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‚ ¸É ÉÓ¥  ´ ²¨§¨·Ê¥É¸Ö ±μ¢ ·¨ ´É´μ¥ Ö¤·μ ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ¸μ ¸± -
²Ö·´Ò³¨ ¶·μ¶ £ Éμ· ³¨. “· ¢´¥´¨¥ 	¥É¥Ä‘μ²¶¨É¥·  ¤²Ö T -³ É·¨ÍÒ · ¸¸³ É·¨¢ ¥É¸Ö ¸ ¶μÉ¥´Í¨ -
²μ³ ¢ ¸¥¶ · ¡¥²Ó´μ³ ¢¨¤¥ ¶¥·¢μ£μ · ´£ . � · ³¥É·Ò Ö¤·  ¤²Ö ±μ´±·¥É´μ£μ ¶ ·Í¨ ²Ó´μ£μ ± ´ ² 
Ö¢´μ ¸¢Ö§Ò¢ ÕÉ¸Ö ¸ ´ ¡²Õ¤ ¥³Ò³¨ Å ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨ ¨ Ë § ³¨ · ¸¸¥Ö´¨Ö,
Ô´¥·£¨¥° ¸¢Ö§¨ ¤¥°É·μ´ . � ¸¸³ É·¨¢ ÕÉ¸Ö ±μ¢ ·¨ ´É´Ò¥ ¸¥¶ · ¡¥²Ó´Ò¥ Ö¤·  ¤²Ö ¶ ·Í¨ ²Ó´ÒÌ
¢μ²´ ¸ ¶μ²´Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³ J = 0 (1S0,

3P0) ¨ J = 1 (3S1−3D1,
1P1,

3P1).

The covariant kernel of the nucleonÄnucleon interaction of particles with scalar propagators is
analyzed. The BetheÄSalpeter equation for the T matrix is considered in the rank-one separable
kernel. The parameters of the kernel for the speciˇc partial-wave channels explicitly connect with the
observables Å low-energy scattering parameters and phase shifts, deuteron binding energy. Covariant
separable kernels for the partial-wave channels with total angular momentum J = 0 (1S0,

3P0) and
J = 1 (3S1−3D1,

1P1,
3P1) are considered.

PACS: 11.10.St; 13.75.Cs

‚‚…„…�ˆ…

ˆ¸¸²¥¤μ¢ ´¨¥ ³ ²μ´Ê±²μ´´ÒÌ ¸¨¸É¥³ ¢ ¦´μ ¤²Ö ¶μ´¨³ ´¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°.
„²Ö ¸μ£² ¸μ¢ ´´μ£μ ±μ¢ ·¨ ´É´μ£μ μ¶¨¸ ´¨Ö ´Ê±²μ´-´Ê±²μ´´μ£μ (NN ) ¢§ ¨³μ¤¥°¸É¢¨Ö
μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±μ¥ Ê· ¢´¥´¨¥ 	¥É¥Ä‘μ²¶¨É¥·  (	‘) [1]. �μ¤Ìμ¤ 	‘ ¸
¸¥¶ · ¡¥²Ó´Ò³ Ö¤·μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤ ¥É Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ Ê¶·Ê£¨Ì ¨ ´¥Ê¶·Ê£¨Ì Ô²¥±-
É·μ³ £´¨É´ÒÌ ¶·μÍ¥¸¸μ¢ ¸ ¤¥°É·μ´μ³ [2]. � ¶·¨³¥·, Ëμ·³ ²¨§³ 	‘ μ¡²¥£Î ¥É  ´ ²¨§
·μ²¨ P-¢μ²´ (¶ ·Í¨ ²Ó´ÒÌ μÉ·¨Í É¥²Ó´μ-Ô´¥·£¥É¨Î¥¸±¨Ì ¸μ¸É ¢²ÖÕÐ¨Ì  ³¶²¨ÉÊ¤Ò 	‘)
¢ Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢ Ì ¤¥°É·μ´  ¢ ¸· ¢´¥´¨¨ ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³ μ¶¨¸ ´¨¥³ [3].
Š·μ³¥ Éμ£μ, ±μ¢ ·¨ ´É´Ò° ¶μ¤Ìμ¤ 	‘ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶·μ ´ ²¨§¨·μ¢ ÉÓ ¢´¥³ ¸¸μ¢Ò¥
ÔËË¥±ÉÒ ¨ ¢±² ¤Ò ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ Éμ±  [4].

„·Ê£μ° ¢ ¦´μ° μ¡² ¸ÉÓÕ Ë¨§¨±¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ É·¥Ì´Ê-
±²μ´´ÒÌ ¸¨¸É¥³ ¨  ¤·μ´-¤¥°É·μ´´ÒÌ ·¥ ±Í¨°. �¥²ÖÉ¨¢¨¸É¸±¨¥ É·¥ÌÎ ¸É¨Î´Ò¥ ¸¨¸É¥³Ò
μ¶¨¸Ò¢ ÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ ” ¤¤¥¥¢  ¢ ¶μ¤Ìμ¤¥ 	‘ Å É ± ´ §Ò¢ ¥³Ò³¨ Ê· ¢´¥´¨Ö³¨

1E-mail: bondarenko@jinr.ru
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	¥É¥Ä‘μ²¶¨É¥· Ä” ¤¤¥¥¢ . �¡Ð¥¥ · ¸¸³μÉ·¥´¨¥ É·¥Ì´Ê±²μ´´ÒÌ ¸¨¸É¥³ ¶·¥¤¸É ¢²Ö¥É ¸μ-
¡μ° ¤μ¸É ÉμÎ´μ ¸²μ¦´ÊÕ § ¤ ÎÊ. �μÔÉμ³Ê ´  ¶¥·¢μ³ ÔÉ ¶¥ É ±¨Ì ¨¸¸²¥¤μ¢ ´¨° ¤¥² ÕÉ¸Ö
´¥±μÉμ·Ò¥ Ê¶·μÐ¥´¨Ö.

‚μ-¶¥·¢ÒÌ, ÊÎ¨ÉÒ¢ ÕÉ¸Ö Éμ²Ó±μ ¶ ·´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö,   É·¥ÌÎ ¸É¨Î´Ò¥ ¸¨²Ò ´¥
· ¸¸³ É·¨¢ ÕÉ¸Ö. ‚μ-¢Éμ·ÒÌ, ¨¸¶μ²Ó§Ê¥É¸Ö ±μ¢ ·¨ ´É´μ¥ ¸¥¶ · ¡¥²Ó´μ¥ Ö¤·μ NN -¢§ ¨-
³μ¤¥°¸É¢¨Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸¨¸É¥³  ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ 6-±· É´Ò³¨ ¨´É¥£· ² ³¨
¶¥·¥Ìμ¤¨É ¢ ¸¨¸É¥³Ê ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ 2-±· É´Ò³¨ ¨´É¥£· ² ³¨ ¸ μ¡μ¡Ð¥´-
´Ò³¨ Ö¤· ³¨. ˆ ¢-É·¥ÉÓ¨Ì, ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¢¸¥ ´Ê±²μ´Ò ¨³¥ÕÉ · ¢´Ò¥ ³ ¸¸Ò ¨
μ¶¨¸Ò¢ ÕÉ¸Ö ¸± ²Ö·´Ò³¨ ¶·μ¶ £ Éμ· ³¨ ¢³¥¸Éμ ¸¶¨´μ·´ÒÌ. ‘¶¨´-¨§μ¸¶¨´μ¢ Ö ¸É·Ê±-
ÉÊ·  ´Ê±²μ´μ¢ ÊÎ¨ÉÒ¢ ¥É¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É ± ´ §Ò¢ ¥³μ° ³ É·¨ÍÒ ±μÔËË¨Í¨¥´Éμ¢
¸¢Ö§Ò¢ ´¨Ö.

‚ ¸É ÉÓ¥  ´ ²¨§¨·Ê¥É¸Ö ±μ¢ ·¨ ´É´μ¥ Ö¤·μ NN -¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ¸μ ¸± ²Ö·´Ò³¨
¶·μ¶ £ Éμ· ³¨ ¤²Ö ¶ ·Í¨ ²Ó´ÒÌ ¢μ²´ ¸ ¶μ²´Ò³ ³μ³¥´Éμ³ ±μ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö J = 0, 1.
�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¢ · ¸Î¥É Ì É·¥Ì´Ê±²μ´´ÒÌ ¸¨¸É¥³.

� ¡μÉ  μ·£ ´¨§μ¢ ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: ¢ · §¤. 1 μ¶¨¸ ´ Ëμ·³ ²¨§³, ¤¥É ²¨ · ¸Î¥-
Éμ¢ ¨ ·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¢ · §¤. 2, ¤ ´μ § ±²ÕÎ¥´¨¥.

1. ”��Œ�‹ˆ‡Œ

“· ¢´¥´¨¥ 	¥É¥Ä‘μ²¶¨É¥·  ¤²Ö ¤¢ÊÌ´Ê±²μ´´μ° T -³ É·¨ÍÒ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³
¢¨¤¥:

T (p̂′, p̂; P̂ ) = V (p̂′, p̂; P̂ ) +
i

4π3

∫
d4k̂ V (p̂′, p̂; P )S(k̂; P̂ )T (k̂, p̂; P̂ ). (1)

‡¤¥¸Ó P̂ = (p̂1 + p̂2) p̂ = (p̂1 − p̂2)/2 [p̂′ = (p̂′1 − p̂′2)/2] Å ¶μ²´Ò° ¨ μÉ´μ¸¨É¥²Ó´Ò° Î¥ÉÒ-
·¥Ì³¥·´Ò° ¨³¶Ê²Ó¸; V Å Ö¤·μ NN -¢§ ¨³μ¤¥°¸É¢¨Ö (¤¥É ²¨ ³μ¦´μ ´ °É¨ ¸ · ¡μÉ¥ [2]).

�Ê±²μ´Ò ¢ Ê· ¢´¥´¨¨ ¨³¥ÕÉ ¸¶¨´ 1/2, ´μ μ¶¨¸Ò¢ ÕÉ¸Ö ¸± ²Ö·´Ò³¨ ¶·μ¶ £ Éμ· ³¨:

S(k̂; P̂ ) = [(P̂ /2 + k̂) − m2
N + i0]−1[(P̂ /2 − k̂) − m2

N + i0]−1. (2)

� ·Í¨ ²Ó´μ¥ · §²μ¦¥´¨¥ Ê· ¢´¥´¨Ö (¢ ¸¨¸É¥³¥ ¶μ±μÖ ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò) ¶·¨-
¢μ¤¨É ¥£μ ± ¸²¥¤ÊÕÐ¥° Ëμ·³¥:

tL′L(p′0, p
′, p0, p; s) = vL′L(p′0, p

′, p0, p; s)+

+
i

4π3

∑
L′′

∫
dk0

∫
k2 dk vL′L′′(p′0, p

′, k0, k; s)S(k0, k; s)tL′′L(k0, k, p0, p; s). (3)

‡¤¥¸Ó s = P 2, t ¨ v Å ¶ ·Í¨ ²Ó´Ò¥ · §²μ¦¥´¨Ö ¤²Ö T -³ É·¨ÍÒ ¨ Ö¤·  V , ek =
√

k2 + m2.
„²Ö ¸¨´£²¥É´μ£μ (´¥¸¢Ö§ ´´μ£μ É·¨¶²¥É´μ£μ) ± ´ ²  (L = J) ¢ ¸Ê³³¥ ¨³¥¥É¸Ö Éμ²Ó±μ μ¤¨´
Î²¥´,   ¤²Ö ¸¢Ö§ ´´μ£μ É·¨¶²¥É´μ£μ Å ¤¢ .

„²Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (3) ¨¸¶μ²Ó§Ê¥É¸Ö ¸¥¶ · ¡¥²Ó´ Ö Ëμ·³  Ö¤·  ¢§ ¨³μ¤¥°¸É¢¨Ö
(¶¥·¢μ£μ · ´£ )

vL′L(p′0, p
′, p0, p; s) = λg[L′](p′0, p

′)g[L](p0, p), (4)

£¤¥ λ ¨ g Å ¶ · ³¥É· ¨ Ëμ·³Ë ±Éμ· ³μ¤¥²¨. ’μ£¤  t-³ É·¨Í  ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ± ±

tL′L(p′0, p
′, p0, p; s) = τ(s)g[L′](p′0, p

′)g[L](p0, p), (5)
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¸ ËÊ´±Í¨¥° τ(s), ¨³¥ÕÐ¥°

τ(s) =
1

λ−1 + h(s)
, (6)

¨ ¸ ËÊ´±Í¨¥° h(s) ¢ Ëμ·³¥

h(s) =
∑
L

hL(s) = − i

4π3

∫
dk0

∫
k2 dk

∑
L

[g[L](k0, k)]2S(k0, k; s). (7)

„²Ö ¶μ¸É·μ¥´¨Ö Ö¤·  NN -¢§ ¨³μ¤¥°¸É¢¨Ö ¶¥·¢μ£μ · ´£  ¨¸¶μ²Ó§Ê¥É¸Ö ±μ¢ ·¨ ´É´μ¥
μ¡μ¡Ð¥´¨¥ Ö³ £ÊÎ¨-ËÊ´±Í¨° [5] ¤²Ö g[L](k0, k) ¢ ¸²¥¤ÊÕÐ¥° Ëμ·³¥:

g[S](k0, k) =
1

k2
0 − k2 − β2

0 + i0
, (8)

g[P ](k0, k) =

√
| − k2

0 + k2|
(k2

0 − k2 − β2
1 + i0)2

, (9)

g[D](k0, k) =
C2(k2

0 − k2)
(k2

0 − k2 − β2
2 + i0)2

, (10)

£¤¥ βL ¨ CL Å ¶ · ³¥É·Ò ³μ¤¥²¨.
„¥°É·μ´ ¨ ´ ¡²Õ¤ ¥³Ò¥ NN -· ¸¸¥Ö´¨Ö. �  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ t(s)-³ É·¨Í  ³μ-

¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ´ ¡²Õ¤ ¥³Ò¥:
1) ¢ ¸¨´£²¥É´μ³ (´¥¸¢Ö§ ´´μ³ É·¨¶²¥É´μ³) ± ´ ²¥

t(s) ≡ t(0, p̄, 0, p̄, s) = −8π
√

s

p̄
eiδ sin δ; (11)

2) ¢ ¸¢Ö§ ´´μ³ É·¨¶²¥É´μ³ ± ´ ²¥

t(s) =
4πi

√
s

p̄

(
cos 2ε e2iδ< − 1 i sin 2ε ei(δ<+δ>)

i sin 2ε ei(δ<+δ>) cos 2ε e2iδ> − 1

)
(12)

¸ p̄ =
√

s/4 − m2 =
√

mTlab/2. ‚ÒÏ¥ ¢¢¥¤¥´Ò É ±¦¥ Ë §Ò · ¸¸¥Ö´¨Ö δ ≡ δL=J ,
δ< ≡ δL=J−1, δ> ≡ δL=J+1 ¨ ¶ · ³¥É· ¸³¥Ï¨¢ ´¨Ö ε.

‘¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¢ ¶ ·Í¨ ²Ó´μ³ ± ´ ²¥ ¶·μÖ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¶·μ¸Éμ£μ ¶μ²Õ¸  ¢
t-³ É·¨Í¥ ¶μ ±¢ ¤· ÉÊ ¶μ²´μ£μ ¨³¶Ê²Ó¸ . ˆ¸¶μ²Ó§ÊÖ Ê· ¢´¥´¨¥ (6), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸²¥-
¤ÊÕÐ¥¥ Ê¸²μ¢¨¥ (Mb = 2mN − Eb, £¤¥ Eb Å Ô´¥·£¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö):

λ−1 = −h(s = M2
b ). (13)

“¸²μ¢¨¥ ´μ·³¨·μ¢±¨ ¤²Ö ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¤¥°É·μ´  ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

d

dPμ
(hS(s) + hD(s)) = 2Pμ(pS + pD), (14)

£¤¥ s = P 2 = M2
d , pS ¨ pL Å ¶¸¥¢¤μ¢¥·μÖÉ´μ¸É¨ ¶ ·Í¨ ²Ó´ÒÌ ¸μ¸ÉμÖ´¨°.
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�¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ ¶ · ³¥É·Ò Å ¤²¨´  · ¸¸¥Ö´¨Ö aL ¨ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ rL Å
μ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨¥³:

p̄2L+1 cot δL(s) = − 1
aL

+
rL

2
p̄2 + O(p̄3). (15)

’ ±¨³ μ¡· §μ³, Ê· ¢´¥´¨¥ (5) μ¶·¥¤¥²Ö¥É t-³ É·¨ÍÊ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (p0 =
p′0 = 0, p = p′ = p̄), ±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´´  ¸ ´ ¡²Õ¤ ¥³Ò³¨ NN -· ¸¸¥Ö´¨Ö ¨
¤¥°É·μ´μ³ Å Ë § ³¨ · ¸¸¥Ö´¨Ö, ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨ ¨ Ô´¥·£¨¥° ¸¢Ö§¨
¤¥°É·μ´ .

2. ��‘—…’› ˆ �…‡“‹œ’�’›

� · ³¥É·Ò ³μ¤¥²¨ ¤²Ö μ¶·¥¤¥²¥´´μ£μ ¶ ·Í¨ ²Ó´μ£μ ± ´ ²  Å λL, βL(CL) Å ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ¨§  ´ ²¨§  ´ ¡²Õ¤ ¥³ÒÌ NN -· ¸¸¥Ö´¨Ö ¨ ¤¥°É·μ´ . �É¨ §´ Î¥´¨Ö · ¸¸Î¨É ´Ò
¨§ t-³ É·¨ÍÒ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (5). „¢Ê±· É´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¢ Ê· ¢´¥´¨¨ (7)
³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´μ ´¥¸±μ²Ó±¨³¨ ¸¶μ¸μ¡ ³¨. ‚ ¤ ´´μ° · ¡μÉ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¶¥-
·¥³¥´´μ° k0 ¢Ò¶μ²´Ö¥É¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¥μ·¥³Ò ŠμÏ¨,   μ¸É ¢Ï¨°¸Ö μ¤´μ±· É´Ò°
¨´É¥£· ² ¶μ ¶¥·¥³¥´´μ° k (¨²¨ ¶μ ek) ¢Ò¶μ²´Ö¥É¸Ö Î¨¸²¥´´μ. Š ± ¶μ± § ´μ ¢ · ¡μÉ¥ [6],
¨´É¥£·¨·μ¢ ´¨¥ ¶μ k ¢μ§³μ¦´μ Éμ²Ó±μ ¤²Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö

√
s < 2mN ¨ ¤²Ö Ê¶·Ê-

£μ£μ NN -· ¸¸¥Ö´¨Ö ¢ μ¡² ¸É¨ 2mN <
√

s < 2(mN +β). ’ ±¨³ μ¡· §μ³, · ¸¸³ É·¨¢ ¥³ Ö
±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μ£· ´¨Î¥´  Tlab < 4β.

� ¸¸³ É·¨¢ Ö ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ek, ³μ¦´μ ´ °É¨ ¶μ²Õ¸ ¢ ÉμÎ±¥ ēk =
√

s/2 ¢ ËÊ´±-
Í¨¨ 1/(

√
s/2 − ek + i0). �Éμ ¨´É¥£·¨·μ¢ ´¨¥ ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³

¸²¥¤ÊÕÐ¥£μ Ëμ·³ ²Ó´μ£μ ¸μμÉ´μÏ¥´¨Ö:

1√
s/2 − ek + i0

=
P√

s/2 − ek
− iπδ(

√
s/2 − ek), (16)

£¤¥ ¶¥·¢Ò° Î²¥´ ¢ ¶· ¢μ° Î ¸É¨ ¢Ò· ¦¥´¨Ö μÉ¢¥Î ¥É £² ¢´μ³Ê §´ Î¥´¨Õ ¨´É¥£· ² , ±μÉμ-
·μ¥ ¤ ¥É ¤¥°¸É¢¨É¥²Ó´ÊÕ Î ¸ÉÓ ËÊ´±Í¨¨ h(s). ‚Éμ·μ° Î²¥´ ¢ ¶· ¢μ° Î ¸É¨ ¤ ¥É ³´¨³ÊÕ
Î ¸ÉÓ ËÊ´±Í¨¨ h(s) ¢ ¢¨¤¥

Im h(s) =
k̄

16ēkπ

∑
L

gL(0, k̄)2 (17)

¸ k̄ =
√

s/4 − m2
n.

� Î ²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¤²Ö É·¥Ì ´¥¸¢Ö§ ´´ÒÌ P -¸μ¸ÉμÖ´¨° (3P0, 1P1, 3P1) ¨
¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° 3S1−3D1 ¢§ÖÉÒ ¨§ ´ Ï¥° ¶·¥¤Ò¤ÊÐ¥° ¸É ÉÓ¨ ¤²Ö ¸¥¶ · ¡¥²Ó´μ£μ
NN -Ö¤·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶¥·¢μ£μ · ´£  ¤²Ö ´Ê±²μ´μ¢ ¸μ ¸¶¨´μ·´Ò³¨ ¶·μ¶ £ Éμ· ³¨ [8]
¨ ¶¥·¥¸É· ¨¢ ÕÉ¸Ö ¸ ÊÎ¥Éμ³ ¸± ²Ö·´ÒÌ ¶·μ¶ £ Éμ·μ¢ ´Ê±²μ´μ¢.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö Ë § · ¸¸¥Ö´¨Ö ¢§ÖÉÒ ¨§ ¶·μ£· ³³Ò SAID
(http://gwdac.phys.gwu.edu/),   §´ Î¥´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ ¤¥°É·μ´  ¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì
¶ · ³¥É·μ¢ ¶·¨¢¥¤¥´Ò ¢ [7].

2.1. 1S0-¸μ¸ÉμÖ´¨¥. � · ³¥É·Ò ¶ ·Í¨ ²Ó´μ° ¢μ²´Ò 1S0 ¢§ÖÉÒ ¨§ ¸É ÉÓ¨ [9] ¨ ¤ ´Ò
¢ É ¡². 1 ¡¥§ ± ±¨Ì-²¨¡μ ¨§³¥´¥´¨°. ‚ÒÎ¨¸²¥´´Ò¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ ¶ · ³¥É·Ò (aS

¨ rS) ¶·¨¢¥¤¥´Ò ¢ É ¡². 1,   Ë §Ò · ¸¸¥Ö´¨Ö ¶μ± § ´Ò ´  ·¨¸. 1.
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’ ¡²¨Í  1. � · ³¥É·Ò ¶ ·Í¨ ²Ó´μ£μ ± ´ ²  1S0

� · ³¥É·
�±¸¶¥·¨³¥´É ²Ó´Ò¥ 1S0¤ ´´Ò¥ ¨§ [7]

λ, ƒÔ‚4 Ä1,12087
β0, ƒÔ‚ 0,228302

aL, ”³ Ä23,748 Ä23,753
rL, ”³ 2,75 2,75

�¨¸. 1. ” §Ò · ¸¸¥Ö´¨Ö ¢ ¶ ·Í¨ ²Ó´μ³ ± ´ ²¥ 1S0

2.2. ‘μ¸ÉμÖ´¨Ö 3P0, 1P1, 3P1. ” §Ò ¤²Ö ´¥¸¢Ö§ ´´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ³μ£ÊÉ
¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê· ¢´¥´¨Ö (5) ¨ (7),   ¨³¥´´μ

tan δL(s) =
Im t(s)
Re t(s)

=
Im h(s)

λ−1
L + Re h(s)

. (18)

—Éμ¡Ò ´ °É¨ ¶ · ³¥É·Ò λL ¨ βL, ¶·¨³¥´Ö¥É¸Ö ¶·μÍ¥¤Ê·  ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨¨ χ2, £¤¥
n Å ±μ²¨Î¥¸É¢μ ÊÎ¨ÉÒ¢ ¥³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉμÎ¥±. � Î ²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥-
É·μ¢ ¢§ÖÉÒ ¨§ ¸É ÉÓ¨ [8]. �·¨ ¢ÒÎ¨¸²¥´¨¨ ³¨´¨³Ê³  ËÊ´±Í¨¨ χ2 ÊÎ¨ÉÒ¢ ²¸Ö ³ ±¸¨³Ê³
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ T max

lab = 100 ŒÔ‚ ¤²Ö 3P0-¸μ¸ÉμÖ´¨Ö ¨ T max
lab = 200 ŒÔ‚ ¤²Ö

’ ¡²¨Í  2. � · ³¥É·Ò ¶ ·Í¨ ²Ó´ÒÌ ± ´ ²μ¢ 3P0, 1P1 ¨ 3P1

� · ³¥É· 3P0
3P1

1P1

λ, ƒÔ‚6 0,0428572 Ä5,83051 Ä3,68029
β1, ƒÔ‚ 0,19904 0,48273 0,44127

�¨¸. 2. ” §Ò · ¸¸¥Ö´¨Ö ¢ ¶ ·Í¨ ²Ó´μ³ ± ´ ²¥ 3P0
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�¨¸. 3. ” §Ò · ¸¸¥Ö´¨Ö ¢ ¶ ·Í¨ ²Ó´μ³ ± ´ -

²¥ 3P1

�¨¸. 4. ” §Ò · ¸¸¥Ö´¨Ö ¢ ¶ ·Í¨ ²Ó´μ³ ± ´ -

²¥ 1P1

1P1-, 3P1-¸μ¸ÉμÖ´¨°. � ¸¸Î¨É ´´Ò¥ ¶ · ³¥É·Ò ¶·¨¢¥¤¥´Ò ¢ É ¡². 2,   Ë §Ò · ¸¸¥Ö´¨Ö Å
´  ·¨¸. 2Ä4.

2.3. ‘¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö 3S1−3D1. � · ³¥É·Ò ¸¢Ö§ ´´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ¸μ¸ÉμÖ´¨°
3S1−3D1 ¶μ²ÊÎ¥´Ò ¨§ ¶ · ³¥É·μ¢, ¶·¨¢¥¤¥´´ÒÌ ¢ ¸É ÉÓ¥ [8], ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸²¥¤ÊÕÐ¥°
¶·μÍ¥¤Ê·Ò:

• ¶ · ³¥É· C2 ¶¥·¥¸Î¨É ´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ (14) É ±, ÎÉμ¡Ò
¶¸¥¢¤μ¢¥·μÖÉ´μ¸ÉÓ ¶ ·Í¨ ²Ó´μ° 3D1-¢μ²´Ò ¨³¥²  §´ Î¥´¨Ö pD = 4, 5, 6%, Éμ£¤  ± ±
¶ · ³¥É·Ò β0 ¨ β2 § Ë¨±¸¨·μ¢ ´Ò;

• ¶ · ³¥É· λ ¶¥·¥¸Î¨É ´ ¸ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨Ö (13) É ±¨³ μ¡· §μ³, ÎÉμ¡Ò Ô´¥·£¨Ö
¸¢Ö§¨ ¤¥°É·μ´  ¡Ò²  Ed = 2,2246 ŒÔ‚ ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ μ¸É ²Ó´ÒÌ ¶ · ³¥É· Ì.

� ¸¸Î¨É ´´Ò¥ ¶ · ³¥É·Ò Ö¤· ,   É ±¦¥ Ì · ±É¥·¨¸É¨±¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ · ¸¸¥-
Ö´¨Ö (at ¨ rt) ¶·¨¢¥¤¥´Ò ¢ É ¡². 3,   Ë §Ò Å ´  ·¨¸. 5.

’ ¡²¨Í  3. � · ³¥É·Ò ¸¢Ö§ ´´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ± ´ ²μ¢ 3S1−3D1

� · ³¥É·
�±¸¶¥·¨³¥´É ²Ó´Ò¥ 3S1−3D1

3S1−3D1
3S1−3D1

¤ ´´Ò¥ ¨§ [7] (pD = 4%) (pD = 5%) (pD = 6%)

λ, ƒÔ‚4 Ä1,83756 Ä1,57495 Ä1,34207
β0, ƒÔ‚ 0,251248 0,246713 0,242291
C2 1,71475 2,52745 3,46353
β2, ƒÔ‚ 0,294096 0,324494 0,350217

aL, ”³ 5,424 5,454 5,454 5,453
rL, ”³ 1,756 1,81 1,81 1,80

�¨¸. 5. ” §Ò · ¸¸¥Ö´¨Ö ¢ ¶ ·Í¨ ²Ó´μ³ ± ´ ²¥ 3S1
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‡�Š‹	—…�ˆ…

	Ò²¨ · ¸¸³μÉ·¥´Ò ±μ¢ ·¨ ´É´Ò¥ ¸¥¶ · ¡¥²Ó´Ò¥ Ö¤·  ¶¥·¢μ£μ · ´£  NN -¢§ ¨³μ¤¥°-
¸É¢¨Ö ¸ ´Ê±²μ´ ³¨ ¸μ ¸¶¨´μ³ 1/2 ¨ ¸μ ¸± ²Ö·´Ò³¨ ¶·μ¶ £ Éμ· ³¨. � · ³¥É·Ò ¶ ·Í¨ ²Ó-
´ÒÌ ¸μ¸ÉμÖ´¨° ¸ ¶μ²´Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³ J = 0, 1 ¶μ²ÊÎ¥´Ò ¨§  ´ ²¨§  ´ ¡²Õ¤ ¥³ÒÌ
NN -¸¨¸É¥³Ò Å ¸É É¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¤¥°É·μ´  ¨ ¶ · ³¥É·μ¢ NN -· ¸¸¥Ö´¨Ö. �·¥¤² -
£ ¥³Ò¥ ³μ¤¥²¨ Ö¤¥· ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö É·¥Ì´Ê±²μ´´ÒÌ ¸¢Ö§ ´´ÒÌ
¸μ¸ÉμÖ´¨° ¨ ¨Ì ¤¨´ ³¨Î¥¸±¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢ (Ëμ·³Ë ±Éμ·μ¢).

� ¡μÉ  Î ¸É¨Î´μ ¶μ¤¤¥·¦ ´  £· ´É ³¨ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥-
¤μ¢ ´¨° º16-02-00898 ¨ º18-32-00278.
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