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Revisiting the Scalar Meson f0(980) as a Pure Bound State of K and K̄

Mesons within the QCD Sum Rule
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We analyze again, within the quantum chromodynamics (QCD) sum rule, whether the scalar

meson f0(980) can be understood as a pure bound state of K and K̄ mesons. We calculate the

direct instanton contributions to the QCD sum rule from the two quarks and the three quarks in

the correlator consisting of the local interpolating current of a KK̄ type for f0(980). We analyze

the QCD sum rule with the direct instanton contributions and the contributions from the operator

expansion product (OPE), and find that the direct instanton contribution from the two quarks is

dominant in the QCD sum rule with a definite negative. As a result, understanding f0(980) as a

pure bound state of K and K̄ mesons seems to be difficult. This result is the same as the previous

result from the analysis of the QCD sum rule with the contributions from the OPE only.
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)

QCD ½+Ë½©gË:�̀¦ s�6 xK� Û¼ºú��� ×�æçß��� f0(980)\�¦ K ×�æçß���ü< K̄ ×�æçß���_� í�HÃº ½̈5Åq �©�I��Ð s�K�

½+É Ãº e����Ht� ��r� ì�r$3�ô�Ç��. f0(980)\� @/ô�Ç KK̄_� +þAI�_� ²DG�è ���ÀÓ�Ð ½̈$í
÷&��H �©��'a��\� e����H ¿º

3$ß¼ü< [j 3$ß¼�ÐÂÒ'� Òqtl���H éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ >�íß�ô�Ç��. ���Û¼òøÍ�:r\� _�ô�Ç l�#�ü< ���íß�

�� Y�L ���>h (OPE)\� _�ô�Ç l�#��� �̧¿º �í�<Ê�)a QCD ½+Ë½©gË:�̀¦ ì�r$3�K�, ¿º 3$ß¼\�"f Òqtl���H ���Û¼òøÍ�:r

\� _�ô�Ç l�#��� 6£§_� °ú̀�כ¦ ��t� 9 QCD ½+Ë½©gË:\� ÅÒ¹כ
�����H �¦̀�	כ �Ð%i���. ì�r$3� ���õ�, f0(980)\�¦ K

×�æçß���ü< K̄ ×�æçß���_� í�HÃº ½̈5Åq �©�I��Ð s�K�
�l���H #Q�90> �Ð�����. s� ���õ���H OPE\� _�ô�Ç l�#�ëß�

�̀¦ �¦�9K� QCD ½+Ë½©gË:\�¦ ì�r$3�K�"f %3�#Q&��~�� ���õ�ü< °ú ��.
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I. "e Â]Ø

|9�|¾Ós� 1 GeV�Ð�� ����Ér Û¼ºú��� ×�æçß��� 9×�æ�½Ó_� ��s�
�èÛ¼�2; ½̈�̧��H |9�|¾Ós� ����Ér Ä»��Û¼ºú��� ×�æçß��� 9×�æ�½Óõ�
°ú t�ëß�, |9�|¾Ó ì�r�í (mass spectrum)ü< Ô�æõ�õ�&ñ
Ü¼�ÐÂÒ
'� Û¼ºú��� ×�æçß��� 9×�æ�½Ó�̀¦ Ä»��Û¼ºú��� 9×�æ�½Óõ� °ú s� 3$
ß¼ü< ìøÍ3$ß¼_� ½̈5Åq �©�I��Ð s�K�
�l� jËµ[þt����H ��s	כ ·ú�

�94R e���� [1,2]. Û¼ºú��� ×�æçß��� 9×�æ�½Ós� ¿º >h_� 3$ß¼ü<
¿º >h_� ìøÍ3$ß¼_� ½̈5Åq�©�I���� _�àÔ��3$ß¼ (tetraquark)
�©�I������ Õª Û¼ºú��� ×�æçß���[þt_� |9�|¾Ó ì�r�íü< Ô�æõ�õ�&ñ


�̀¦ �Ð�� �8 �����Û¼XO�>� s�K�½+É Ãº e������H ��z�́�ÐÂÒ'�,
Û¼ºú��� ×�æçß��� 9×�æ�½Ós� ��s�3$ß¼ (diquark)-ìøÍ��s�3$ß¼
(antidiquark) ½̈5Åq �©�I� ¢̧��H ¿º ×�æçß���_� ½̈5Åq �©�I�{9�
�s�����H	כ 1px_� ���ª�ô�Ç ]jîß�[þts� e��#QM®o�� [3–10].

Reference 9, 10\�"f��H \��-t� 	�"é¶s� 10��� ���íß�����
t�\�¦�¦�9
���H���íß���Y�L���>h (operator product expan-
sion, OPE)\� _�ô�Ç l�#�ü<, QCD ���/BN_� 0A�©��<Æ&h� ½̈
�̧�Ð ������ 9 y©�{9��� �&³�©�\�"f ×�æ¹כô�Ç %i�½+É�̀¦ 
���H ���

Û¼òøÍ�:r [11–13]\� _�ô�Ç l�#���t� �í�<Ê
���H QCD ½+Ë½©gË:
(quantum chromodynamics sum rule)�̀¦ ì�r$3��̀¦ :�xK� ��
�©���!9î�r×�æçß��� f0(500) (¢̧��H σ(500))\�¦Û¼ºú�����s�3$
ß¼ (diquark)-ìøÍ��s�3$ß¼ (antidiquark)ü<Ä»��Û¼ºú�����
s�3$ß¼-ìøÍ��s�3$ß¼_� ½̈5Åq �©�I��Ð s�K�½+É Ãº e������H �	כ
�̀¦�Ð%i���.ÕªXO�t�ëß�°ú �Ér 9×�æ�½Ó\�e����H f0(980), a0(980),
K∗

0 (800) (¢̧��H κ)[þt�̧ f0(500)ü< Ä»��ô�Ç ½̈�̧\�¦ °ú���H��
���, QCD ½+Ë½©gË:Ü¼�ÐÂÒ'� îß�&ñ
&h���� |9�|¾Ó�̀¦ %3��̀¦ Ãº e��
t�ëß�, K∗

0 (800)_� |9�|¾Ós� f0(980)ü< a0(980)_� |9�|¾Ó �Ð��
����Ér �ª�s�t�ëß� �8 &�t���H �ª��©��̀¦ �Ð����� [14,15]. /BI Õª
×�æçß���[þt�̀¦ Û¼ºú��� ��s�3$ß¼-ìøÍ��s�3$ß¼ü< Ä»��Û¼ºú���
��s�3$ß¼-ìøÍ��s�3$ß¼_� ½̈5Åq�©�I����¦
�l�\���H#Q§>���
�¦ ½+É Ãº e����.
s��Qô�Ç�©�S!�\�"f��s��èÛ¼ºú������#��Q S-��íß�êøÍì�r$3�
�̀¦ ���½ÓÜ¼�Ð f0(980)�� ¿º η ×�æçß���_� ½̈5Åq �©�I�{9� ��s	כ

����H Ref. 16, 17_� ]jîß��̀¦ Ref. 18, 19\�"f��H QCD ½+Ë½©
gË:�̀¦ s�6 xK� ì�r$3�
�%i���. \��-t� 	�"é¶s� 10��� ���íß�����
t�\�¦ �¦�9
���H OPE\� _�ô�Ç l�#�ü< ���Û¼òøÍ�:r\� _�ô�Ç l�
#���t� �í�<Ê
���H QCD ½+Ë½©gË: ì�r$3�\� ��ØÔ��� f0(980)\�¦
¿º η ×�æçß���_� í�HÃº ½̈5Åq �©�I��Ð s�K�
�l���H #Q�90> �Ð

�����.
ô�Ç¼#�, Refs. 6∼8, 20\�"f��H q��©�@/�:r&h���� �íJ$�[>� �̧+þA
�̀¦ s�6 xô�Ç _�àÔ��3$ß¼ �©�I� ì�r$3� [6–8]õ� �&³�©��:r&h���� ��
Õª|½Ót�îß��̀¦s�6 xô�Ç f0(980) → ππ, f0(980) → γγ õ�&ñ
ì�r

$3� [20]�̀¦ :�xK� f0(980)\�¦ Kü< K̄_� ½̈5Åq �©�I��Ð s�K�½+É

Ãº e�����¦ ]jîß�
�%i���. Õª�Q�� \��-t� 	�"é¶s� 10��� ���íß�
����t�\�¦ �¦�9
���H OPE\� _�ô�Ç l�#�\�¦ �í�<Ê
���H QCD

½+Ë½©gË:�̀¦ s�6 xô�Ç ì�r$3�\� ��ØÔ��� f0(980)\�¦ Kü< K̄_� í�H

Ãº ½̈5Åq �©�I��Ð s�K�
�l�\���H #Q�90> �Ð����� [21]. Õª
XO�t�ëß� Õª ì�r$3�\�"f��H ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<Ê
�

t� ·ú§��¤l� M:ë�H\� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<ÊK� ��r�

QCD½+Ë½©gË:�̀¦ì�r$3�½+É�9¹כ���e����.z�́YV�Ð f0(980)\�¦¿º
η ×�æçß���_� í�HÃº ½̈5Åq �©�I��Ð s�K�½+É Ãº e����Ht�\�¦ QCD
½+Ë½©gË:�̀¦s�6 xK�ì�r$3�ô�Ç�â
Äº, OPE\�_�ô�Çl�#��Ð�����
10C�&ñ
�̧ �8 	�H ���Û¼òøÍ�:r\� _�ô�Ç l�#��� QCD ½+Ë½©gË:\�
"f ÅÒ¹כô�Ç l�#��Ð �Ð#������ [18,19].
�:r �7Hë�H\�"f��H Ref. 21\�"f ì�r$3�÷&%3�~�� QCD ½+Ë½©gË:
\� éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#� (direct instanton contri-
bution)\�¦ �í�<ÊK� f0(980)\�¦ Kü< K̄_� í�HÃº ½̈5Åq �©�I��Ð

s�K�½+É Ãº e����Ht�\�¦ ��r� ì�r$3�
��9�¦ ô�Ç��. ��6£§ �©�\�"f
��H QCD ½+Ë½©gË:\� @/K� çß�|ÄÌy� &ñ
o�
��¦ éß�{9� ���Û¼òøÍ�:r
\� _�ô�Ç l�#�\�¦ >�íß�ô�Ç��. Õª ��6£§ �©�\�"f QCD ½+Ë½©gË:
\�¦ ì�r$3�
��¦ ���õ�\�¦ �7H_�ô�Ç��.

II. ßÃÅ­���mÊ]Ø;c 8ý�X¢ M�#bõu§ �º]K¤
�ÀW¥ QCD
¶�¥��ÈkÄ

QCDü< QCD_� ���/BN ½̈�̧\�¦ s�6 xK� y©�{9���[þt_� $í
|9�
�̀¦ s�K�
���H ~½ÓZO�Ü¼�Ð ·ú��9��� QCD ½+Ë ½©gË: [18,19,22,
23] ì�r$3��Ér �¦�9
���H y©�{9��� B_� \V�©�÷&��H 3$ß¼ ½̈�̧�Ð

ÂÒ'� ²DG�è ���ÀÓ (local interpolating current) J(x)\�¦ Ë̈
p��¦, Õª ���ÀÓ\�¦ s�6 xK� �©��'a�� (correlator) Π\�¦ >�íß�
�
��H �f"�\	כ r����ô�Ç��:

Π(q2) = i

∫
d4xeiq·x〈0|TJ(x)J†(0)|0〉. (1)

#�l�\�"f |0〉��H QCD_� ���/BNs���. −q2 < 0��� ��ÅÒ U�·
�Ér Ä»9þto�n�îß� %ò
%i�\�"f >�íß��)a �©��'a����H OPE\� _�ô�Ç
ΠOPE(q2)ü< ���Û¼òøÍ�:r\� _�ô�Ç ΠInst(q2)Ü¼�Ð ½̈$í
�)a��.
OPE��H 3$ß¼ü< /åJÀÒ�:rÜ¼�Ð s�ÀÒ#Qt���H ���ª�ô�Ç ���íß���
[þt_� QCD ���/BN 6£x»¡¤[þt�Ð ½̈$í
�)a��. s�XO�>� >�íß��)a �©�
�'a����H ì�ríß��'a>�\�¦ :�xK� y©�{9���[þts� �>rF�
���H q2 > 0���
%ò
%i�\�"f_� �©��'a��_� )�ÃºÂÒì�rõ� �������)a��. Õª %ò
%i�\�
"f y©�{9��� Òqt$í
 ���;�¤ (spectral amplitude)s� ÷&��H �©��'a
��_�)�ÃºÂÒì�r�̀¦�¦�9
���Hy©�{9����©�I�ü<���5Åq�©�I�_�½+Ë

Ü¼�Ð ��H��
��¦ y©�{9���-3$ß¼ s�×�æ$í
 (hadron-quark dual-
ity) [24]\�¦ &h�6 xô�Ç Êê, ���5Åq�©�I�\� _�ô�Ç l�#�\�¦ ×�¦s�l�
0AK� �Ð5\� ���8̈� (Borel transfrom)�̀¦ 
���� ��6£§õ� °ú �Ér
QCD ½+Ë½©gË:�̀¦ %3���H��:

1
π

∫ s2
0

0

ds2e−s2/M2
ImΠOPE(s2)+B̂[ΠInst] = |λ|2e−m2

B/M2
.

(2)
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#�l�\�"f s0��H ���5Åq�©�I�_� ë�H)3�\��-t�s��¦ λ =
〈0|J(0)|B〉s� 9, mB��H �¦�9
���H y©�{9���_� |9�|¾Ós���.
M�Ér �Ð5\� |9�|¾Ó (Borel mass)s����¦ Ô�¦o� 9, B̂[ΠInst]��H
�Ð5\� ���8̈��)a éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#�s���. #��Q ���
íß���[þt_� ���/BN 6£x»¡¤[þt_� ½+Ëõ� éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�

#��Ð ÅÒ#Qt���H s� ½+Ë½©gË:_� ¢,aAá¤õ� �̧�ÉrAá¤s� °ú ��t�>�


���H λü< mB�� s0 �Ð�� ����Ér M %ò
%i�\�"f z�́+«>°úכõ� �̧

í�H \O�>� îß�&ñ
&h�Ü¼�Ð e��>� ÷&���, �¦�9
���H y©�{9����� \V
�©�ô�Ç 3$ß¼ ½̈�̧\�¦ °ú���H���¦ ½+É Ãº e����. Reference 21\�
"f��H f0(980)�̀¦ Kü< K̄_� í�HÃº ½̈5Åq �©�I��Ð ��&ñ

�#�

\��-t� 	�"é¶s� 10��� ���íß�����t� �¦�9
���H OPE\� _�ô�Ç
ΠOPE(q2)ëß��̀¦ �í�<Ê
���H QCD ½+Ë½©gË:�̀¦ ì�r$3�
�%i���. Õª
���õ� d��(2)_� �̧�ÉrAá¤�Ér �̧��H M\� @/
�#� �ª�_� °ú̀�כ¦ °ú�

��HX< ìøÍK� ¢,aAá¤�Ér 6£§_� °ú̀�כ¦ ��4R f0(980)�̀¦ Kü< K̄_�

í�HÃº ½̈5Åq �©�I��Ð s�K�
�l���H #Q§>����¦ ����:rt�%3���.

Reference 21\�"f �¦�9÷&%3�~�� QCD ½+Ë½©gË:\� éß�{9� ���

Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<Êr�v�l� 0AK�"f��H �©��'a�� d��

(1)�̀¦3$ß¼[þt_�(�ä¼o�>h (propagator)�Ð³ð�&³
��¦,}f�¾ú�

s� ���Ér ¿º 3$ß¼ü< [j 3$ß¼\�"f Òqtl���H éß�{9� ���Û¼òøÍ�:r\�

_�ô�Ç l�#�\�¦ >�íß�
�#��� ô�Ç�� [9–13, 18, 19]. Reference

21\� �7H_�÷&#Q e����H ��õ	כ °ú s� f0(980)�� Kü< K̄_� í�HÃº

½̈5Åq �©�I������, f0(980)\� @/ô�Ç ���ÀÓ��H

Jf0 = αJK+K− + βJK0K̄0

= −[α(s̄γ5u)(ūγ5s) + β(s̄γ5d)(d̄γ5s)] (3)

s��)a��.#�l�\�"fy��F�c ñ\�e����H3$ß¼ü<ìøÍ3$ß¼��HynC¾ú�

éß�{9��½Ó (color singlet)�̀¦ s�ê�r��. ���ÀÓ_� r�çß�í�H"fY�L�Ér

〈0|TJf0(x)J†
f0(0)|0〉 = 〈0|T (α2[s̄(x)γ5u(x)][ū(x)γ5s(x)][s̄(0)γ5u(0)][ū(0)γ5s(0)]

+αβ[s̄(x)γ5u(x)][ū(x)γ5s(x)][s̄(0)γ5d(0)][d̄(0)γ5s(0)]

+αβ[s̄(x)γ5d(x)][d̄(x)γ5s(x)][s̄(0)γ5u(0)][ū(0)γ5s(0)]

+β2[s̄(x)γ5d(x)][d̄(x)γ5s(x)][s̄(0)γ5d(0)][d̄(0)γ5s(0)])|0〉 (4)

s� ÷&��HX<, !Ó	P: �½Óõ� �Å	P: �½Ó\� e����H d3$ß¼\�¦ u3$ß¼�Ð

��Ë̈���!Ó	P:�½Ó�ÉrÑütP:�½Óõ�°ú ��t��¦�Å	P:�½Ó�Ér'Í	P:�½Ó

õ� °ú ��4R"f, mu = md = 0��� �â
Äº\�, Õª ¿º �½Ó�Ér y��y��

ÑütP: �½Óõ� 'Í	P: �½Óõ� °ú �Ér %i�½+É�̀¦ 
�>� �)a��. 'Í	P: �½Ó�̀¦
3$ß¼_� (�ä¼o�>h�Ð ��Ë̈��� ��r� W1 >h_� �½Ós� ���̧��HX<

Õª ×�æ\�"f éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#��� Òqtl���H ��Ér	כ

〈0|T [s̄(x)γ5u(x)][ū(x)γ5s(x)][s̄(0)γ5u(0)][ū(0)γ5s(0)]|0〉 = Tr[Sba′

s (x, 0)γ5S
a′b
u (0, x)γ5]Tr[Sb′a

s (0, x)γ5S
ab′

u (x, 0)γ5] (5)

Ü¼�Ð OPE\� _�ô�Ç l�#� >�íß�\� �¦�9÷&%3�~�� ��õ	כ °ú ��.
#�l�\�"f Sab

q (x, y)��H }f�¾ú�s� q��� 3$ß¼_� (�ä¼o�>hs� 9

a, b��H 3$ß¼_� Ò�o���
�\�¦ ����?/�¦, Tr�Ér Û¼�2;\� @/ô�Ç àÔ

YUs�Û¼ (trace)s���. Reference 21\�"f �7H_��)a ��õ	כ °ú s�
d�� (4)_� ÑütP: �½Ó�̀¦ 3$ß¼ (�ä¼o�>h�Ð ��Ë̈��� W1 >h_� 3$
ß¼[þts� �̧¿º ������÷&t� ·ú§��H ¿º �½Óëß�s� ��ü<"f, ÑütP: �½Ó

�Ér OPE\�l�#�½+ÉÃº\O�%3���.ÕªXO�t�ëß����Û¼òøÍ�:r�̀¦:�xK�

"f��H W1 >h_� 3$ß¼[þts� �̧¿º ������|̈c Ãº e��l� M:ë�H\� éß�

{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ >�íß�
���H X<\���H ÑütP: �½Ó %i�

r� �¦�9K��� ô�Ç��. ÑütP: �½ÓÜ¼�ÐÂÒ'� ���Û¼òøÍ�:r\� _�ô�Ç l�

#��� Òqtl���H ��Ér	כ

〈0|T [s̄(x)γ5u(x)][ū(x)γ5s(x)][s̄(0)γ5d(0)][d̄(0)γ5s(0)]|0〉 = Tr[Sba′

s (x, 0)γ5S
a′b′

d (0, 0)γ5S
b′a
s (0, x)γ5S

ab
u (x, x)γ5] (6)

s���. s��ÐÂÒ'� OPE\� _�ô�Ç l�#�\���H α2 +β2ëß�s� /BN:�x Ü¼�Ð ������t�ëß�, éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\���H α2 +
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Fig. 1. Diagrammatic representations of the direct in-
stanton contributions to the QCD sum rule from Eq. (5).
The two lines on the circle with I mean the two quark
propagators of different flavors on the instanton. Other
lines mean the quark propagators used in the OPE. Black
dots on a quark propagator is the quark condensate and
× on a quark propagator is the mass of s-quark. The
two upper lines correspond to the propagators of two
s-quarks.

Fig. 2. Diagrammatic representations of the direct in-
stanton contributions to the QCD sum rule from Eq. (6).
Diagrams (d) and (e) correspond to the instanton con-
tributions from three quarks of different flavors.

β2
�̀¦ ¾¡§��H �½Ó÷�rëß� ��m��� αβ\�¦ ¾¡§��H �½Ó�̧ e���̀¦ Ãº e����

��H �¦̀�	כ ·ú� Ãº e����.
s�]j d�� (5,6)\� e����H }f�¾ú�s� ���Ér ¿º 3$ß¼ü< [j 3$ß¼
\� Ä»9þto�n�îß� /BNçß�\�"f &ñ
�©� >�s�t� (regular gauge) �̧

|	��̀¦ ëß�7á¤
���H 
���_� ���Û¼òøÍ�:r 0A\�"f �����
���H 3$ß¼

_� ]j�Ð �̧×¼ (zero mode)\� _�ô�Ç (�ä¼o�>h

Sab
q,inst(x, y) = Aq(x, y)γµγν(1 + γ5)(Uτ−µ τ+

ν U†)ab (7)

\�¦&h�6 x
�������Û¼òøÍ�:r\�_�ô�Çl�#�\�¦>�íß�½+ÉÃºe����.#�

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

���Û¼òøÍ�:r_� ~½Ó�¾Óõ� SU(2) ynC¾ú� /BNçß�\�"f &ñ
_�÷&��H '��§>=

s��¦,

Aq(x, y) = −i
ρ2

16π2m∗
q

φ(x− z0)φ(y − z0), (8)

φ(x− z0) = 1/[(x− z0)2 + ρ2]3/2 s���. z0ü< ρ��H y��y�� ���

Û¼òøÍ�:r_� ×�æd��õ� ß¼l�s��¦ m∗
q��H ���Û¼òøÍ�:r 0A\�"f �����


���H 3$ß¼_� Ä»ò́|9�|¾Ós��� [25,26].

éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ �̧³ð�Ð ����?/���

Fig. 1õ� Fig. 2\� e����H �̧³ð[þtõ� °ú ��. s� �̧³ð\� @/ô�Ç

>�íß��̀¦ 
���� 3$ß¼[þt_� ���/BN 6£x»¡¤_� ]jY�Lõ� s-3$ß¼_� |9�

|¾Ó�̀¦�í�<Ê
���H���Û¼òøÍ�:r\�_�ô�Çl�#�\�¦ ½̈½+ÉÃºe����.¿º

ÕªaË>\�"f I�Ð ³ðr��)a "é¶�̀¦ t�����H 3$ß¼ (�ä¼o�>h[þt�Ér ���

Û¼òøÍ�:r 0A\�¦ �����
���H 3$ß¼[þt�̀¦ _�p�
��¦, "é¶�̀¦ t���t�

·ú§��H 3$ß¼ (�ä¼o�>h[þt�Ér OPE\� æ¼s���H [O�1lx�:r&h���� (�

ä¼o�>h\�¦ _�p�ô�Ç�� [26]. Figure 1\� e����H �̧³ð[þt�Ér d��

(5)\�"f ���:r �þt�Ð]	כ α2 +β2
�̀¦ ¾¡§�¦, Fig. 2\� e����H �̧³ð

[þt�Ér d�� (6)\�"f ���:r �þts�#Q"f]	כ αβ\�¦ ¾¡§��H��. ynC¾ú� /BN

çß�\�"f_� ���Û¼òøÍ�:r ~½Ó�¾Ó\� @/ô�Ç î̈
ç�H�̀¦ 2[K� s� �̧³ð[þt

�̀¦ >�íß�
���� ��6£§õ� °ú �Ér QCD ���/BN\� e����H ���Û¼òøÍ�:r\�

_�ô�Ç l�#�\�¦ %3���H��.

B̂[ΠInst] = (α2 + β2)
24neffρ4

c

π8m∗
um∗

s

B̂[I6(Q)]

+
neffρ4

c〈s̄s〉
18π4m∗

um∗
s

(
13(α2 + β2)〈ūu〉 − 2αβ

m∗
s

m∗
d

〈s̄s〉
)

B̂[I0(Q)]

−neffρ4
cms

6π6m∗
um∗

s

(
13(α2 + β2)〈ūu〉 − 2αβ

m∗
s

m∗
d

〈s̄s〉
)

B̂[I2(Q)]

+4αβ
neffρ6

c〈s̄s〉
3π6m∗

um∗
dm

∗
s

B̂[g0(Q)]− 4αβ
neffρ6

cms

π8m∗
um∗

dm
∗
s

B̂[g2(Q)] (9)

#�l�\�"f neff , ρc��H y��y�� QCD ���/BN\� e����H ���Û¼òøÍ�:r_�
î̈
ç�H x9��̧ü< ß¼l� [25,26]s��¦, 〈q̄q〉��H q−3$ß¼_� ���/BN 6£x

»¡¤s���. ���õ�\� e����H �Ð5\� ���8̈��)a �<ÊÃº[þt�Ér
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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

dy y2(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
,

B̂[g2(Q)] = − π4M14

212Γ(9/2)2

∫ 1

0

dy
e−Y (Y 6 + 6Y 5 + 30Y 4 + 120Y 3 + 360Y 2 + 720Y + 720

y7/2(1− y)7/2Y 7
(10)

Ü¼�Ð ÅÒ#Q����� [18,19]. Q2 = −q2s��¦, Kn�Ér Ð�o�̧±ú�×¼

(McDonald) �<ÊÃºs� 9 Y (y) = ρ2
cM

2/4y(1 − y)s���. s�

���õ�\�"f B̂[Ii(Q)]\�¦¾¡§��H�½Ó[þt�Ér¿º3$ß¼\�"fÒqtl���H���

Û¼òøÍ�:r\� _�ô�Ç l�#�\� K�{©�
��¦, B̂[gi(Q)]\�¦ ¾¡§��H ��t�

}�� ¿º �½Ó�Ér [j 3$ß¼\�"f Òqtl���H ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�

K�{©�ô�Ç��.

III. +sÇÊÝ ÄZØV	Ä õmÍ ÀXØ8ý

f0(980)�̀¦ Kü< K̄_� í�HÃº ½̈5Åq �©�I��Ð ��&ñ

�#� \��-

t� 	�"é¶s� 10��� ���íß�����t� �¦�9
���H OPE\� _�ô�Ç l�#�

ëß��̀¦ �¦�9ô�Ç Ref. 21_� ì�r$3�\�"f, QCD ½+Ë½©gË: d�� (2)_�

�̧�ÉrAá¤�Ér �̧��H�Ð5\�|9�|¾Ó M %ò
%i�\�"f�ª�_�°ú��4¦̀�כR��

ëß�
���HX<,���5Åq�©�I�_�ë�H)3�\��-t��� s0 = 1.2 GeV����â


Äº\���H ¢,aAá¤�Ér 6£§_� °ú̀�כ¦ °ú�>� ÷&�¦, s0 = 1.5 GeV��� �â


Äº\���H ¢,aAá¤s� M > 1 GeV��� %ò
%i�\�"f �ª�_� °ú̀�כ¦ °ú�t�

ëß� f0(980)_�|9�|¾Ós� s0 �Ð��ß¼�¦îß�&ñ
&h�s�t�3lw
�>�÷&

#Q"f f0(980)�̀¦ Kü< K̄_� í�HÃº ½̈5Åq �©�I��Ð s�K�
�l� #Q

§>����¦ ����:rt�%3���. ���Û¼òøÍ�:r_� l�#�\�¦ d�� (2)\� �í�<ÊÙþ¡

�̀¦M:¢,aAá¤_�ÂÒ ñ\�¦��7
#Q Ref. 21_�����:rs����1�Ãºe��

��Ht�\�¦ ¶ú�(R�Ðl� 0AK�"f ��A�ü< °ú �Ér 3$ß¼[þt_� ���/BN 6£x

»¡¤, s3$ß¼_�|9�|¾Ó,���Û¼òøÍ�:r_� î̈
ç�Hß¼l�,Õªo��¦3$ß¼[þt

_�Ä»ò́|9�|¾Ós�ëß�7á¤
���H�'a>�d���̀¦s�6 x
�#� [9,10,21,25,

26] éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#� B̂[ΠInst] ≡ ΠInst(M)\�¦

>�íß�
�%i���.

〈ūu〉 = 〈d̄d〉 = −(0.25 GeV)3,
〈s̄s〉
〈ūu〉

= 0.8,

ms = 0.15 GeV, ρc = 1.6 GeV−1,

neff

m∗2
q

=
3

4π2ρ2
c

,
m∗

q

m∗
s

=
1

0.8− 3ms

2π2ρ2
c<q̄q>

(11)

Fig. 3. Direct instanton contributions to the QCD sum
rule. Short (Long) dashed line corresponds to the instan-
ton contribution from the two quarks (the three quarks).
Solid line corresponds to the total instanton contribution
ΠInst(M), the sum of the two contributions.

Figure 3\� Ref. 21\�"f �¦�9ô�Ç M %ò
%i�\�"f α = β =
1/
√

2����â
Äº_����Û¼òøÍ�:r\�_�ô�Çl�#�\�¦�Ð%i���.¿º3$ß¼
ü< [j 3$ß¼\�"f Òqtl���H éß�{9� ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ y��

y�� ΠInst,2,ΠInst,3Ü¼�Ð ³ðr�
��¦ |�� @/r���� (long dashed
line)õ� Âúª�Ér @/r���� (short dashed line)Ü¼�Ð �Ð%i���. ¿º
3$ß¼\�"f Òqtl���H ���Û¼òøÍ�:r\� _�ô�Ç l�#��� 6£§_� °ú̀�כ¦ ��

t� 9 ÅÒ¹כK� ���õ�&h�Ü¼�Ð ���Û¼òøÍ�:r\� _�ô�Ç 8úx l�#� (z�́
���)��H 6£§_� °ú̀�כ¦ ��t�>� �)a��. ¿º 3$ß¼\�"f Òqtl���H ���Û¼
òøÍ�:r\� _�ô�Ç l�#�\�"f��H d�� (9)_� 'Í	 �½Ós� 6£§_� °ú̀�כ¦ ��
t� 9 ���©� ÅÒ¹כ
��¦, ¢̧ô�Ç α2 + β2

�̀¦ ¾¡§l� M:ë�H\� �̧��H

α, β\� @/K�"f ���Û¼òøÍ�:r\� _�ô�Ç 8úx l�#���H 6£§_� °ú̀�כ¦ °ú�

��H �Ü¼�Ð	כ �Ð�����. Figure 3\���H ���Û¼òøÍ�:r\� _�ô�Ç l�#�
ëß��̀¦ �Ð%i���HX<, z�́]j QCD ½+Ë½©gË:\���H °ú �Ér l�#�\�¦ 
�
��H ìøÍ���Û¼òøÍ�:r (antiinstanton)\� _�ô�Ç l�#���t� �í�<ÊK�
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�� 
�Ù¼�Ð ���Û¼òøÍ�:r\� _�ô�Ç 8úx l�#���H Fig. 3\� �Ð��� �	כ
_� 2C����)a��. Reference 21\�e����H OPE\�_�ô�Çl�#�_�
ß¼l��� 10−7 GeV10 e���̀¦ �¦�9
���� ���Û¼òøÍ�:r\� _�ô�Ç l�

#��� QCD ½+Ë½©gË:\�"f ÅÒ¹כ
�>� ÷&�¦, ���õ�&h�Ü¼�Ð ���Û¼
òøÍ�:r\� _�ô�Ç l�#�\�¦ �í�<Ê
���� QCD ½+Ë½©gË: d�� (2)_� ¢,a
Aá¤�Ér OPE\� _�ô�Ç l�#�ëß��̀¦ �¦�9Ùþ¡�̀¦ M: �Ð�� �8 6£§_�
°ú̀�כ¦ °ú���H��. /BI, ���Û¼òøÍ�:r\� _�ô�Ç l�#�\�¦ QCD ½+Ë½©gË:
\� �í�<Ê
�#��̧ Ref. 21\�"f ?/�2; ����:rõ� °ú s� f0(980)�̀¦
Kü< K̄_� í�HÃº ½̈5Åq �©�I��Ð s�K�
�l���H #Q�90> �Ð�����.
s� ���õ���H f0(980)�� éß�í�Hy� Kü< K̄_� ½̈5Åq �©�I��� ��m�

�� �Ð�� �8 4�¤ú̧�ô�Ç ½̈�̧\�¦ °ú���H����H �¦̀�	כ _�p�ô�Ç��.

Pcp��8ý òk>

s� �7Hë�H�Ér 2014�̧��̧ &ñ
ÂÒ (�§¹¢¤ÂÒ)_� F�"é¶Ü¼�Ð ô�Ç²DG
���½̈F�éß�_� t�"é¶�̀¦ ~ÃÎ�� Ãº'���)a l��í���½̈��\O� (2013R1
A1A2009695){9�m���.
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