� �©�I�ü< éß�{9�
�½Ó �©�I�\� @/ô�Ç ���ÀÓ�Ð

J8 = i(ūγ5u + d̄γ5d− 2s̄γ5s),

J1 = i(ūγ5u + d̄γ5d + s̄γ5s) (7)

s��¦, 1√
6

cos θpü< − 1√
3

sin θp�̀¦ y��y�� _�p�
���H cü< s��H η

×�æçß���\� Û¼ºú��� �©�I�ü< éß�{9��½Ó �©�I��� [O�#� e��#Q"f ��

��èß���. ]jY�L +þAI�_� |9�|¾Ó /BNd���̀¦ ��ØÔ��� [O�e��y�� θp��H -

11.4◦s��� [2]. d�� (6)\�e����H���ÀÓ\���H (q̄1γ5q2)(q̄3γ5q4)_�

+þAI�\�¦ °ú���H 27>h_� �½Ós� e����. ����"f �©��'a����H 27 ×
27=729>h_� r�çß�í�H"fY�LÜ¼�Ð ½̈$í
�)a��. Õª r�çß�í�H"fY�L

�̀¦ QCD ���/BN\� _�ô�Ç ò́õ�\�¦ �í�<Ê
���H 3$ß¼_� (�ä¼o�>h

(Propagator)�Ð ��Ë̈�¦, 3$ß¼[þt ��s�\�"f /åJÀÒ�:r\� _�K�

ëß�[þt#Qt���H �̧��H ���/BN 6£x»¡¤�̀¦ �¦�9
���� LOPE(M)\�¦ ½̈

½+É Ãº e���� [14]. ���Û¼òøÍ�:r\� _�ô�Ç l�#� LInst(M)��H ���

Û¼òøÍ�:rs� }f�¾ú� (Flavor)s� ���Ér 3$ß¼[þt ��s�\�"f ���6 x½+É

M:\�ëß�ëß�[þt#Q|9�Ãºe������H��z�́�̀¦�¦�9
���� Fig. 1\�e��

��H �̧³ð�Ð ³ð�&³½+É Ãº e����. Fig. 1\� e����H ���[þt ×�æ "é¶õ�

���u�t� ·ú§��H ���[þt�Ér OPE\� æ¼��� 3$ß¼[þt_� (�ä¼o�>h\�¦

�����·p��. q, q′�Ér u 3$ß¼ü< d 3$ß¼�� |̈c Ãº e����HX< ¿º 3$

ß¼_� }f�¾ú��Ér ²ú�����ô�Ç��. ���Û¼òøÍ�:rs� QCD ½+Ë½©gË:\� 
�

��H l�#���H ���Û¼òøÍ�:r 0A\�"f �����
���H 3$ß¼_� (�ä¼o�>h

\�¦s�6 xK�>�íß�½+ÉÃºe���� [3,18–20]. Fig. 1\�"f I��e����H

"é¶\� ���5ge����H ¿º 3$ß¼ ¢̧��H [j 3$ß¼\� @/ô�Ç ���s� ���Û¼

òøÍ�:r 0A\�"f �����
���H 3$ß¼[þt_� (�ä¼o�>h\�¦ �����·p��.

&ñ
�©� >�s�t� (regular gauge)_� �̧|	��̀¦ ëß�7á¤
���H ���Û¼

òøÍ�:r 0A\�"f ���'��
���H 3$ß¼ Q(= u, d, s)_� (�ä¼o�>h

SQ,inst
ab (x, y) = AQ(x, y)γµγν(1 + γ5)(Uτ−µ τ+

ν U†) (8)

\�¦ s�6 xK� ���Û¼òøÍ�:r_� l�#�\�¦ >�íß�½+É Ãº e����. #�l�\�

"f U, τ±µ ��Hy��y�� SU(3)ynC¾ú�/BNçß� (color space)\�"f���Û¼

òøÍ�:r_� ~½Ó�¾Óõ� SU(2) ynC¾ú� /BNçß�\�"f &ñ
_�÷&��H '��§>=s���

[24]. ���Û¼òøÍ�:r_� ×�æd�� z0ü< ß¼l� ρ, ���Û¼òøÍ�:r 0A\�"f ���

'��
���H 3$ß¼_� Ä»ò́|9�|¾Ó m∗
Q �ÐÂÒ'� AQ(x, y)��H

AQ(x, y) = −i
ρ2

16π2m∗
Q

φ(x− z0)φ(y − z0), φ(x− z0)

=
1

[(x− z0)2 + ρ2]3/2
(9)

s� �)a��. Fig. 1\�"f 3$ß¼[þt_� ���/BN 6£x»¡¤õ� s 3$ß¼_� |9�

|¾Ó��t� �í�<Ê
���H ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ >�íß�
���� ��

6£§õ� °ú ��:

ΠInst(q) = −32neffρ4
c

π8m∗2
q

I6(q)
[
11(c + s)4 −

23m∗
q

m∗
s

(c + s)3(2c− s) + 6(c + s)2(2c− s)2 −
11m∗

q

m∗
s

(c + s)(2c− s)3
]

−16neffρ4
c < q̄q >2

π4m∗2
q

I0(q)
[5
9
(c + s)4 −

23m∗
q

18m∗
s

(c + s)3(2c− s)

+
(

< s̄s >2

3 < q̄q >2
−

4 < s̄s > m∗
q

9 < q̄q > m∗
s

)
(c + s)2(2c− s)2 −

11 < s̄s >2 m∗
q

18 < q̄q >2 m∗
s

(c + s)(2c− s)3
]
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+
32neffρ4

c < s̄s > ms

π6m∗2
q

I2(q)
[(

1−
2 < q̄q > m∗

q

3 < s̄s > m∗
s

)
(c + s)2(2c− s)2 −

11m∗
q

6m∗
s

(c + s)(2c− s)3
]

−64neffρ6
c < q̄q >

3π6m∗2
q m∗

s

g0(q)
[
2(c + s)3(2c− s)− < s̄s >

< q̄q >
(c + s)2(2c− s)2

]
(10)

s� ���õ�\���H ìøÍ���Û¼òøÍ�:r (Antiinstanton)\� _�ô�Ç l�#�
��t� �í�<Ê÷&%3��¦, neff , ρc��H y��y�� QCD���/BN\� e����H ���
Û¼òøÍ�:r_� î̈
ç�H x9��̧ü< ß¼l�s��� [24]. 3$ß¼\�¦ ½̈ì�r
���H
q��H u, d 3$ß¼\�¦ _�p�ô�Ç��. �<ÊÃº Ii(q)\�¦ �í�<Ê
���H �½Ó[þt�Ér
Fig. 1\� e����H (a), (b), (c), (e), (f), (h)ü< °ú s� ¿º 3$ß¼

��s�_� ���Û¼òøÍ�:r\� _�K�"f ���:r �,¦��s	כ ��t�}��\� e����H

�<ÊÃº g0(q)\�¦ �í�<Ê
���H �½Ó�Ér Fig. 1\� e����H (d), (g)ü< °ú 

s�[j3$ß¼[þt��s�_����Û¼òøÍ�:r\�_�ô�Ç��.���s	כ��õ�\�e��

��H �<ÊÃº[þt�Ér Ä»9þto�n�îß� /BNçß�\�"f &ñ
_�÷& 9 y��y���Ér

I0(q) =
∫

d4z0

∫
d4x

eiq·x

[z3
0 + ρ2

c ]3[(x− z0)2 + ρ2
c ]3

, I2(q) =
∫

d4z0

∫
d4x

eiq·x

x2[z3
0 + ρ2

c ]3[(x− z0)2 + ρ2
c ]3

,

I6(q) =
∫

d4z0

∫
d4x

eiq·x

x6[z3
0 + ρ2

c ]3[(x− z0)2 + ρ2
c ]3

, g0(q) =
∫

d4z0

∫
d4x

eiq·x

[z3
0 + ρ2

c ]9/2[(x− z0)2 + ρ2
c ]9/2

(11)

s���. 3$ß¼_� ���/BN6£x»¡¤\� @/ô�Ç ���Û¼òøÍ�:r_� l�#�\� K�{©�
���H x2 = 0\� e����H �FG (pole)\� _�ô�Ç l�#�\�¦ NS�¦ y�� �<ÊÃº[þt
_� �Ð5\� ���8̈��̀¦ >�íß�
���� ��6£§õ� °ú �� :

B̂[I0(q)] =
π4M6

16
e−M2ρ2

c/2(K0(M2ρ2
c/2) + K1(M2ρ2

C/2)),

B̂[I2(q)] =
π4

ρ8
c

∫ 1

0

dyy2(1− y)2e−Y (Y 3 + 3Y 2 + 6Y + 6),

B̂[I6(Q)] = −π4M12

212

∫ 1

0

dy
1

y2(1− y)2Y 6
[e−Y (Y 3 + 9Y 2 + 36Y + 60)]

B̂[g0(Q)] =
π4M12

210Γ(9/2)2

∫ 1

0

dy
e−Y

y7/2(1− y)7/2
(12)

Kn�Ér Ð�o�̧±ú�×¼ (McDonald) �<ÊÃºs��¦ Y (y)��H

Y (y) =
ρ2

cM
2

4y(1− y)
(13)

�Ð &ñ
_��)a��.

III. +sÇÊÝ ÄZØV	Ä õmÍ ÀXØ8ý

Û¼ºú��� ×�æçß��� f0(980)�� ¿º Ä»��Û¼ºú��� ×�æçß��� η_�

éß�í�H ½̈5Åq �©�I������ QCD ½+Ë½©gË:��� d�� (5) �ª����_� ÂÒ ñ
�� Äº��� °ú ����ëß� ô�Ç��. d�� (5)_� �̧�ÉrAá¤�Ér t�Ãº�<ÊÃº�Ð
³ð�&³÷&l� M:ë�H\� �̧��H �Ð5\� |9�|¾Ó %ò
%i�\�"f �ª�_� °ú̀�כ¦ ��

t�Ù¼�Ð ¢,aAá¤�̧ þj�èô�Ç �ª�_� °ú̀�כ¦ ��4R��ëß� ô�Ç��. ���Û¼òøÍ
�:r\� _�ô�Ç l�#�\�¦ ì�r$3�
�l� 0AK�"f u, d 3$ß¼[þt_� |9�|¾Ó

�Ér Áºr�
�%i��¦, ��A�ü< °ú �Ér 3$ß¼[þt_� ���/BN 6£x»¡¤, s 3$ß¼

_� |9�|¾Ó, ���Û¼òøÍ�:r_� î̈
ç�H ß¼l�, Õªo��¦ 3$ß¼[þt_� Ä»ò́
|9�|¾Ós� ëß�7á¤
���H �'a>�d���̀¦ s�6 x
�%i��� [3,18–20].

< q̄q > = −(0.23GeV)3,
< s̄s >

< q̄q >
= 0.8,

ms = 0.13GeV, ρc = 1.6GeV−1

neff

m∗2
q

=
3

4π2ρ2
c

,
m∗

q

m∗
s

=
1

0.8− 3ms

2π2ρ2<q̄q>

(14)
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Fig. 2. Instanton contribution to the QCD sum rule.
Short (Long) dashed line corresponds to the instanton
contribution in two quarks (three quarks). Solid line
corresponds to LInst(M), the sum of the two contribu-
tions.

���Û¼òøÍ�:r\� _�ô�Ç l�#� LInst(M)\�¦ Fig. 2\� �Ð%i���.
LInst,2(M)ü< LInst,3(M) y��y���Ér ¿º 3$ß¼ ��s�\�"fü< [j
3$ß¼ ��s�\�"f_� ���Û¼òøÍ�:r\� _�ô�Ç l�#�s���. ÕªaË>\�"f
�̂¦Ãºe��1pws� LInst,2(M)s�6£§_� °ú̀�כ¦��t����"f QCD½+Ë
½©gË:\� ÅÒ�Ð l�#�ô�Ç��. @/|ÄÌ&h�Ü¼�Ð, M < 1.5 GeV��� %ò

%i�\�"f LInst(M)�Ér 6£§_� °ú̀�כ¦ °ú���H��. M > 1.5 GeV\�
"f��H �ª�_� °ú̀�כ¦ °ú���H LInst,3(M)_� l�#��� LInst,2(M)�Ð
��&�"f LInst(M)�Ér�ª�_�°ú̀�כ¦°ú�>��)a�� Ref. 14\�"f>�
íß��)a LOPE(M)��H Fig. 2_� �Ð5\� %ò
%i� �̧¿º\�"f 6£§_� °úכ
�̀¦ °ú���H��. Õª\� ���� LOPE(M)ü< LInst(M)\�¦ �8K�"f
ëß���H QCD ½+Ë½©gË: (5)�ÐÂÒ'� �Ð5\� �½Ó�Ér �>rF�
�l� #Q§>�
>� �)a��. ���õ�&h�Ü¼�Ð ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ QCD ½+Ë
½©gË:\� �í�<Ê
�#��̧ [14]_� �7H_�ü< °ú s� Û¼ºú��� ×�æçß���
f0(980)\�¦ ¿º Ä»��Û¼ºú��� ×�æçß��� η_� éß�í�H ½̈5Åq �©�I��Ð

s�K�
�l���H #Q�90> �Ð�����.

Pcp��8ý òk>

s� �7Hë�H�Ér 2013�̧��̧ &ñ
ÂÒ (�§¹¢¤õ��<Æl�ÕütÂÒ)_� F�"é¶Ü¼
�Ðô�Ç²DG���½̈F�éß�_�t�"é¶�̀¦~ÃÎ��Ãº'���)al��í���½̈��\O�e��

(2013R1A1A2009695).
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