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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�·¥¤¸É ¢²¥´ µ¡§µ· Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö (ƒ��) ²¥¶Éµ´µ¢ ´  Ö¤¥·´ÒÌ ³¨Ï¥´ÖÌ. �Î¥·Î¥´Ò µ¸´µ¢´Ò¥ ¶·µ¡²¥³Ò, ±µÉµ·Ò¥ ´¥-
µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ ¶·¨  ´ ²¨§¥ x- ¨ A-§ ¢¨¸¨³µ¸É¥° ¸¥Î¥´¨° ƒ��. �´ ²¨§¨·Ê¥É¸Ö ·Ö¤ ³µ¤¥²¥°,
¶·¥¤² £ ¢Ï¨Ì¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö ¢±² ¤  Ö¤¥·´ÒÌ ÔËË¥±Éµ¢ ¢ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ F2(x). � §· -
¡µÉ ´ ¨ ·¥ ²¨§µ¢ ´ ·¥²ÖÉ¨¢¨¸É¸±¨° É¥µ·¥É¨±µ-¶µ²¥¢µ° ¶µ¤Ìµ¤ ¤²Ö · ¸¸³µÉ·¥´¨Ö ƒ�� ²¥¶Éµ´µ¢
´  ²¥£Î °Ï¨Ì Ö¤· Ì. ‚¶¥·¢Ò¥ ¢ · ³± Ì ¥¤¨´µ£µ ¶µ¤Ìµ¤  ¢Ò¶µ²´¥´µ ¨¸¸²¥¤µ¢ ´¨¥ ³µ¤¨Ë¨± Í¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ D, 3H, 3He ¨ 4He. � °¤¥´µ, ÎÉµ Ô¢µ²ÕÍ¨Ö ³µ¤¨Ë¨± Í¨° ¶µ²´µ¸ÉÓÕ µÉ-
²¨Î ¥É¸Ö µÉ Ô¢µ²ÕÍ¨¨, ´ ¡²Õ¤ ¢Ï¥°¸Ö · ´¥¥ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥·. ‚ Î ¸É´µ¸É¨, µ¡´ ·Ê¦¥´µ, ÎÉµ

± ·É¨´  ³µ¤¨Ë¨± Í¨° F2(x), ¶·¥¤¸É ¢²¥´´ Ö ¢ É¥·³¨´ Ì µÉ´µÏ¥´¨° F
A

2 /F
N(D)
2 , µ¶·¥¤¥²Ö¥É¸Ö

§´ Î¥´¨Ö³¨ (1−x3) = 0,32 (D/N), 0,16 (3He/D) ¨ 0,08 (4He/D). �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ
µ¶·¥¤¥²¨ÉÓ ±² ¸¸ ³µ¤¨Ë¨± Í¨° ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¨ ¢¢¥¸É¨ ¥¤¨´¨ÍÊ ³µ¤¨Ë¨± Í¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´ . �µ²ÊÎ¥´µ É ±¦¥ É¥µ·¥É¨Î¥¸±µ¥ µ¡µ¸´µ¢ ´¨¥ ±µ´Í¥¶Í¨¨ ¤¢ÊÌÔÉ ¶´µ° Ô¢µ²Õ-
Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ± ± ËÊ´±Í¨¨ A, ¶·µ¨¸Ìµ¤ÖÐ¥° ´  ¶¥·¢µ³ ÔÉ ¶¥ ¤²Ö A ≤ 4, ¨ § É¥³
¤²Ö A > 4. „ ¢´ÖÖ ¶·µ¡²¥³  ¶·¨·µ¤Ò …Œ‘-ÔËË¥±É  ¶µ´¨³ ¥É¸Ö ± ± ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  ¢ ¶µ²¥ Ö¤¥·´ÒÌ ¸¨² É·¥Ì´Ê±²µ´´µ° ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò.

The review of the experimental and theoretical studies of the deep inelastic scattering (DIS) of
leptons on nuclear targets is presented. The basic problems which have to be solved in the analysis
of the x and A dependence of the DIS cross sections are outlined. A number of models suggested
for the studies of the nuclear effects in structure functions F2(x) are analyzed. The relativistic ˇeld
theory approach is developed and realized for the consideration of the DIS of leptons off the lightest
nuclei. It made it possible to investigate for the ˇrst time in the framework of the single approach the
modiˇcations of the free nucleon structure in D, 3H, 3He and 4He. It is obtained that the evolution
of the modiˇcations is totally different from that observed previously for heavy nuclei. In particular it
is found that the pattern of F2(x) modiˇcations is controlled with the values (1− x3) = 0.32 (D/N),
0.16 (3He/D) and 0.08 (4He/D). The obtained results allow one to deˇne the class of modiˇcations
of the bound nucleon structure and to introduce the unit of the nucleon structure modiˇcation. The
theoretical basis is thus obtained for the concept of the two-stage evolution of the nucleon structure
as a function of A, which ˇrst occurs for A ≤ 4 and then for A > 4. The long-standing problem of
the origin of the EMC effect is understood as the modiˇcation of the nucleon structure in the ˇeld
responsible for the binding forces in a three-nucleon system.

1. ‚‚…„…�ˆ…

�·µÉµ´ ¨ ´¥°É·µ´ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ µÉ²¨Î ÕÉ¸Ö µÉ ¢¸¥Ì
¤·Ê£¨Ì ¶·¥¤¸É ¢¨É¥²¥° µ¡Ï¨·´µ£µ ¸¥³¥°¸É¢   ¤·µ´µ¢ É¥³, ÎÉµ ¢·¥³Ö ¨Ì ¦¨§´¨
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¢ ¸¢µ¡µ¤´µ³ ¸µ¸ÉµÖ´¨¨ µÎ¥´Ó ¢¥²¨±µ: ∼ 890 ¸ ¤²Ö ´¥°É·µ´  ¨ ¶· ±É¨Î¥¸±¨
¡¥¸±µ´¥Î´µ ¤²Ö ¶·µÉµ´ . �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤¥² ¥É ¨Ì £² ¢´Ò³ ¨¸ÉµÎ´¨-
±µ³ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
Î ¸É¨Í. �¡Ñ¥±É, ±µÉµ·Ò° µ¡µ¡Ð ¥É ¨³¥´  ÔÉ¨Ì ¤¢ÊÌ Î ¸É¨Í, ´ §Ò¢ ÕÉ ´Ê±²µ-
´µ³ ¨ · ¸¸³ É·¨¢ ÕÉ ± ± ±µ´¸É¨ÉÊ¥´É ¸ ³µ£µ ³ ²µ£µ ¶·¥¤¸É ¢¨É¥²Ö ³ ±·µ-
³¨·  Å  Éµ³´µ£µ Ö¤· . ‚´ÊÉ·¨ Ö¤·  ´Ê±²µ´Ò ¸É ¡¨²Ó´Ò, Î¥³ µ¡ÑÖ¸´Ö¥É¸Ö
Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ Ö¤¥·´ÒÌ ³¨Ï¥´¥° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì
Ô´¥·£¨°. ƒ²Ê¡µ±µ´¥Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ (ƒ��) ²¥¶Éµ´µ¢ ´  ¸¢µ¡µ¤´ÒÌ ¶·µÉµ-
´ Ì ¨ ´Ê±²µ´ Ì Ö¤·  A ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¨ÉÓ ´Ê±²µ´´Ò¥ ±µ´¸É¨-
ÉÊ¥´ÉÒ Å ±¢ ·±¨ Å ¨ ¸É ²µ µ¸´µ¢´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ³¥Éµ¤µ³ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò  ¤·µ´µ¢.

‚ ¶·µÍ¥¸¸¥ · ¸¸¥Ö´¨Ö:

l+A→ l′ +X (1)

²¥¶Éµ´ l ¸ ¨³¶Ê²Ó¸µ³ k · ¸¸¥¨¢ ¥É¸Ö ´  Ö¤·¥ A ¸ ´ Î ²Ó´Ò³ Î¥ÉÒ·¥Ì¨³¶Ê²Ó-
¸µ³ P ¸ ¡µ²ÓÏµ° ¶¥·¥¤ Î¥° Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  q = k − k′. ‚ ¨´±²Õ§¨¢´µ°
¶µ¸É ´µ¢±¥ µ¶ÒÉµ¢ ¶µ ƒ�� ·¥£¨¸É·¨·Ê¥É¸Ö Éµ²Ó±µ ±µ´¥Î´Ò° ²¥¶Éµ´ ¸ ¨³-
¶Ê²Ó¸µ³ k′,   ¸ ¶µ³µÐÓÕ X µ¡µ§´ Î ÕÉ ´¥´ ¡²Õ¤ ¥³µ¥ ±µ´¥Î´µ¥  ¤·µ´´µ¥
¸µ¸ÉµÖ´¨¥ ·¥ ±Í¨¨. ‚ ´¨§Ï¥³ ¶µ·Ö¤±¥ ¶µ ±µ´¸É ´É¥ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö α=e2/4π ÔÉµÉ ¶·µÍ¥¸¸ ³µ¦´µ ¸Ì¥³ É¨Î¥¸±¨ ¨§µ¡· §¨ÉÓ ¤¨ £· ³-
³µ° µ¤´µËµÉµ´´µ£µ µ¡³¥´  (·¨¸.1).

�¨¸. 1. „¨ £· ³³ , ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤-
¸É ¢²ÖÕÐ Ö ¶·µÍ¥¸¸ ƒ�� ¢ µ¤´µËµÉµ´-
´µ³ ¶·¨¡²¨¦¥´¨¨

‚ · ¸¸³ É·¨¢ ¥³µ³ ¶·¨¡²¨¦¥´¨¨
¸¥Î¥´¨¥ ·¥ ±Í¨¨ (1) ³µ¦¥É ¡ÒÉÓ § ¶¨-
¸ ´µ ¢ ¢¨¤¥ ¸¢¥·É±¨  ¤·µ´´µ£µ ¨ ²¥¶-
Éµ´´µ£µ É¥´§µ·µ¢ [1]:

dσ̄ ∝ α2

q4
Lµν(k, k′)Wµν(P, q). (2)

‹¥¶Éµ´´Ò° É¥´§µ· Lµν µ¶¨¸Ò¢ ¥É ¨§²Ê-
Î¥´¨¥ ²¥¶Éµ´µ³ ¦¥¸É±µ£µ ËµÉµ´ . �µ-
¸±µ²Ó±Ê ²¥¶Éµ´ ¶·¥¤¶µ² £ ¥É¸Ö ÉµÎ¥Î-
´Ò³, Éµ ¢Ò· ¦¥´¨¥ ¤²Ö Lµν ¨³¥¥É ¶·µ-
¸Éµ° ¢¨¤:

Lµν(k, k′) =
1

2

∑
s′

ūs
′
(k′)γµu

s(k)ūs(k)γνu
s′(k′). (3)

‚¸Ö ¨´Ëµ·³ Í¨Ö µ ³¨Ï¥´¨ ¨ ¥¥ Ö¤¥·´ÒÌ ¸¢µ°¸É¢ Ì ¸µ¤¥·¦¨É¸Ö ¢  ¤·µ´-
´µ³ É¥´§µ·¥, ±µÉµ·Ò° ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Wµν(P, q) =
1

2

∑
n

〈P |J+
µ |n〉〈n|Jν |P 〉(2π)4δ4(P + q − pn). (4)
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�Éµ µ¶·¥¤¥²¥´¨¥ ¶µ§¢µ²Ö¥É ¸¢Ö§ ÉÓ  ¤·µ´´Ò° É¥´§µ· Ö¤·  ¸  ³¶²¨ÉÊ¤µ° ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö Ê´¨É ·´µ¸É¨:

Wµν(P, q) =
1

2π
ImTµν(P, q). (5)

‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´  (³Õµ´ ) ´  ´¥¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨ ´ ¨-
¡µ²¥¥ µ¡Ð Ö Ëµ·³  É¥´§µ·  Wµν ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ±

Wµν(P, q) = W1(ν, q2)gµν +
W2(ν, q2)

M2
PµP ν+

+
W4(ν, q2)

M2
qµqν +

W5(ν, q2)

M2
(Pµqν + qµP ν), (6)

£¤¥ ν = q0 Å Ô´¥·£¨Ö ËµÉµ´ ,   Wi Å ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ³¨Ï¥´¨. ‚¸²¥¤-
¸É¢¨¥ Ê¸²µ¢¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨

qµW
µν(P, q) = 0 (7)

 ¤·µ´´Ò° É¥´§µ· § ¢¨¸¨É Éµ²Ó±µ µÉ ¤¢ÊÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°:

Wµν(P, q) = W1(ν, q2)

(
−gµν +

qµqν

q2

)
+

+
W2(ν, q2)

M2

(
Pµ −

P · q
q2

qµ

)(
Pν −

P · q
q2

qν

)
.

‚ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥ (−q2 = Q2 →∞, ν →∞) ·¥ ²¨§Ê¥É¸Ö Ê¸²µ¢¨¥ ³ ¸-
ÏÉ ¡´µ° ¨´¢ ·¨ ´É´µ¸É¨, ÎÉµ ¶µ§¢µ²Ö¥É ¶¥·¥°É¨ ± ¸É·Ê±ÉÊ·´Ò³ ËÊ´±Í¨Ö³,
´¥ § ¢¨¸ÖÐ¨³ µÉ q2:

MW1(ν, q2)→ F1(x),

νW2(ν, q2)→ F2(x), (8)

£¤¥ F1 ¨ F2 Å ³ ¸ÏÉ ¡´µ-¨´¢ ·¨ ´É´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ (‘”),
  x = −q2/(P · q) Å ´µ¢ Ö ³ ¸ÏÉ ¡´µ-¨´¢ ·¨ ´É´ Ö ¶¥·¥³¥´´ Ö, ¨´µ£¤ 
´ §Ò¢ ¥³ Ö x �Ó¥·±¥´ . ‘ ÊÎ¥Éµ³ (8) Wµν § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Wµν(P, q) =

(
−gµν +

qµqν

q2

)
F1(x)+

+
1

P · q

(
Pµ −

P · q
q2

qµ

)(
Pν −

P · q
q2

qν

)
F2(x). (9)
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�¨µ´¥·¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¢ SLAC ¢ ±µ´Í¥ Ï¥¸É¨¤¥¸ÖÉÒÌ £µ¤µ¢, ¢ ±µ-
Éµ·ÒÌ ¡Ò²  µ¡´ ·Ê¦¥´  ³ ¸ÏÉ ¡´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°
´Ê±²µ´ , ¸¶µ¸µ¡¸É¢µ¢ ²¨ ¸É ´µ¢²¥´¨Õ ¨ · §¢¨É¨Õ ±¢ ·±-¶ ·Éµ´´ÒÌ ³µ¤¥-
²¥°  ¤·µ´µ¢. ‘¶Ê¸ÉÖ ¤¥¸ÖÉÓ ²¥É Ô±¸¶¥·¨³¥´ÉÒ ´µ¢µ£µ ¶µ±µ²¥´¨Ö ¶µ¤É¢¥·¤¨²¨
¶·¥¤¸± § ´´µ¥ ²µ£ ·¨Ë³¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ ³ ¸ÏÉ ¡´µ° ¨´¢ ·¨ ´É´µ¸É¨, ÎÉµ
¸É ²µ µ¸´µ¢µ° ¤²Ö · §¢¨É¨Ö ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ (Š•„) ± ± É¥µ·¨¨
¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. „ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¨§µ¸¶¨´µ¢µ°  ¸¨³³¥É·¨¨
¢ ƒ�� ¨ Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ³¨Ï¥´Ö³¨ ¨ ¶¥·¢¨Î´Ò³¨ Î ¸É¨-
Í ³¨ ¶µ± § ²¨, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ¢Ï¨¥ ¢ Éµ ¢·¥³Ö ¶·¥¤¸É ¢²¥´¨Ö µ ¸¶¨´µ¢µ°
¨ ¨§µ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·¥ ´Ê±²µ´  ´¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥-
§Ê²ÓÉ É ³¨ [2]. ‚µ§³µ¦´ Ö ¨´É¥·¶·¥É Í¨Ö ¤µ¶Ê¸± ²  ¶·¥¤¶µ²µ¦¥´¨¥ µ ´ -
·ÊÏ¥´¨¨ ¨§µ¸¶¨´µ¢µ° ¸¨³³¥É·¨¨ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥. ‘É ²µ µÎ¥¢¨¤´µ, ÎÉµ
·¥ ²Ó´ Ö ± ·É¨´  ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ´ ³´µ£µ ¸²µ¦´¥¥, Î¥³ ÔÉµ
¶·¥¤¶µ² £ ²µ¸Ó ¢ ±¢ ·±-¶ ·Éµ´´µ° ³µ¤¥²¨. ’¥³ ¸ ³Ò³ ¡Ò² ¸É¨³Ê²¨·µ¢ ´ ¨´-
É¥·¥¸ ± ¶·¥Í¨§¨µ´´Ò³ ¶·µ¢¥·± ³ ¸¶· ¢¥¤²¨¢µ¸É¨ ¶· ¢¨² ¸Ê³³ (�‘) ƒµÉÉ-
Ë·¨¤  [3], �²²¨¸ Å„¦ ËË¥ [4] ¨ �Ó¥·±¥´  [5].

‘¢Ö§ ´´µ¸ÉÓ ´Ê±²µ´´ÒÌ ±µ´¸É¨ÉÊ¥´Éµ¢ (±¢ ·±µ¢ ¨ £²Õµ´µ¢) µ¡² ¤ ¥É Ê´¨-
± ²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¸µÌ· ´ÖÉÓ Í¥²µ¸É´µ¸ÉÓ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¶·¨ ²Õ¡ÒÌ
¤µ¸ÉÊ¶´ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶¥·¥¤ Î Ì Ô´¥·£¨¨. �¥ ¨¸±²ÕÎ¥´µ É ±¦¥, ÎÉµ
´¥¢Ò²¥É ´¨¥ ±¢ ·±µ¢ ¨§ ´Ê±²µ´  Ö¢²Ö¥É¸Ö ¥£µ ËÊ´¤ ³¥´É ²Ó´Ò³ ¸¢µ°¸É¢µ³,
±µÉµ·µ¥ ¸µÌ· ´¨É¸Ö ¨ ¶·¨ ¡�µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ. �Éµ Ö¢²¥´¨¥, ¨§¢¥¸É´µ¥ ± ± ±µ´-
Ë °´³¥´É, ¶·¥¶ÖÉ¸É¢Ê¥É ¶·Ö³µ³Ê, ¸¢µ¡µ¤´µ³Ê µÉ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨°
¨¸¸²¥¤µ¢ ´¨Õ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ . ‘±·ÒÉÒ¥ µÉ ´ ¡²Õ¤ É¥²Ö ¤¥É ²¨ ¸É·Ê±-
ÉÊ·Ò ³µ¦´µ ¸· ¢´¨ÉÓ ¸ ¸µ¤¥·¦ ´¨¥³ Î¥·´µ£µ ÖÐ¨± , ¸É ´¤ ·É´Ò¥ ³¥Éµ¤Ò
¨¸¸²¥¤µ¢ ´¨Ö ±µÉµ·µ£µ § ±²ÕÎ ÕÉ¸Ö ¢ ¨§ÊÎ¥´¨¨ § ¢¨¸¨³µ¸É¨ µÉ±²¨±  ¨¸¸²¥-
¤Ê¥³µ£µ µ¡Ñ¥±É  µÉ ¢ ·¨ Í¨° ¢µ§¤¥°¸É¢¨Ö. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ · §²¨Î´ÒÌ
¶·¥¤¶µ²µ¦¥´¨° µ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·¥ ´Ê±²µ´  ³µ¦´µ ¶·¨°É¨ ± Éµ° ¨²¨
¨´µ° ³µ¤¥²¨, ¸µ£² ¸ÊÕÐ¥°¸Ö ¸ ¶µ²ÊÎ ¥³µ° ¨§ µ¶ÒÉµ¢ § ¢¨¸¨³µ¸ÉÓÕ. �¤´ ±µ
¢ Ê¸²µ¢¨ÖÌ ·¥ ²Ó´µ£µ Ô±¸¶¥·¨³¥´É  ´¥²Ó§Ö µ¸ÊÐ¥¸É¢¨ÉÓ ¶·µ¢¥·±Ê ¨¸Ìµ¤´ÒÌ
(³µ¤¥²Ó´ÒÌ) ¶·¥¤¶µ²µ¦¥´¨° ¢µ ¢¸¥° µ¡² ¸É¨ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ.
�Éµ ÊÉ¢¥·¦¤¥´¨¥ ¶·¨³¥´¨³µ ¨ ± ´ ¨¡µ²¥¥ ¤µ¸ÉÊ¶´µ° ´Ê±²µ´´µ° ³¨Ï¥´¨ Å
¶·µÉµ´´µ°, ¨, ¢ ¥Ð¥ ¡µ²ÓÏ¥° ¸É¥¶¥´¨, ± ´¥°É·µ´´µ°, ¢ ± Î¥¸É¢¥ ±µÉµ·µ°
¶·¨³¥´ÖÕÉ¸Ö ¤¥°É¥·¨¥¢Ò¥ ³¨Ï¥´¨. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¶µ²ÊÎ¥´¨¥ ¨§ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ´¥°É·µ´  ¶·µ¸Éµ ´¥¢µ§³µ¦´µ
¡¥§ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨° µ¡ ÔËË¥±É Ì ¸¢Ö§ ´´µ¸É¨ ¶·µÉµ´  ¨ ´¥°É·µ´ 
¢ ¤¥°É·µ´¥. „·Ê£¨³¨ ¸²µ¢ ³¨, µ± §Ò¢ ¥É¸Ö, ÎÉµ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸-
¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ± ± ³µ¦´µ ¡µ²¥¥ ÉµÎ´ÊÕ
 ¶·¨µ·´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¥£µ ¸É·µ¥´¨¨.

‚ ´ ¨¡µ²¥¥ ¸¨²Ó´µ° ¸É¥¶¥´¨ ¢¸¥ ÔÉ¨ ¶·µ¡²¥³Ò ¶·µÖ¢¨²¨ ¸¥¡Ö ¢ ÉµÉ ³µ-
³¥´É, ±µ£¤  ¶µÖ¢¨² ¸Ó ¢µ§³µ¦´µ¸ÉÓ ¶·¥Í¨§¨µ´´µ£µ ¸· ¢´¥´¨Ö ¸É·Ê±ÉÊ·Ò ¤¥°-
É·µ´  ¨ ¸¢Ö§ ´´µ£µ ¢ ÉÖ¦¥²µ³ Ö¤·¥ ´Ê±²µ´ . ’· ¤¨Í¨µ´´µ ¶·¥¤¶µ² £ ²µ¸Ó,
ÎÉµ ¢ ± Î¥¸É¢¥ ´Ê±²µ´´µ° ³¨Ï¥´¨ ¢ ƒ�� ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ´¥ Éµ²Ó±µ
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¶·µÉµ´Ò, ´µ ¨ Ö¤· , ¥¸²¨ ¨Ì · ¸¸³ É·¨¢ ÉÓ ± ± ´ ¡µ· ±¢ §¨¸¢µ¡µ¤´ÒÌ ´Ê±²µ-
´µ¢. �·¥´¥¡·¥¦¥´¨¥ Ö¤¥·´Ò³¨ ÔËË¥±É ³¨ µ¸´µ¢Ò¢ ²µ¸Ó ´  ¶·¥¤¶µ²µ¦¥´¨¨
µ Éµ³, ÎÉµ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ Ô´¥·£¨¥° ¸¢Ö§¨ ¢ Ö¤·¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥-
¤ Î¥° Ô´¥·£¨¨ µÉ ²¥¶Éµ´  ± Ö¤·Ê ¨, É ±¨³ µ¡· §µ³, · ¸¸³ É·¨¢ ÉÓ ´Ê±²µ´ ¨
Ö¤·µ ± ± ¨§µ³µ·Ë´Ò¥ ¤·Ê£ ¤·Ê£Ê ¸¨¸É¥³Ò. �¥¸µ¸ÉµÖÉ¥²Ó´µ¸ÉÓ ÔÉµ° ±µ´Í¥¶Í¨¨
¡Ò²  ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ¢ Ô±¸¶¥·¨³¥´É¥ …¢·µ¶¥°¸±µ° ³Õµ´´µ° ±µ²² ¡µ· -
Í¨¨ (…Œ‘), ¢ ±µÉµ·µ³ ¡Ò²µ ¨§³¥·¥´µ µÉ´µÏ¥´¨¥ ‘” ¦¥²¥§  FFe

2 (x) ± ‘”
¤¥°É·µ´  FD

2 (x) [6]. Š ± ¶µ± § ² µ¶ÒÉ …Œ‘, ¸É·Ê±ÉÊ·  ¸¢Ö§ ´´ÒÌ ¢ Ö¤·¥
´Ê±²µ´µ¢ ³¥´Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´Ò³ µ¡· §µ³: ¢ µ¡² ¸É¨ ¸·¥¤´¨Ì §´ Î¥´¨° x
¢¥²¨Î¨´  ‘” ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  (¤¥°É·µ´  ¢ µ¶ÒÉ¥ …Œ‘) µ± § ² ¸Ó ¸ÊÐ¥-
¸É¢¥´´µ ¡µ²ÓÏ¥ FFe

2 (x). ’ ± Ö ³µ¤¨Ë¨± Í¨Ö ‘”, ¢µ-¶¥·¢ÒÌ, ¶·µÉ¨¢µ·¥Î¨² 
É· ¤¨Í¨µ´´Ò³ ³µ¤¥²Ö³ Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò. ‚µ-¢Éµ·ÒÌ, Ì · ±É¥· ´ °¤¥´´ÒÌ
¨§³¥´¥´¨° FFe

2 (x) ± ± ËÊ´±Í¨¨ x ³µ¦´µ ¡Ò²µ ²¨ÏÓ ± Î¥¸É¢¥´´µ ¸µ£² ¸µ¢ ÉÓ
¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ µ¡ ÔËË¥±É Ì Ö¤¥·´µ° ¸¢Ö§¨. Šµ²¨Î¥¸É¢¥´´µ¥ ¸µ£² ¸¨¥ ¸
¤ ´´Ò³¨ ´¥ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ´¨ ¢ µ¤´µ° ¨§ ¶·¥¤²µ¦¥´´ÒÌ ¤²Ö µ¶¨¸ ´¨Ö ÔË-
Ë¥±É  ³µ¤¥²¥° [7Ä9]. �¡´ ·Ê¦¥´´µ¥ Ö¢²¥´¨¥ ³µ¤¨Ë¨± Í¨¨ ‘” ¸¢µ¡µ¤´µ£µ
´Ê±²µ´  ¢ Ö¤·¥ ¡Ò²µ ´ §¢ ´µ …Œ‘-ÔËË¥±Éµ³.

„²Ö Éµ£µ ÎÉµ¡Ò ·¥±µ´¸É·Ê¨·µ¢ ÉÓ ± ·É¨´Ê ³µ¤¨Ë¨± Í¨° ¸É·Ê±ÉÊ·Ò ¸¢µ-
¡µ¤´µ£µ ´Ê±²µ´  Ö¤¥·´µ° ¸·¥¤µ°, ¡Ò²µ ¸µ§¤ ´µ ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ³µ¤¥²¥°
¨ ³´µ¦¥¸É¢µ ¨Ì · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢, ±µÉµ·Ò¥ · ¸¸³µÉ·¥´Ò ¢ ·Ö¤¥ µ¡§µ-
·µ¢ (¸³., ´ ¶·¨³¥·, [8, 9]). �·¥¤²µ¦¥´´Ò¥ ³µ¤¥²¨ ³µ¦´µ µ¡Ñ¥¤¨´¨ÉÓ ¢ É·¨
µ¸´µ¢´Ò¥ £·Ê¶¶Ò:

 ) µ¡ÑÖ¸´¥´¨¥ …Œ‘-ÔËË¥±É  ¸ ¶µ³µÐÓÕ ÊÎ¥É  Ô´¥·£¨¨ µÉ¤¥²¥´¨Ö
´Ê±²µ´ , ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ë¥·³¨-¤¢¨¦¥´¨Ö ¨ ´Ê±²µ´-´Ê±²µ´´ÒÌ ±µ··¥²Ö-
Í¨° [10,11];

¡) £¨¶µÉ¥§  µ ¸¢Ö§¨ …Œ‘-ÔËË¥±É  ¸ ´¥´Ê±²µ´´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò
[12Ä17];

¢) ¶·¥¤¶µ²µ¦¥´¨¥ µ¡ ¨§³¥´¥´¨¨ · ¤¨Ê¸  ±¢ ·±µ¢µ£µ ±µ´Ë °´³¥´É 
[18Ä20].

�¥¸³µÉ·Ö ´  ± Î¥¸É¢¥´´Ò¥ · §²¨Î¨Ö, § ²µ¦¥´´Ò¥ ¢ ÔÉ¨Ì ¶µ¤Ìµ¤ Ì ¤²Ö
µ¡ÑÖ¸´¥´¨Ö ¶·¨·µ¤Ò ÔËË¥±É , ³´µ£¨¥ ¨§ ´¨Ì ¢µ¸¶·µ¨§¢µ¤¨²¨ µ¡ÐÊÕ ± ·-
É¨´Ê ÔËË¥±É ,   ´¥±µÉµ·Ò¥ ¤ ¦¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ²¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¢ µ£· ´¨Î¥´´µ° ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ (± ± ¶· ¢¨²µ, ¶·¨
0,3 < x < <0,7). ‘µ£² ¸¨¥ ¤µ¸É¨£ ²µ¸Ó Í¥´µ° ¢¢¥¤¥´¨Ö ¶µ¤£µ´µÎ´ÒÌ ¶ -
· ³¥É·µ¢. ’¥³ ´¥ ³¥´¥¥ ¶µ¶ÒÉ±¨ µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ¤´µ-
¢·¥³¥´´µ ¢ ¡µ²¥¥ Ï¨·µ±µ° µ¡² ¸É¨ ¶µ x ¨ ¤²Ö · §²¨Î´ÒÌ Ö¤¥· µ± § ²¨¸Ó
¡¥§Ê¸¶¥Ï´Ò³¨. …¸É¥¸É¢¥´´µ, ÎÉµ É ±µ¥ ¸µ¸ÉµÖ´¨¥ ¶·µ¡²¥³Ò ´¥ ¶µ§¢µ²Ö²µ ± -
É¥£µ·¨Î¥¸±¨ µÉ¢¥·£´ÊÉÓ ³´µ£¨¥ ¨§ ³µ¤¥²¥° ¨ Ê¸É ´µ¢¨ÉÓ µ¤´µ§´ Î´µ ³¥Ì ´¨§³
…Œ‘-ÔËË¥±É .

‘µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ ³µ¤¥²Ó´µ£µ µ¶¨¸ ´¨Ö ÔËË¥±É  ¶·µ¤µ²¦ ¥É¸Ö ¤µ ¸¨Ì
¶µ·. ˆ§ ´¥¤ ¢´¨Ì ¶Ê¡²¨± Í¨° ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ ¶µ¤Ìµ¤, ¶·¥¤² £ ÕÐ¨° ¤µ-
¶µ²´¨É¥²Ó´ÊÕ Š•„-Ô¢µ²ÕÍ¨Õ [21], ³µ¤¥²Ó Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¤¢µ°´µ£µ
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Q2-·¥¸±¥°²¨´£  [22],   É ±¦¥ ³µ¤¥²Ó, · ¸¸³ É·¨¢ ÕÐÊÕ ÔËË¥±É …Œ‘ ¢ µ¡² -
¸É¨ 10−3 < x < 0, 7 ¸ ¶µ³µÐÓÕ ¶ · ³¥É·¨§ Í¨¨ Ö¤¥·´µ° ¸¢Ö§¨ ¨ · §¡ÊÌ ´¨Ö
´Ê±²µ´  [23]. ‚ · ¡µÉ¥ [24] ¶·¥¤² £ ¥É¸Ö ¶ ·Éµ´´ Ö ³µ¤¥²Ó ¤²Ö µ¶¨¸ ´¨Ö
· ¸¶·¥¤¥²¥´¨Ö ³µ·¸±¨Ì ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ Ö¤· Ì. �µ³¨³µ · ¸¸³µÉ·¥´¨Ö
ÔËË¥±É  EMC ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì ¢ ÔÉµ³ µ¡§µ·¥ µ¡¸Ê¦¤ ÕÉ¸Ö ¶ ·Éµ´´Ò¥ · ¸-
¶·¥¤¥²¥´¨Ö ¢ ¤¥°É·µ´¥ ¨ ¶µ²ÊÎ¥´´µ¥ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ‘” ¤¥°É·µ´  ¨
´¥°É·µ´ .

‚ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨  ²ÓÉ¥·´ É¨¢´Ò° ¢¸¥³ ¤·Ê£¨³ ¶µ¤Ìµ¤ ³ ³¥Éµ¤
· §¢¨¢ ¥É¸Ö ¢ · ¡µÉ Ì [25, 26]. „²Ö Éµ£µ ÎÉµ¡Ò µ¡µ°É¨ ¶·µ¡²¥³Ò É¥µ·¥É¨Î¥-
¸±µ£µ µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤·  ¶·¨ ±µ´¥Î´µ³ §´ Î¥´¨¨ ¥£µ  Éµ³´µ£µ ´µ³¥· 
A, ¢ [26] · ¸¸³ É·¨¢ ¥É¸Ö ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ¡¥¸±µ´¥Î´µ°
Ö¤¥·´µ° ³ É¥·¨¨. ‘¥Î¥´¨¥ ·¥ ±Í¨¨ (1) ¢ Ö¤¥·´µ° ³ É¥·¨¨ ³µ¦´µ µÍ¥´¨ÉÓ ¸
¶µ³µÐÓÕ Ô±¸É· ¶µ²ÖÍ¨¨ ¸¥Î¥´¨°, ¨§³¥·¥´´ÒÌ ¤²Ö ·Ö¤  ±µ´¥Î´ÒÌ §´ Î¥´¨°
A, ¢ µ¡² ¸ÉÓ A→∞, ¶·¥¤¶µ² £ Ö § ¢¨¸¨³µ¸ÉÓ A−1/3 [25].

�É¨ ´µ¢Ò¥ · ¡µÉÒ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± Ìµ·µÏ Ö  ·£Ê³¥´É Í¨Ö ¢ ¦-
´µ¸É¨ ·¥Ï¥´¨Ö ¶·µ¡²¥³Ò ¡¥§³µ¤¥²Ó´µ£µ µ¶¨¸ ´¨Ö ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò
¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É·Ê±ÉÊ·µ° ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ .

�µ£ ÉÒ° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ², ¶µ²ÊÎ¥´´Ò° ± ´ ¸ÉµÖÐ¥³Ê ¢·¥-
³¥´¨ ´  · §²¨Î´ÒÌ Ö¤· Ì ±µ²² ¡µ· Í¨Ö³¨ SLAC, BCDMS, NMC ¨ E665, ¶µ-
§¢µ²Ö¥É ¢ÒÖ¢¨ÉÓ ·Ö¤ ËÊ´¤ ³¥´É ²Ó´ÒÌ § ±µ´µ³¥·´µ¸É¥° ¢ x- ¨ A-§ ¢¨¸¨³µ¸ÉÖÌ
µÉ´µÏ¥´¨° ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¨ ¤¥°É·µ´ . � ¨¡µ²¥¥ ¸ÊÐ¥-
¸É¢¥´´Ò³, ¸ ´ Ï¥° ÉµÎ±¨ §·¥´¨Ö, ¡Ò²µ µ¡´ ·Ê¦¥´¨¥ Ê´¨¢¥·¸ ²Ó´µ°
x-§ ¢¨¸¨³µ¸É¨ (¥¤¨´µ° ¤²Ö ¢¸¥Ì Ö¤¥· ¸ ³ ¸¸µ° A ≥ 4) µÉ´µÏ¥´¨Ö rA(x) =
= FA2 (x)/FD

2 (x) ¸´ Î ²  ¢ µ£· ´¨Î¥´´µ³ ¨´É¥·¢ ²¥ ¶¥·¥³¥´´µ° x [27],  
¢¶µ¸²¥¤¸É¢¨¨ ¨ ¢µ ¢¸¥° ¤µ¸ÉÊ¶´µ° ¸µ¢·¥³¥´´Ò³ Ô±¸¶¥·¨³¥´É ³ µ¡² ¸É¨:
10−3 < x < 0,95 [28Ä30]. ƒ² ¢´µ° Î¥·Éµ° µ¡´ ·Ê¦¥´´ÒÌ § ±µ´µ³¥·´µ¸É¥°
¡Ò²  ´¥§ ¢¨¸¨³µ¸ÉÓ µÉ A É·¥Ì ÉµÎ¥± xi (i = 1,2,3), ¢ ±µÉµ·ÒÌ FA2 (xi) =
= FD

2 (xi). �ÉµÉ ·¥§Ê²ÓÉ É, µ¤´ ±µ, ¶·¨³¥´Ö²¸Ö ²¨ÏÓ ± ± É¥Ì´¨Î¥¸±¨° ³¥Éµ¤
ÊÎ¥É  A-§ ¢¨¸¨³µ¸É¨,   ´¥ ± ± ±²ÕÎ ± ¶µ´¨³ ´¨Õ ¶·¨·µ¤Ò …Œ‘-ÔËË¥±É .
…¸É¥¸É¢¥´´µ, ÎÉµ ´¨ µ¤´  ¨§ ¶·¥¤²µ¦¥´´ÒÌ ³µ¤¥²¥° ´¥ Éµ²Ó±µ ´¥ ¢µ¸¶·µ-
¨§¢µ¤¨²  ÔÉ¨ § ±µ´µ³¥·´µ¸É¨, ´µ ¤ ¦¥ ´¥ ¶µ§¢µ²Ö²  µ¶¨¸ ÉÓ ¸µ¢·¥³¥´´Ò¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸ · §Ê³´µ° ¸É¥¶¥´ÓÕ ¤µ¸Éµ¢¥·´µ¸É¨. ‚ Éµ ¦¥ ¸ -
³µ¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö, Ê¦¥ ´ ±µ¶²¥´´ Ö µ ƒ�� ²¥¶Éµ´µ¢
´  Ö¤· Ì ¶·¨ A ≥ 4, Ê¡¥¤¨É¥²Ó´µ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¸¢Ö§ ´´µ¸ÉÓ
´Ê±²µ´µ¢ ¢ Ö¤·¥,   É ±¦¥ ´ ¸ÒÐ¥´¨¥ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨ ¶·¨ A → 4
Ö¢²ÖÕÉ¸Ö µ¸´µ¢´Ò³¨ ³¥Ì ´¨§³ ³¨ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê-
±²µ´  [29, 30]. Œµ¦´µ µÉ³¥É¨ÉÓ §´ Î¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ É¥µ·¥É¨Î¥¸±¨Ì
· ¡µÉ, ¶µ¤Î¥·±¨¢ ÕÐ¨Ì ¢ ¦´µ¸ÉÓ ÊÎ¥É  ³¥Ì ´¨§³  ¸¢Ö§ ´´µ¸É¨ ´Ê±²µ´µ¢ ¢
Ö¤·¥ [11, 31, 32], ±µÉµ·Ò¥, µ¤´ ±µ, ´¥ ¶·¨¤ ¢ ²¨ ¤µ²¦´µ£µ §´ Î¥´¨Ö ÔËË¥±ÉÊ
´ ¸ÒÐ¥´¨Ö ¸¨² ¸¢Ö§¨ ¢ ³ ²µ´Ê±²µ´´ÒÌ ¸¨¸É¥³ Ì.

Š ± ´ ³ ¶·¥¤¸É ¢²Ö¥É¸Ö, § ¤ Î  µ¶¨¸ ´¨Ö ÔËË¥±É  …Œ‘ Î Ð¥ ¢¸¥£µ ¸¢µ-
¤¨² ¸Ó ± ¶µ¨¸±Ê Ê¸²µ¢¨°, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì µÉ²¨Î¨¥ µÉ ¥¤¨´¨ÍÒ µÉ´µÏ¥´¨Ö
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FA2 (x)/FD
2 (x). �·¨ ÔÉµ³ Ï¨·µ±µ ¶·¨¢²¥± ²¨¸Ó ± ± ¸² ¡µ¨§ÊÎ¥´´Ò¥ ¸Ê¡´Ê-

±²µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò [13, 15, 18Ä20] ¨ Ô±§µÉ¨Î¥¸±¨¥ Ö¤¥·´Ò¥ ±µ´¸É¨ÉÊ-
¥´ÉÒ [14,33Ä40], É ± ¨ ³µ¤¥²¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [11,12,31,
32, 41]∗. ‚ ·¥§Ê²ÓÉ É¥ Ê¸¶¥Ì µ¶¨¸ ´¨Ö ¤ ´´ÒÌ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶µ´¨³ ´¨¥
Ô¢µ²ÕÍ¨¨ F2(x) ¢ Ö¤¥·´µ³ µ±·Ê¦¥´¨¨ § ¢¨¸¥²¨ ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µÉ
ÉµÎ´µ¸É¨ µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

„²Ö Éµ£µ ÎÉµ¡Ò · §µ·¢ ÉÓ É ±µ° § ³±´ÊÉÒ° ±·Ê£, ´¥µ¡Ìµ¤¨³µ ·¥±µ´¸É·Ê-
¨·µ¢ ÉÓ ± ·É¨´Ê µÉ´µ¸¨É¥²Ó´ÒÌ ¨§³¥´¥´¨° ¢ ¸É·Ê±ÉÊ·¥ ¸¢Ö§ ´´µ£µ ´Ê±²µ´ ,
µ¸´µ¢Ò¢ Ö¸Ó ´  µ¡Ð¨Ì ¸¢µ°¸É¢ Ì ´Ê±²µ´  ¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ±µÉµ·Ò¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ ¸¢µ°¸É¢ ¸¨³³¥É·¨¨ ¨  ´ ²¨É¨Î´µ¸É¨. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ÉµÉ Ë ±É, ÎÉµ ´Ê±²µ´, ´ Ìµ¤ÖÐ¨°¸Ö ¢ Ö¤·¥, ¨§³¥´Ö¥É¸Ö, ¶·¥-
¤µ¸É ¢²Ö¥É ¤µ¶µ²´¨É¥²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¨ Ê¸É ´µ¢²¥´¨Ö ´¥±µÉµ·ÒÌ ¥£µ ¸¢µ°¸É¢ ´  µ¸´µ¢¥ ¸ ³ÒÌ
µ¡Ð¨Ì ¶·¨´Í¨¶µ¢.

Š²ÕÎ¥¢µ° ¶·µ¡²¥³µ°, ¶µ ´ Ï¥³Ê Ê¡¥¦¤¥´¨Õ, Ö¢²Ö¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó-
´µ¥ ·¥²ÖÉ¨¢¨¸É¸±µ¥ µ¶¨¸ ´¨¥ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨. � ¨²ÊÎÏ¨³ µ¡Ñ¥±Éµ³
¤²Ö · ¸¸³µÉ·¥´¨Ö µ¸´µ¢´ÒÌ ÔËË¥±Éµ¢ ¸²Ê¦¨É ¶·µ¸É¥°Ï Ö Ö¤¥·´ Ö ¸¨¸É¥³  Å
¤¥°É·µ´. Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥ ´  ¶·¨³¥·¥ · ¸Î¥É  FD

2 (x), ·¥²ÖÉ¨¢¨¸É¸±¨-
±µ¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤ [42] ¶µ§¢µ²Ö¥É µ¡ÑÖ¸´¨ÉÓ ´ ¡²Õ¤ ¥³Ò¥ ¢ ƒ�� Ö¤¥·-
´Ò¥ ÔËË¥±ÉÒ ¸ ¶µ³µÐÓÕ ¥¤¨´µ° Ë¨§¨Î¥¸±µ° ± ·É¨´Ò, ¤µ¶Ê¸± ÕÐ¥° ¸· ¢´¨-
É¥²Ó´µ ¶·µ¸ÉÊÕ ¨´É¥·¶·¥É Í¨Õ. �¥²ÖÉ¨¢¨¸É¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö n-´Ê±²µ´´µ°
ËÊ´±Í¨¨ ƒ·¨´  ¨ ¤²Ö ¢¥·Ï¨´´µ° ËÊ´±Í¨¨, µ¶¨¸Ò¢ ÕÐ¥° ¸µ¸ÉµÖ´¨¥ Ö¤·  ¢
É¥·³¨´ Ì ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, Ê¸É ´ ¢²¨¢ ÕÉ § ¢¨¸¨³µ¸ÉÓ ³¥¦¤Ê
¤¨´ ³¨Î¥¸±µ° ¸É·Ê±ÉÊ·µ° ´Ê±²µ´  ¨ ¢¥²¨Î¨´µ° ¢·¥³¥´´µ£µ ¨´É¥·¢ ²  ∆t,
· §¤¥²ÖÕÐ¥£µ ´ ¡²Õ¤ ¥³Ò° ´Ê±²µ´ ¨ Ö¤·µ-µ¸É Éµ± (´Ê±²µ´ ¤²Ö ¸²ÊÎ Ö ¤¥°-
É¥·¨¥¢µ° ³¨Ï¥´¨) Å ´¥µ¤´µ¢·¥³¥´´µ¸É¨ ´Ê±²µ´µ¢ ¢ Ö¤·¥. ‘ÊÉÓ µ¡ÑÖ¸´¥´¨Ö
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶·¨Î¨´µ° ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ¸¢Ö§ ´´µ£µ
¢ Ö¤·¥ ¤¥°É¥·¨Ö (FD

2 (x)/FN
2 (x) 6= 1), Ö¢²Ö¥É¸Ö ´¥µ¤´µ¢·¥³¥´´µ¸ÉÓ ´Ê±²µ´µ¢

¢ Ö¤·¥. �ÉµÉ É¥µ·¥É¨Î¥¸±¨° ·¥§Ê²ÓÉ É ¶µ§¢µ²Ö¥É ¡¥§ É·Ê¤  ¶·µ¤¥³µ´¸É·¨·µ-
¢ ÉÓ ¸¢Ö§Ó ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³ ¶µ¤Ìµ¤µ³, ¢ Î ¸É´µ¸É¨ Éµ, ± ± ·¥¸±¥°²¨´£
¶¥·¥³¥´´µ° �Ó¥·±¥´  x ¸²¥¤Ê¥É ¨§ § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¢·¥³¥´¨,
¸µ¤¥·¦ Ð¥°¸Ö ¢ ±µ³¶Éµ´µ¢¸±µ°  ³¶²¨ÉÊ¤¥ ¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´ .

�¡µ¡Ð¥´¨¥ ¶µ²ÊÎ¥´´µ£µ ·¥§Ê²ÓÉ É  ´  ²¥£±¨¥ Ö¤·  (A ≤ 4) ¶µ§¢µ²Ö¥É ¨¸-
¸²¥¤µ¢ ÉÓ Ô¢µ²ÕÍ¨Õ F2(x) ¸ ¨§³¥´¥´¨¥³ A ¨ Ê¸É ´µ¢¨ÉÓ ¤µ¸É ÉµÎ´µ¥ Ê¸²µ-
¢¨¥ ¶·µÖ¢²¥´¨Ö ³µ¤¨Ë¨± Í¨° ÔËË¥±É  ¢´¥³ ¸¸µ¢µ° ¤¥Ëµ·³ Í¨¨ ´Ê±²µ´ , ±µ-
Éµ·Ò° ¶·¨ ¶¥·¥Ìµ¤¥ ± A > 4 µ¡´ ·Ê¦¨¢ ¥É ¸¥¡Ö ± ± …Œ‘-ÔËË¥±É. �² £µ¤ ·Ö
· ¸Î¥É ³, ¢Ò¶µ²´¥´´Ò³ ¢ µ¡² ¸É¨ A ≤ 4 [43,44], Ê¸É ´µ¢²¥´Ò ¶·¨´Í¨¶¨ ²Ó-
´Ò¥ · §²¨Î¨Ö ¢ Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ²¥£Î °Ï¨Ì Ö¤· Ì ¨ ¢ Ö¤¥·´µ°
¸·¥¤¥ ¸ A > 4. Šµ´Í¥¶Í¨Ö Ô¢µ²ÕÍ¨¨ ¤¢ÊÌ É¨¶µ¢ ¶µ§¢µ²Ö¥É ²¥£±µ µ¡µ¡Ð¨ÉÓ

∗�µ²¥¥ ¶µ²´Ò° ¸¶¨¸µ± ²¨É¥· ÉÊ·Ò ¶µ · ¸¸³ É·¨¢ ¥³Ò³ ³µ¤¥²Ö³ ¶·¨¢¥¤¥´ ¢ µ¡§µ· Ì [7Ä9].
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¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´  µ¡² ¸ÉÓ ÉÖ¦¥²ÒÌ Ö¤¥· ¨ µ¶¨¸ ÉÓ ¶· ±É¨Î¥¸±¨ ¢¸¥
¸ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ƒ�� ´  Ö¤· Ì [30].

Š·µ³¥ Éµ£µ, ¢ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ
·Ö¤ µ¡Ð¨Ì ¸²¥¤¸É¢¨° ¤²Ö ¶· ¢¨² ¸Ê³³ Š•„, ¶·µ¢¥·Ö¥³ÒÌ ´  Ö¤¥·´ÒÌ ¤ ´-
´ÒÌ. �µ¸±µ²Ó±Ê ¡µ²ÓÏ¨´¸É¢µ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ ¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢
¢ SLAC, CERN ¨ HERA [45Ä47] ¶µ ¶·µ¢¥·±¥ ¶· ¢¨² ¸Ê³³ Š•„ ¨ ¨¸¸²¥-
¤µ¢ ´¨Õ ‘” ´¥°É·µ´  µ¸´µ¢ ´Ò ´  ¤ ´´ÒÌ ¶µ ƒ�� ´  ²¥£±¨Ì Ö¤· Ì, É ±µ¥
¨¸¸²¥¤µ¢ ´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö µÎ¥´Ó ¢ ¦´Ò³ ¸ ¶· ±É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö.

„ ´´Ò° µ¡§µ· ¶µ¸¢ÖÐ¥´ ¶·µ¡²¥³¥ · §¢¨É¨Ö ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ ¶µ¤-
Ìµ¤  ± ¨¸¸²¥¤µ¢ ´¨Õ Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì. ‚ · §¤¥²¥ 2
· ¸¸³ É·¨¢ ÕÉ¸Ö µ¸´µ¢´Ò¥ ¶·¨¡²¨¦¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨  ´ ²¨§¥ ƒ�� ´ 
Ö¤· Ì. � §¤¥² 3 ¶µ¸¢ÖÐ¥´ µ¸´µ¢´Ò³ É¥µ·¥É¨±µ-¶µ²¥¢Ò³ ³¥Éµ¤ ³ ¨¸¸²¥¤µ¢ -
´¨Ö ¸¢µ°¸É¢ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ´  ¶·¨³¥·¥ n-´Ê±²µ´´µ° ¸¨¸É¥³Ò. ‚ · §-
¤¥²¥ 4 ÔÉ¨ ³¥Éµ¤Ò ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö  ´ ²¨§  ƒ�� ´  ¤¥°É·µ´¥ ¨ ´  ¶·¨³¥·¥
¤¥°É·µ´  ¨¸¸²¥¤ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ÔËË¥±ÉÒ Ö¤¥·´µ° ¸¢Ö§¨. ‚ · §¤¥²¥ 5 ÔÉµÉ  ´ -
²¨§ · ¸Ï¨·Ö¥É¸Ö ´  ²¥£±¨¥ Ö¤·  ¨ ¶·¨³¥´Ö¥É¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö A-§ ¢¨¸¨³µ¸É¨
µÉ´µÏ¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° FA2 /F

N
2 ¨ FA2 /F

D
2 . ‚ § ±²ÕÎ¥´¨¨ ¸Ê³³¨-

·ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ¢Ò¢µ¤Ò ¨ ·¥§Ê²ÓÉ ÉÒ ¤ ´´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö.

2. �‘��‚�›… ��ˆ�‹ˆ†…�ˆŸ

� ¸¸³µÉ·¨³ ¸É ´¤ ·É´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨  ´ ²¨§¥ ¶·µ-
Í¥¸¸  ƒ�� ´  Ö¤· Ì ¢ ¶µ²¥¢ÒÌ ³µ¤¥²ÖÌ:

• ¶·¨¡²¨¦¥´¨¥ µ¤´µ¡µ§µ´´µ£µ µ¡³¥´  ¢ Ê· ¢´¥´¨¨ ´  ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ-
´¨¥;

• · ¸¸³µÉ·¥´¨¥  ³¶²¨ÉÊ¤Ò ƒ�� ¢ ¢¨¤¥ ´¥±µ£¥·¥´É´µ° ¸Ê³³Ò  ³¶²¨ÉÊ¤ ´ 
µÉ¤¥²Ó´ÒÌ ±µ´¸É¨ÉÊ¥´É Ì;

• ¶·¥¤¸É ¢²¥´¨¥  ¤·µ´´µ£µ É¥´§µ·  ¸¢Ö§ ´´µ£µ ´Ê±²µ´  Î¥·¥§ ¸± ²Ö·´Ò¥
¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ¢ Éµ³ ¦¥ ¢¨¤¥, ÎÉµ ¨ ¤²Ö ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ .

�¥·¢µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É ·¥Ï¨ÉÓ, ´ ¶·¨³¥·, Ê· ¢´¥´¨¥ �¥É¥Å
‘µ²¶¨É¥·  [48] ¨²¨ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ [49] ´  ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ-
´¨¥ ¢ ³¥§µ´-´Ê±²µ´´µ° É¥µ·¨¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ´Ê±²µ-
´ ³¨ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ± ¡¥¸±µ´¥Î´ÊÕ ²¥¸É´¨ÍÊ µ¤´µ³¥§µ´´ÒÌ µ¡³¥´µ¢.
‚ · ¡µÉ Ì [48, 50Ä53] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ Ê· ¢´¥´¨¥
�¥É¥Å‘µ²¶¨É¥·  Ìµ·µÏµ µ¶¨¸Ò¢ ¥É É ±¨¥ µ¸´µ¢´Ò¥ ¸¢µ°¸É¢  ¤¥°É·µ´ , ± ±
³ ¸¸ , Ô´¥·£¨Ö ¸¢Ö§¨, ³ £´¨É´Ò° ¨ ±¢ ¤·Ê¶µ²Ó´Ò° ³µ³¥´ÉÒ. �¶·¥¤¥²¥´´Ò¥
Ê¸¶¥Ì¨ É ±¦¥ ¡Ò²¨ ¤µ¸É¨£´ÊÉÒ ¶·¨ µ¶¨¸ ´¨¨ Ê¶·Ê£¨Ì Ëµ·³Ë ±Éµ·µ¢ ¤¥°-
É·µ´  [48,54].
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‚Éµ·µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò WA
µν

£²Ê¡µ±µ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤·¥ ± ± ¸Ê³³Ê ±¢ ¤· Éµ¢  ³¶²¨ÉÊ¤ · ¸¸¥Ö-
´¨Ö ´  µÉ¤¥²Ó´ÒÌ ±µ´¸É¨ÉÊ¥´É Ì. �¸´µ¢ ´¨¥³ ¤²Ö ÔÉµ£µ, ± ± ¡Ê¤¥É ¶µ± § ´µ ¢
¶.4.1, ¸²Ê¦¨É ¶µ¤ ¢²¥´¨¥ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢ ¢ WA

µν , ¶·µ¶µ·Í¨µ´ ²Ó-
´µ¥ 1/(Q2)l, l ≥ 2 [42]. ’ ±¨³ µ¡· §µ³, ¢±² ¤ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢
¸ÊÐ¥¸É¢¥´ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Q2, £¤¥ µ´¨ ³µ£ÊÉ §´ Î¨É¥²Ó´µ ¢²¨ÖÉÓ ´  Q2-
§ ¢¨¸¨³µ¸ÉÓ WA

µν . �¥·¢µ¥ ¨ ¢Éµ·µ¥ ¶·¨¡²¨¦¥´¨Ö ´¥ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨
¢ ¸¨²Ê Éµ£µ, ÎÉµ ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥ Î²¥´Ò µ¶·¥¤¥²ÖÕÉ¸Ö ¢µ²´µ¢µ° ËÊ´±Í¨¥°
Ö¤·  ¶·¨ ¡µ²ÓÏ¨Ì µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì. • · ±É¥· Q2-§ ¢¨¸¨³µ¸É¨ WA

µν

¶·¨ ³ ²ÒÌ Q2 ³µ¦¥É µ± § ÉÓ¸Ö ¢ ¦´Ò³ ¤²Ö  ´ ²¨§  ƒ�� ´  Ö¤· Ì ¢ µ¡² -
¸É¨ ³ ²ÒÌ x. ‘²¥¤µ¢ É¥²Ó´µ, ± ± ¶¥·¢µ¥, É ± ¨ ¢Éµ·µ¥ ¶·¥¤¶µ²µ¦¥´¨Ö ³µ£ÊÉ
µ± § ÉÓ¸Ö ´¥µ¡µ¸´µ¢ ´´Ò³¨ ¢ ÔÉµ° ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨.

‘ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ƒ�� ´  Ö¤· Ì ¢ µ¸´µ¢´µ³
¶·¨´ ¤²¥¦ É µ¡² ¸É¨ x > 10−3 ¨ Q2 > 1 ƒÔ‚ 2. �µ¸±µ²Ó±Ê, ± ± ¶µ± § ²¨
Ô±¸¶¥·¨³¥´ÉÒ [8,55], µÉ´µÏ¥´¨¥ FA

2 /F
D
2 ´¥ § ¢¨¸¨É µÉ Q2, ¢ · ¸Î¥É Ì ³Ò ¡Ê-

¤¥³ µ£· ´¨Î¨¢ ÉÓ¸Ö ¡Ó¥·±¥´µ¢¸±¨³ ¶·¥¤¥²µ³, £¤¥ ¶¥·¢µ¥ ¨ ¢Éµ·µ¥ ¶·¨¡²¨¦¥-
´¨Ö Ìµ·µÏµ µ¡µ¸´µ¢ ´Ò ¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·¨¡²¨¦¥´¨Õ ³ ²µ° µÉ´µ¸¨É¥²Ó´µ°
Ô´¥·£¨¨ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

’·¥ÉÓ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ  ¤·µ´´Ò° É¥´§µ· ¢¨·ÉÊ ²Ó-
´µ£µ ´Ê±²µ´  ¢ ¢¨¤¥ (9). �Éµ ¶·¥¤¸É ¢²¥´¨¥ ¸¶· ¢¥¤²¨¢µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨
´¥É·¨¢¨ ²Ó´Ò¥ · §²¨Î¨Ö ³¥¦¤Ê · ¸¸¥Ö´¨¥³ ´  ¸¢µ¡µ¤´µ³ ¨ ¸¢Ö§ ´´µ³ ´Ê±²µ-
´ Ì ³ ²Ò. Œµ¦´µ ¢Ò¤¥²¨ÉÓ É·¨ É ±¨Ì · §²¨Î¨Ö, ±µÉµ·Ò¥ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ
ÔËË¥±É ³¨ ¢´¥³ ¸¸µ¢µ¸É¨:

• ´¥¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö Ê¸²µ¢¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨
¤²Ö ¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¢ ¢¨¤¥ (7);

• ¢±² ¤  ´É¨´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò;

• ´¥µ¤´µ¢·¥³¥´´µ¸ÉÓ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

‚ ¸¨²Ê Éµ£µ ÎÉµ ´¥²Ó§Ö ¶·¨¢²¥ÎÓ Ê¸²µ¢¨¥ (7), ¶µ¸²¥¤µ¢ É¥²Ó´µ ¸Ëµ·³Ê-
²¨·µ¢ ´´µ¥ Éµ²Ó±µ ¤²Ö Ë¨§¨Î¥¸±¨Ì Î ¸É¨Í, ¢Ò· ¦¥´¨¥ ¤²Ö WN

µν ¸¢Ö§ ´´µ£µ
´Ê±²µ´  µ± §Ò¢ ¥É¸Ö ¡µ²¥¥ ¸²µ¦´Ò³, Î¥³ (9). ‚ µ¡Ð¥³ ¸²ÊÎ ¥, ± ± ¶µ± § ²
 ´ ²¨§ [56] ¢ ±¢ ·±-¶ ·Éµ´´µ° ³µ¤¥²¨,  ³¶²¨ÉÊ¤  ƒ�� ´  ¸¢Ö§ ´´µ³ ´Ê±²µ´¥
³µ¦¥É ¡ÒÉÓ ¶µ¸É·µ¥´  ¸ ¶µ³µÐÓÕ 14 ¸± ²Ö·´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°, ¨§
±µÉµ·ÒÌ Éµ²Ó±µ É·¨ ¢ ¦´Ò ¶·¨ µ¶¨¸ ´¨¨ ‘” ¸¢Ö§ ´´µ£µ ´Ê±²µ´  ¢ ¡Ó¥·-
±¥´µ¢¸±µ³ ¶·¥¤¥²¥. ‚Ò¡µ· ±µ´±·¥É´µ£µ Î¨¸²  ‘”, ¢Ìµ¤ÖÐ¨Ì ¢ · §²µ¦¥´¨¥
 ¤·µ´´µ£µ É¥´§µ· , ¢ ¸¨²Ó´µ° ¸É¥¶¥´¨ § ¢¨¸¨É µÉ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨°.

�µÌµ¦ Ö ¸¨ÉÊ Í¨Ö ¸ÊÐ¥¸É¢Ê¥É ¨ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¢±² ¤   ´É¨´Ê±²µ´´ÒÌ
¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ·µ²Ó ±µÉµ·ÒÌ ¤µ ±µ´Í  ´¥ Ö¸´ . — Ð¥ ¢¸¥£µ ¢±² ¤ ÔÉ¨Ì ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò ¢ · §²¨Î´Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¶ · ³¥É·¨§Ê¥É¸Ö Ö¤¥·´Ò³¨ ÔËË¥±-
É ³¨, ¸¢Ö§ ´´Ò³¨ ¸ ±¢ ·±µ¢µ° ¸É·Ê±ÉÊ·µ° ´Ê±²µ´µ¢ ¨²¨ ¢±² ¤ ³¨ · §²¨Î´ÒÌ
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´¥´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. � ¶·¨³¥·, ¢ · ¡µÉ¥ [40] ¤²Ö µ¡ÑÖ¸´¥´¨Ö
x-§ ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö FFe

2 /FD
2 ¢ µ¡² ¸É¨ x = 0, 2− 0, 7 · ¸¸³ É·¨¢ ²¨¸Ó

 ´É¨±¢ ·±µ¢Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, ¶·¨¸ÊÉ¸É¢¨¥ ±µÉµ·ÒÌ, ¢µ§³µ¦´µ, ¸¢Ö§ ´µ ¸
¸ÊÐ¥¸É¢µ¢ ´¨¥³  ´É¨´Ê±²µ´µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ Ö¤·¥. ˆ§¢¥¸É´µ É ±¦¥, ÎÉµ
 ´É¨´Ê±²µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¶·¨  ´ ²¨§¥ ¸É -
É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± Ö¤· . ‚ · ¡µÉ Ì [50,51] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶·µ¡²¥³ 
¸µ¢³¥¸É´µ£µ µ¶¨¸ ´¨Ö ±¢ ¤·Ê¶µ²Ó´µ£µ ¨ ³ £´¨É´µ£µ ³µ³¥´Éµ¢ ¤¥°É·µ´  ³µ-
¦¥É ¡ÒÉÓ ·¥Ï¥´  Éµ²Ó±µ ¶µ¸²¥ ÊÎ¥É  ¢±² ¤  ¢ ´µ·³¨·µ¢±Ê ¢µ²´µ¢µ° ËÊ´±Í¨¨
·¥²ÖÉ¨¢¨¸É¸±¨Ì P -¢µ²´, ¶·¨¸ÊÉ¸É¢¨¥ ±µÉµ·ÒÌ ¸¢Ö§ ´µ ¸  ´É¨´Ê±²µ´´Ò³¨ ¸É¥-
¶¥´Ö³¨ ¸¢µ¡µ¤Ò. ‚¶µ¸²¥¤¸É¢¨¨ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢±² ¤ P -¢µ²´ ¢ · §²¨Î´Ò¥
¸É É¨Î¥¸±¨¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¤¥°É·µ´  ¸µµÉ¢¥É¸É¢Ê¥É ¢ ´¥·¥-
²ÖÉ¨¢¨¸É¸±µ³ ¶µ¤Ìµ¤¥ ¢±² ¤Ê ¶ ·´ÒÌ ³¥§µ´´ÒÌ Éµ±µ¢ [53, 57]. �Î¥¢¨¤´µ,
ÎÉµ ÔÉµÉ ÔËË¥±É ¢´¥³ ¸¸µ¢µ¸É¨, ¢ ¸¨²Ê ¥£µ ¢²¨Ö´¨Ö ´  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥
¸¢µ°¸É¢  Ö¤· , ´¥ ³µ¦¥É ¡ÒÉÓ µÉ¡·µÏ¥´ ´  µ¸´µ¢¥ Éµ²Ó±µ ¶·¨¡²¨¦¥´¨Ö ³ ²ÒÌ
µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢ ´Ê±²µ´µ¢ ¢ Ö¤·¥.

’ ±¨³ µ¡· §µ³, ¤²Ö ¸µ£² ¸µ¢ ´´µ£µ  ´ ²¨§  ¢´¥³ ¸¸µ¢ÒÌ ÔËË¥±Éµ¢ ¢ ƒ��
´  Ö¤· Ì ´¥µ¡Ìµ¤¨³µ ¶·µÖ¸´¨ÉÓ ·µ²Ó ¢µ§³µ¦´µ£µ ¨§³¥´¥´¨Ö Ê¸²µ¢¨Ö ± ²¨-
¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ¶·¨¸ÊÉ¸É¢¨Ö  ´É¨´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò
¢ · ³± Ì ¶·¨³¥´Ö¥³µ£µ ¶µ¤Ìµ¤ .

’·¥É¨° ÔËË¥±É ¢´¥³ ¸¸µ¢µ¸É¨, ± ± ¡Ê¤¥É ¶µ± § ´µ ¢ ¶.3.1, ¶·¨¢µ¤¨É ¢
¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ± ¶µÖ¢²¥´¨Õ § ¢¨¸¨³µ¸É¨ µÉ ´Ê²¥¢µ° ±µ³¶µ´¥´ÉÒ
µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ´Ê±²µ´µ¢ (µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨). �É³¥É¨³, ÎÉµ
ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö f(y) ¢ ²¨´¥°´µ° ±µ´¢µ²ÕÍ¨µ´´µ° Ëµ·³Ê²¥

FD
2 (x) =

∫
dyFN

2 (x/y)f(y) (10)

´¥ ¸µ¤¥·¦¨É ± ±µ°-²¨¡µ § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨, ¨ µ¶· ¢-
¤ ÉÓ ¨¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ³µ¦´µ Éµ²Ó±µ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ³µ-
¤¥²ÖÌ, £¤¥ ¸¢Ö§ ´´µ¸ÉÓ ´Ê±²µ´  ÊÎ¨ÉÒ¢ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ-
¡µ¤Ò [58,59] ¨²¨ ¢Ò· ¦¥´  Î¥·¥§ Ô´¥·£¨Õ µÉ¤¥²¥´¨Ö ´Ê±²µ´  [11]. �·µ¸É¥°-
Ï¨° ¸¶µ¸µ¡ ¢¢¥¸É¨ ´¥É·¨¢¨ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨ ¸µ-
¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ¢Ò¢¥¸É¨ ¤¢Ê³¥·´ÊÕ ±µ´¢µ²ÕÍ¨µ´´ÊÕ Ëµ·³Ê²Ê ¤²Ö Ö¤¥·´µ°
‘”:

FA2 (x) =

∫
dydp2

NF̃
N
2 (x/y, p2

N)f(y, p2
N), (11)

£¤¥ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö µÉ· ¦ ¥É § ¢¨¸¨³µ¸ÉÓ µÉ ±¢ ¤· É  4-¨³¶Ê²Ó¸ 
´Ê±²µ´  p2

N 6= m2. ‚ ÔÉµ³ ¶µ¤Ìµ¤¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö F̃A2 (x/y, p2
N) ´¥µ¡Ìµ¤¨³µ

¶·¨¢²¥ÎÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ ³µ¤¥²Ó´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö ´¥ Éµ²Ó±µ µ ¸É·Ê±ÉÊ·¥
¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´ , ´µ ¨ µ ¸¢µ°¸É¢ Ì ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö f(y, p2

N) ¢
Ö¤·¥.

’ ±µ° ¶µ¤Ìµ¤ ¡Ò² · §¢¨É ¢ ·Ö¤¥ · ¡µÉ [49, 56, 60, 61]. ’ ±, ¢ [60] ¤²Ö
¢Ò¢µ¤  ¢Ò· ¦¥´¨Ö (11) ¨¸¶µ²Ó§µ¢ ² ¸Ó ÔËË¥±É¨¢´ Ö ¤¨ £· ³³´ Ö É¥Ì´¨±  ¢



�…‹Ÿ’ˆ‚ˆ‘’‘Š�Ÿ ’…��ˆŸ �‚�‹�–ˆˆ 1347

±¢ ·±µ¢µ° ³µ¤¥²¨ Ö¤· . ‚ ¶µ¸²¥¤ÊÕÐ¥° · ¡µÉ¥ [49] ¡Ò²µ ¶µ± § ´µ, ÎÉµ § -
¢¨¸¨³µ¸ÉÓ µÉ p2

N ¢ ‘” ´Ê±²µ´  ¸¢µ¤¨É¸Ö ± ÊÎ¥ÉÊ ¨§³¥´¥´¨Ö £· ´¨Î´ÒÌ Ê¸²µ-
¢¨° ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ±¢ ·±µ¢ ¢ ¸¢Ö§ ´´µ³ ´Ê±²µ´¥. �Éµ
¶µ§¢µ²Ö¥É ·¥¤ÊÍ¨·µ¢ ÉÓ ¤¢Ê³¥·´ÊÕ ±µ´¢µ²ÕÍ¨µ´´ÊÕ Ëµ·³Ê²Ê (11) ¢ µ¤´µ-
³¥·´ÊÕ (10) ¸ ³µ¤¨Ë¨Í¨·µ¢ ´´Ò³  ·£Ê³¥´Éµ³ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö f(y).
�µ§¦¥ ¶·µÍ¥¤Ê·  ·¥¤Ê±Í¨¨ ¤¢Ê³¥·´µ° ±µ´¢µ²ÕÍ¨µ´´µ° Ëµ·³Ê²Ò ¢ µ¤´µ³¥·-
´ÊÕ ¡Ò²  ·¥ ²¨§µ¢ ´  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¢ · ³± Ì É¥µ·¥É¨±µ-¶µ²¥¢µ£µ Ëµ·-
³ ²¨§³ , ´¥§ ¢¨¸¨³µ£µ µÉ ±¢ ·±µ¢µ° ³µ¤¥²¨ ´Ê±²µ´  [62]. �Ò²µ ¶µ± § ´µ,
ÎÉµ É ±µ° É·¨¢¨ ²Ó´Ò° ±¨´¥³ É¨Î¥¸±¨° ÊÎ¥É § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨É¥²Ó´µ°
Ô´¥·£¨¨ ¢ f(y) ¢¥¤¥É ± ´ ·ÊÏ¥´¨Õ ¡ ·¨µ´´µ£µ ¶· ¢¨²  ¸Ê³³:

f(y) =

∫
d4k

(2π)4
f̃(k)yδ

(
y − MD/2− k0 + k3

MD

)
, (12)

∫
dyf(y) 6= 1, (13)

£¤¥ k µ¡µ§´ Î ¥É µÉ´µ¸¨É¥²Ó´Ò° 4-¨³¶Ê²Ó¸ ´Ê±²µ´µ¢, ¸¢Ö§ ´´ÒÌ ¢ ¶µ±µÖ-
Ð¥³¸Ö ¤¥°É·µ´¥. �´ ²µ£¨Î´Ò° ¶µ ¸ÊÉ¨ ·¥§Ê²ÓÉ É ¢ · ³± Ì ±¢ ·±µ¢µ° ³µ¤¥²¨
´Ê±²µ´  ¡Ò² ¶µ²ÊÎ¥´ ¢ · ¡µÉ¥ [61], £¤¥ ¶µ± § ´µ, ÎÉµ µ¤¨´ Éµ²Ó±µ ±¨´¥³ É¨-
Î¥¸±¨° ÊÎ¥É p2

N-§ ¢¨¸¨³µ¸É¨ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ Î¨¸²  ¢ ²¥´É´ÒÌ ±¢ ·±µ¢
¢ ´Ê±²µ´¥.

’ ±¨³ µ¡· §µ³, ¢µ§´¨± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö ¤¨´ ³¨Î¥¸±µ° § ¢¨-
¸¨³µ¸É¨ ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ´Ê±²µ´¥ µÉ ±¢ ¤· É  ¶µ²´µ£µ ¨³¶Ê²Ó¸ 
´Ê±²µ´  p2

N. �¤´ ±µ, ± ± ¶µ± § ´µ ¢ [61], ÊÎeÉ ¤¨´ ³¨±¨ ÌµÉÖ ¨ ¶µ§¢µ²Ö¥É ¤µ-
¡¨ÉÓ¸Ö ¸µÌ· ´¥´¨Ö Î¨¸²  ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥, ´µ ¶·¨ ÔÉµ³ ¶·¨¢µ¤¨É
± §´ Î¨É¥²Ó´µ³Ê µ¸² ¡²¥´¨Õ § ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö FA

2 (x)/FD
2 (x) µÉ p2

N.
’ ± ± ± ÔÉ¨ ¶µ¤Ìµ¤Ò µ¸´µ¢ ´Ò ´  ±¢ ·±µ¢µ° ³µ¤¥²¨ ¤²Ö ´Ê±²µ´ , µ´¨

¶µ§¢µ²ÖÕÉ ÊÎ¥¸ÉÓ ¢µ§³µ¦´ÊÕ ¢´¥³ ¸¸µ¢ÊÕ ¤¥Ëµ·³ Í¨Õ ´Ê±²µ´´µ° ¸É·Ê±ÉÊ·Ò
¢ Ö¤·¥ ´  µ¸´µ¢¥ ¨´Ëµ·³ Í¨¨ µ ±¢ ·±µ¢µ° ¸É·Ê±ÉÊ·¥ Ö¤· . ’µ ¥¸ÉÓ ¤²Ö ¸µ£² -
¸µ¢ ´´µ° ³¨±·µ¸±µ¶¨Î¥¸±µ° ± ·É¨´Ò Ö¤¥·´ÒÌ ÔËË¥±Éµ¢ ¢ ƒ�� ´¥µ¡Ìµ¤¨³µ
¶µ¸É·µ¨ÉÓ É ±ÊÕ ±¢ ·±µ¢ÊÕ ³µ¤¥²Ó Ö¤· , ¢ · ³± Ì ±µÉµ·µ° ¢µ§³µ¦´µ ¡Ò²µ
¡Ò ¢Ò¤¥²¥´¨¥ ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. „²Ö ¸²ÊÎ Ö ¡¥¸±µ´¥Î´µ° Ö¤¥·´µ°
³ É¥·¨¨ ¶µ¤µ¡´ Ö ³µ¤¥²Ó ¡Ò²  · §¢¨É  ¢ · ¡µÉ¥ [63]. �´  µ¸´µ¢ ´  ´  ³µ-
¤¥²¨ ±¢ ·±µ¢µ£µ ³¥Ï± , ¢ ±µÉµ·µ³ ±¢ ·±¨ µ¡³¥´¨¢ ÕÉ¸Ö ¸± ²Ö·´Ò³¨ ¨ ¢¥±-
Éµ·´Ò³¨ ³¥§µ´ ³¨. ”µ·³ ²Ó´µ ÔÉ  ³µ¤¥²Ó ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  É ± ¦¥, ± ±
¨ ³µ¤¥²Ó ‚ ²¥Î±¨ [64], ´µ ¸ ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨¥³, ¸µ£² ¸´µ ±µÉµ·µ³Ê
¸·¥¤´¥¥ ¸± ²Ö·´µ¥ ¶µ²¥ ³¥´Ö¥É¸Ö ¢ µÉ¢¥É ´  ¨§³¥´¥´¨¥ ¢´ÊÉ·¥´´¥° ´Ê±²µ´´µ°
¸É·Ê±ÉÊ·Ò [65]. � ¸Ï¨·¥´¨¥ ÔÉµ° ³µ¤¥²¨ ¢ µ¡² ¸ÉÓ ±µ´¥Î´ÒÌ A ¸ ¶µ³µÐÓÕ
¶·¨¡²¨¦¥´¨Ö ²µ± ²Ó´µ° ¶²µÉ´µ¸É¨ ¶·¨¢¥²µ ± ¶¥·¥µÍ¥´±¥ ÔËË¥±Éµ¢ Ö¤¥·´µ°
¸¢Ö§¨ ¢ ¤¢ -É·¨ · §  [66].

�²ÓÉ¥·´ É¨¢´Ò° ¶µ¤Ìµ¤, ¸¢µ¡µ¤´Ò° µÉ ¶·¨¸ÊÐ¨Ì ±¢ ·±µ¢Ò³ ³µ¤¥²Ö³ ´¥-
µ¶·¥¤¥²¥´´µ¸É¥°, ³µ¦¥É ¡ÒÉÓ · §¢¨É ¢ · ³± Ì Ëµ·³ ²¨§³  �¥É¥Å‘µ²¶¨É¥· 
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´  µ¸´µ¢¥ µ¡Ð¨Ì ¸¢µ°¸É¢ ´Ê±²µ´´ÒÌ ËÊ´±Í¨° ƒ·¨´ . �Ê±²µ´ ¢ É ±µ³ ¶µ¤Ìµ¤¥
· ¸¸³ É·¨¢ ¥É¸Ö ± ± Î¥ÉÒ·¥Ì³¥·´Ò° Î¥·´Ò° ÖÐ¨± ¸µ ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨-
Ö³¨ ¢ ± Î¥¸É¢¥ ¢Ìµ¤´ÒÌ § ¢¨¸¨³µ¸É¥°. �·µ¡²¥³   ´ ²¨§  ¢´¥³ ¸¸µ¢ÒÌ ÔË-
Ë¥±Éµ¢ ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ± ¨§ÊÎ¥´¨Õ ¤¥Ëµ·³ Í¨¨ Î¥·´µ£µ ÖÐ¨±  [42]. ‚
· ³± Ì É ±µ£µ ¶µ¤Ìµ¤  ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö Ö¤·  ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ‘” Ë¨-
§¨Î¥¸±¨Ì ´Ê±²µ´µ¢ ¨ ¨Ì ¶·µ¨§¢µ¤´Ò¥ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

3. ”��Œ�‹ˆ‡Œ

–¥²Ó ´ ¸ÉµÖÐ¥£µ · §¤¥²  Å · ¸¸³µÉ·¥´¨¥ Ëµ·³ ²¨§³  µ¶¨¸ ´¨Ö ¶·µ-
Í¥¸¸  ƒ�� ´  ¸¨¸É¥³¥ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

�·¨  ´ ²¨§¥ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ · ³± Ì ²µ-
± ²Ó´µ° É¥µ·¨¨ ¶µ²Ö ¶·¨Ìµ¤¨É¸Ö · ¸¸³ É·¨¢ ÉÓ Î ¸É¨ÍÒ, ´¥ Ö¢²ÖÕÐ¨¥¸Ö ¸¢µ-
¡µ¤´Ò³¨ ´   ¸¨³¶ÉµÉ¨±¥. ‘µ£² ¸µ¢ ´´µ° ¶·µÍ¥¤Ê·µ°, ¶µ§¢µ²ÖÕÐ¥° ¶¥·¥´¥-
¸É¨ ¢¸Õ ¨´Ëµ·³ Í¨Õ µ Ë¨§¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨ÖÌ, § ±²ÕÎ¥´´ÊÕ ¢ µ¡±² ¤± Ì
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ´  ¶·µ¨§¢¥¤¥´¨¥ ¶µ²¥¢ÒÌ µ¶¥· Éµ·µ¢, Ö¢²Ö¥É¸Ö ·¥¤Ê±-
Í¨µ´´ Ö É¥Ì´¨± , ¶·¥¤²µ¦¥´´ Ö ¢ · ¡µÉ Ì [67]. �É  É¥Ì´¨±  µ¸´µ¢ ´  ´ 
¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Ë¨§¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö ¢ µ¡±² ¤± Ì ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éµ¢ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸¢µ¡µ¤´Ò¥ ´   ¸¨³¶ÉµÉ¨±¥,   ¢§ ¨³µ¤¥°¸É¢¨¥
¢±²ÕÎ ¥É¸Ö  ¤¨ ¡ É¨Î¥¸±¨. ’ ±¨³ µ¡· §µ³, ¨§ · ¸¸³µÉ·¥´¨Ö ¨¸±²ÕÎ ÕÉ¸Ö
¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, ±µÉµ·Ò¥ ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ ¸¤¥² ´´µ³Ê ¶·¥¤¶µ²µ¦¥´¨Õ.
„²Ö Éµ£µ ÎÉµ¡Ò ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³µÉ·¥´¨¥ ¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, ·¥¤Ê±Í¨µ´´ÊÕ
É¥Ì´¨±Ê ´¥µ¡Ìµ¤¨³µ ¤µ¶µ²´¨ÉÓ ¶·µÍ¥¤Ê·µ°, ¶µ§¢µ²ÖÕÐ¥° ¢Ò· §¨ÉÓ ¸·¥¤´¨¥
¶µ É ±¨³ ¸µ¸ÉµÖ´¨Ö³ Î¥·¥§ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥.

‚ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ ¶µ²Ö ÔÉ  ¶·µ¡²¥³  ·¥Ï ¥É¸Ö ¶ÊÉ¥³
¢¢¥¤¥´¨Ö ¢´¥Ï´¥£µ ±² ¸¸¨Î¥¸±µ£µ ¶µ²Ö, ±µÉµ·µ¥ ¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ ¤¨´ -
³¨±Ê ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¤¢¨¦¥´¨¥³ Î ¸É¨ÍÒ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥. ‚ ·¥-
§Ê²ÓÉ É¥ ¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¥£µ ¶µ ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸¢µ¤¨É¸Ö ± · ¸Î¥ÉÊ
¸·¥¤´¥£µ ¶µ µ¤´µÎ ¸É¨Î´µ³Ê ¸µ¸ÉµÖ´¨Õ,   ÔËË¥±ÉÒ ¸¢Ö§¨ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢¢¥-
¤¥´¨¥³ ¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö ÔÉµ° Î ¸É¨ÍÒ. ’ ±µ° ¶·µ¸Éµ° ¸¶µ¸µ¡
¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ Ö¤·  ¢ ±µ´¢µ²ÕÍ¨µ´´µ³ ¢¨¤¥ [11].
�µ²Ó ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¶· ¢µ± ¨ ÔËË¥±Éµ¢ ¢´¥³ ¸¸µ¢µ¸É¨ ¶·¨ ÔÉµ³ µ¸É -
¥É¸Ö ´¥¢ÒÖ¸´¥´´µ°. ‚ · ³± Ì ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ ¶µ¤Ìµ¤µ¢ ·¥Ï¥´¨¥ ¶·µ-
¡²¥³Ò ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ´Ê±²µ´µ¢ ¸¢µ¤¨É¸Ö ± ¢Ò¢µ¤Ê  ´ ²µ£  Ê· ¢´¥´¨Ö
˜·¥¤¨´£¥·  ¸ ±µ¢ ·¨ ´É´Ò³ É·¥Ì³¥·´Ò³ ¶µÉ¥´Í¨ ²µ³ [49, 68Ä75]. ’µ£¤ 
¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¨Ì ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³, ¶µ ¸ÊÉ¨ ¤¥² , ´¥ µÉ²¨Î ¥É¸Ö
µÉ ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ ¸²ÊÎ Ö. �¤´ ±µ ¢ µÉ²¨Î¨¥ µÉ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¤-
Ìµ¤µ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´Ò° ¶µ¤Ìµ¤ ¶µ§¢µ²¨² ± Î¥¸É¢¥´´µ ¨¸¸²¥¤µ¢ ÉÓ ·µ²Ó
·Ö¤  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨ ¢´¥³ ¸¸µ¢ÒÌ ÔËË¥±Éµ¢ ¢ £²Ê¡µ±µ´¥Ê¶·Ê£µ³ · ¸¸¥Ö-
´¨¨ [49,56,61].



�…‹Ÿ’ˆ‚ˆ‘’‘Š�Ÿ ’…��ˆŸ �‚�‹�–ˆˆ 1349

‚ · ¡µÉ¥ [76] ¡Ò² ¶·¥¤²µ¦¥´ ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¨Ì µÉ T-¶·µ¨§¢¥¤¥-
´¨Ö ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³, ±µÉµ·Ò° µ¸µ¡¥´´µ  ±-
É¨¢´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¨ · §¢¨¢ ¥É¸Ö ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö [43, 48, 52, 77, 78]. ‘ÊÉÓ
ÔÉµ£µ ³¥Éµ¤  § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¸·¥¤´¨¥ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¢Ò· -
¦ ÕÉ¸Ö Î¥·¥§ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ µÉ T-¶·µ¨§¢¥¤¥´¨Ö ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ ¨
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  ³¥¦¤Ê ¢ ±ÊÊ³µ³ ¨ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³. � ¸-
¸³µÉ·¨³ ¶·¨³¥´¥´¨¥ ÔÉµ£µ ³¥Éµ¤  ± ¶·Ö³Ò³ ¶·µÍ¥¸¸ ³ ¸ ÊÎ ¸É¨¥³ ¸¢Ö§ ´´µ£µ
¸µ¸ÉµÖ´¨Ö n-´Ê±²µ´µ¢.

3.1. �³¶²¨ÉÊ¤  �¥É¥Å‘µ²¶¨É¥· . �µ¸±µ²Ó±Ê · ¸Î¥É ¸¥Î¥´¨Ö £²Ê¡µ±µ´¥-
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¸¢µ¤¨É¸Ö ±  ´ ²¨§Ê  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
¢¶¥·¥¤ (5), µ£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³ ¶·µÍ¥¤Ê·Ò ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´µ£µ
Ô²¥³¥´É  µÉ T-¶·µ¨§¢¥¤¥´¨Ö ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ η(y1) . . . η(yk) ¶µ ¸¢Ö§ ´-
´Ò³ ¸µ¸ÉµÖ´¨Ö³ A:

〈A|T(η1(y1) . . . ηk(yk))|A〉, (14)

£¤¥ ηi(yi) Å ´ ¡µ· µ¶¥· Éµ·µ¢ Éµ± , µ¶·¥¤¥²ÖÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¥ ´Ê±²µ´µ¢
¸ ¢´¥Ï´¨³¨ ¶µ²Ö³¨. ‚ µ¡Ð¥³ ¸²ÊÎ ¥ Î ¸ÉÓ µ¶¥· Éµ·µ¢ ¨§ ´ ¡µ·  ηi(yi) ³µ-
¦¥É ¸µ¢¶ ¤ ÉÓ ¤·Ê£ ¸ ¤·Ê£µ³. ‚µ¸¶µ²Ó§Ê¥³¸Ö É¥³ Ë ±Éµ³, ÎÉµ ¢ µ¶·¥¤¥²¥´´µ°
±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ ¸µ¢³¥¸É´µ¥ · ¸¶·µ¸É· ´¥´¨¥ n-¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
´Ê±²µ´µ¢ ¶·µÌµ¤¨É Î¥·¥§ µ¡· §µ¢ ´¨¥ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥
¶¥·¢Ò° Î²¥´ ·Ö¤  · §²µ¦¥´¨Ö n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  ¶µ ¶·µ³¥¦ÊÉµÎ-
´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¨³¥¥É ¢¨¤

〈0|T(Ψ(x1) . . .Ψ(xn)Ψ(x′1) . . .Ψ(x′n)|0〉 =

=

∫
d3P

(2π)3

∑
α

〈0|T(Ψ(x1) . . .Ψ(xn))|A(α, P )〉 ×

×〈A(α, P )|T(Ψ(x′1) . . .Ψ(x′n))|0〉θ(min{x0i} −max{x′0i}) + . . . (15)

‡¤¥¸Ó α µ¡µ§´ Î ¥É ´ ¡µ· ¤¨¸±·¥É´ÒÌ ±¢ ´Éµ¢ÒÌ Î¨¸¥² ¸µ¸ÉµÖ´¨Ö A, a P Å
¥£µ ¶µ²´Ò° ¨³¶Ê²Ó¸, ±µÉµ·Ò° ¢ ¸¨²Ê § ±µ´  ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨ ¸µ¢¶ -
¤ ¥É ¸ ¶µ²´Ò³ ¨³¶Ê²Ó¸µ³ ¸¨¸É¥³Ò ¶µ²¥° Ψ. ‚µ§´¨±Ï Ö ¶·¨ · ¸±·ÒÉ¨¨
T-¶·µ¨§¢¥¤¥´¨Ö ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (15) θ-ËÊ´±Í¨Ö µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¶µ²-
´¥´¨¥ Ê¸²µ¢¨Ö ¶·¨Î¨´´µ¸É¨:

min{x0i} > max{x′0i}. (16)

Œ ±¸¨³ ²Ó´Ò¥ ¨ ³¨´¨³ ²Ó´Ò¥ ±µµ·¤¨´ ÉÒ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¸ ¶µ-
³µÐÓÕ ¢¢¥¤¥´¨Ö ¸·¥¤´¥° ±µµ·¤¨´ ÉÒ n ¶µ²¥°, ¸µ¶·Ö¦¥´´µ° ¶µ²´µ³Ê ¨³-
¶Ê²Ó¸Ê P :

X =

n∑
i

xi

n
, (17)
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¨ ±µµ·¤¨´ É ´Ê±²µ´µ¢ µÉ´µ¸¨É¥²Ó´µ ÔÉµ° ÉµÎ±¨:

x̃i = X − xi. (18)

‚ ·¥§Ê²ÓÉ É¥ ³ ±¸¨³ ²Ó´ Ö ¨ ³¨´¨³ ²Ó´ Ö ±µµ·¤¨´ ÉÒ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥-
²¥´Ò ± ±

max{x0i} = X0 + |max{x̃0i}|,
min{x0i} = X0 − |max{x̃0i}|. (19)

�·¨³¥´ÖÖ ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö θ-ËÊ´±Í¨¨

θ(x0) =
i

2π

+∞∫
−∞

eip0x0

p0 + iδ
dp0, (20)

¶µ²ÊÎ ¥³ ´¥µ¡Ìµ¤¨³µ¥ ´ ³ ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ ¢ ±ÊÊ³´µ¥ ¸·¥¤´¥¥ µÉ
´Ê±²µ´´ÒÌ µ¶¥· Éµ·µ¢ ¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  µÉ ¢ ±ÊÊ³  ± ¸¢Ö§ ´-
´µ³Ê ¸µ¸ÉµÖ´¨Õ:

〈0|T(Ψ(x1) . . .Ψ(xn)Ψ(x′1) . . .Ψ(x′n)|0〉 =

=
∑
α

∫
d3P

(2π)3

dP0

2π
ei(P0−E)(X0−X′0) ×

× e−i(P0−E)(|max{x̃0i}|+|max{x̃′0i}|) ×

×〈0|T(Ψ(x1) . . .Ψ(xn))|A(α, P )〉〈A(α, P )|T(Ψ(x1) . . .Ψ(xn))|0〉
P0 − E + iδ

. (21)

�¥Ê¤µ¡¸É¢µ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸µ¸Éµ¨É ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¢ÊÌ ´ ¡µ·µ¢ ±µµ·¤¨-
´ É µ¤´µ¢·¥³¥´´µ Å {xi} ¨ {X, x̃i}. „²Ö Éµ£µ ÎÉµ¡Ò µÉ ´¥£µ ¨§¡ ¢¨ÉÓ¸Ö,
¶¥·¥°¤¥³ ± ¨¸¶µ²Ó§µ¢ ´¨Õ ¶µ¢¸Õ¤Ê ¢ · ¸Î¥É Ì ¢Éµ·µ£µ ´ ¡µ·  ±µµ·¤¨´ É. ‚
¸¨²Ê É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸¶· ¢¥¤²¨¢µ ¸²¥¤ÊÕÐ¥¥ ¸µµÉ´µÏ¥´¨¥
¤²Ö ¶µ²¥° Ψ:

Ψ(x+ x̃) = e−iP̂xΨ(x̃)eiP̂ x. (22)

‡ ³¥´¨¢ xi ´  X−x̃i ¢ µ¶¥· Éµ· Ì Ψ ¨ Ψ ¨ ¸¤¢¨´Ê¢ ´  X ¸ ¶µ³µÐÓÕ ¶·¥µ¡· -
§µ¢ ´¨Ö (22), ¢¢¥¤¥³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  µÉ ¢ ±ÊÊ³  ± ¸¢Ö§ ´´µ³Ê
¸µ¸ÉµÖ´¨Õ ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¶µ²µ¦¥´¨° ´Ê±²µ´µ¢:

〈0|T(e−iP̂XΨ(x1)eiP̂X . . . e−iP̂XΨ(xn)eiP̂X)|A〉 =

= χAα,P (x̃1, . . . x̃n)ei(EX0−P·X),

〈A|T(eiP̂XΨ(x′1)e−iP̂X . . . eiP̂XΨ(x′n)e−iP̂X)|0〉 =

= χAα′,P (x̃′1, . . . x̃
′
n)e−i(EX0−P·X). (23)



�…‹Ÿ’ˆ‚ˆ‘’‘Š�Ÿ ’…��ˆŸ �‚�‹�–ˆˆ 1351

•µÉÖ Ëµ·³ ²Ó´µ ËÊ´±Í¨¨ χAα § ¢¨¸ÖÉ µÉ n-¶¥·¥³¥´´ÒÌ, Éµ²Ó±µ n− 1 ¨§ ´¨Ì
Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨ ¢ ¸¨²Ê Ê· ¢´¥´¨Ö

n∑
i

x̃i = 0.

‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¶·¥µ¡· §µ¢ ´¨° ¢Ò· ¦¥´¨¥ (21) ¶·¨´¨³ ¥É ¢¨¤

〈0|T(Ψ(x̃1) . . .Ψ(x̃n)Ψ(x̃′1) . . .Ψ(x̃′n))|0〉 =

=
∑
α

∫
d4P

(2π)4
eiP (X−X′)χ

A
α,P (x̃1, . . . x̃n)χAα,P (x̃′1, . . . x̃

′
n)

P0 − E + iδ
. (24)

‚ ¸¨²Ê Éµ£µ ÎÉµ ¨´É¥£· ² ¶µ P0 µ¶·¥¤¥²Ö¥É¸Ö ¶µ¢¥¤¥´¨¥³ ¶µ¤Ò´É¥£· ²Ó-
´µ£µ ¢Ò· ¦¥´¨Ö ¢¡²¨§¨ ¶µ²Õ¸  P0 = E, §¤¥¸Ó µ¶ÊÐ¥´  Ô±¸¶µ´¥´É 
exp{−i(P0 − E)(|max{x̃0i}|+ |max{x̃′0i}|)}.

‚¢¥¤¥´´Ò¥ ¢ÒÏ¥ ´¥¨§¢¥¸É´Ò¥ ËÊ´±Í¨¨ χAα,P ¨ χAα,P , ¢Ìµ¤ÖÐ¨¥ ¢ ³ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìµ¤  µÉ ¢ ±ÊÊ³  ± ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ (23), µ¶¨¸Ò¢ ÕÉ
¸µ¸ÉµÖ´¨¥ Ö¤·  ¢ É¥·³¨´ Ì ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢¨·ÉÊ ²Ó´ÒÌ ´Ê±²µ´µ¢ ¨ ´ -
§Ò¢ ÕÉ¸Ö  ³¶²¨ÉÊ¤ ³¨ �¥É¥Å‘µ²¶¨É¥· . �É¨  ³¶²¨ÉÊ¤Ò ¶µ§¢µ²ÖÕÉ ·¥Ï¨ÉÓ
µ¸´µ¢´ÊÕ § ¤ ÎÊ,   ¨³¥´´µ ¢Ò· §¨ÉÓ ¸·¥¤´¨¥ ¶µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ Î¥·¥§
¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥.

3.2. �´ ²¨§ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ Ëµ·³ ²¨§³¥ �¥É¥Å‘µ²¶¨É¥· . „²Ö
Éµ£µ ÎÉµ¡Ò ¢ÒÖ¢¨ÉÓ ¸¢Ö§Ó ³ É·¨Î´µ£µ Ô²¥³¥´É  (14) ¸ ´Ê±²µ´´Ò³¨ ËÊ´±Í¨Ö³¨
ƒ·¨´  ¨  ³¶²¨ÉÊ¤ ³¨ �¥É¥Å‘µ²¶¨É¥· , · ¸¸³µÉ·¨³ ³ É·¨Î´Ò° Ô²¥³¥´É

〈0|T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n))|0〉 (25)

¢ µ±·¥¸É´µ¸É¨ ¸¨´£Ê²Ö·´µ¸É¨ n-´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö P 2 = M2.
� §µ¡Ó¥³ ¢·¥³¥´¨Ê¶µ·Ö¤µÎ¥´´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (14)

´  ¶·µ¨§¢¥¤¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µÉ Ψ, η, Ψ. „²Ö ÔÉµ£µ ¢Ò¡¥·¥³ ³ ±¸¨-
³ ²Ó´ÊÕ ¨ ³¨´¨³ ²Ó´ÊÕ ´Ê²¥¢Ò¥ ±µ³¶µ´¥´ÉÒ ¨§ ´ ¡µ·  {xi} ¢ ¸µµÉ¢¥É¸É¢¨¨
¸ (19) ¨ ¶·¥¤¸É ¢¨³ T-¶·µ¨§¢¥¤¥´¨¥ ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ:

T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n)) =

= T(Ψ(x1) . . .Ψ(xn))T(η(y1) . . . η(yk))T(Ψ(x′1) . . .Ψ(x′n))×
× θ(X0 − Y0 − |max{x̃0i}| − |max{ỹ0i}|)×
× θ(Y0 −X ′0 − |max{x̃′0i}| − |max{ỹ0i}|) +

+ T(Ψ(x′1) . . .Ψ(x′n))T(η(y1) . . . η(yk))T(Ψ(x1) . . .Ψ(xn))×
× θ(X ′0 − Y0 − |max{x̃′0i}| − |max{ỹ0i}|)×
× θ(Y0 −X0 − |max{x̃0i}| − |max{ỹ0i}|).
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‚¸É ¢¨¢ ¶µ²´Ò° ´ ¡µ· ³¥¦¤Ê T-¶·µ¨§¢¥¤¥´¨Ö³¨, ¶¥·¥¶¨Ï¥³ ¢Ò· ¦¥´¨¥ (14)
¢ ¢¨¤¥ ¸Ê³³Ò ¶µ ¸µ¸ÉµÖ´¨Ö³ ¨§ ¶µ²´µ£µ ´ ¡µ· :

〈0|T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n))|0〉 =

=
∑
R

〈0|T(Ψ(x1) . . .Ψ(xn))|R〉〈R|T(η(y1) . . . η(yk))|R〉 ×

×〈R|T(Ψ(x′1) . . .Ψ(x′n))|0〉θ(X0 − Y0 − |max{x̃0i}| − |max{ỹ0i}|)×

× θ(Y0 −X ′0 − |max{x̃′0i}| − |max{ỹ0i}|) +

+
∑
R

〈0|T(Ψ(x′1) . . .Ψ(x′n))|R〉〈R|T(η(y1) . . . η(yk))|R〉 ×

×〈R|T(Ψ(x1) . . .Ψ(xn))|0〉θ(X ′0 − Y0 − |max{x̃′0i}| − |max{ỹ0i}|)×

× θ(Y0 −X0 − |max{x̃0i}| − |max{ỹ0i}|), (26)

£¤¥
∑
R

µ¡µ§´ Î ¥É ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¤¨¸±·¥É´Ò³ ±¢ ´Éµ¢Ò³ Î¨¸² ³ ¨ ¨´É¥-

£·¨·µ¢ ´¨¥ ¶µ ´¥¶·¥·Ò¢´Ò³ ¶¥·¥³¥´´Ò³.
�µ¸±µ²Ó±Ê ´ ¸ ¨´É¥·¥¸Ê¥É ¶µ¢¥¤¥´¨¥ ³ É·¨Î´µ£µ Ô²¥³¥´É  (14) ¢¡²¨§¨

¶µ²Õ¸  P 2 = M2, ¤µ¸É ÉµÎ´µ · ¸¸³µÉ·¥ÉÓ ¢±² ¤ ´¨¦ °Ï¥£µ ¸¢Ö§ ´´µ£µ ¸µ-
¸ÉµÖ´¨Ö ¢ ¢Ò· ¦¥´¨¨ (26), ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ÔÉµ³Ê ¶µ²Õ¸Ê. � ¸¸³ É·¨¢ ¥-
³µ³Ê ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸µµÉ¢¥É¸É¢Ê¥É ¶¥·¢Ò° Î²¥´ ·Ö¤  (26) ¸ R = A.
‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¨´É¥£· ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ ¤²Ö θ-ËÊ´±Í¨¨ (20), ¶µ²Ê-
Î¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  (25):

〈0|T(Ψ(x1)...Ψ(xn)η(y1)...η(yk)Ψ(x′1)...Ψ(x′n)|0〉 =
∑
α,α′

∫
d3P

(2π)3

d3P ′

(2π)3
×

×〈0|TΨ(x1)...Ψ(xn)|A,P 〉〈A,P |Tη(y1)...η(yk)|A,P ′〉×

×〈A,P ′|TΨ(x′1)...Ψ(x′n)|0〉
∫

dP0

(2π)

dP ′0
(2π)
×

×e
i(P0−E)(X0−Y0)ei(P

′
0−E

′)(Y0−X′0)ei(P0−E)(max{x̃0i}−y/2)ei(P
′
0−E

′)(max{x̃′0i}−y/2)

(P0 − E + iδ)(P ′0 − E′ + iδ)
.

(27)

�¥·¥°¤¥³ ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨° (23) ± µÉ´µ¸¨É¥²Ó´Ò³ ¶¥·¥³¥´´Ò³ ¨
¶¥·¥¶¨Ï¥³ ³ É·¨Î´Ò° Ô²¥³¥´É (25) ¢ ¢¨¤¥

〈0|T(Ψ(x̃1) . . .Ψ(x̃n)η(ỹ1) . . . η(ỹk)Ψ(x̃′1) . . .Ψ(x̃′n)|0〉 =

=
∑
α,α′

∫
d4P

(2π)4

d4P ′

(2π)4
ei(P0−E)(max{x̃0i}−y/2)ei(P

′
0−E′)(max{x̃′0i}−y/2) ×
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×
χAα,P (x̃1, . . . x̃n)〈A|T(η(ỹ1) . . . η(ỹk))|A〉χAα′,P (x̃′1, . . . x̃

′
n)

(P0 − E + iδ)(P ′0 − E′ + iδ)
×

× eiPXe−iP ′X′ei(P−P ′)Y . (28)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢ ¸¨²Ê Ê´¨É ·´µ¸É¨ n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´ , ¸¢Ö-
§ ´´µ° ¸  ³¶²¨ÉÊ¤µ° (15) ¸µµÉ´µÏ¥´¨¥³

G2n(x1 . . . xn, z1, . . . zn) = i〈0|T(Ψ(x1) . . .Ψ(xn)Ψ(x′1) . . .Ψ(x′n))|0〉, (29)

³ É·¨Î´Ò° Ô²¥³¥´É (25) ³µ¦¥É ¡ÒÉÓ Éµ¦¤¥¸É¢¥´´µ ¶¥·¥¶¨¸ ´ ¢ ¢¨¤¥

〈0|T(Ψ(x1) . . .Ψ(xn)η(y1) . . . η(yk)Ψ(x′1) . . .Ψ(x′n)|0〉 =

=

∫
d4z1...d

4znd
4z′1...d

4z′nd
4z′′1 ...d

4z′′nd
4z′′′1 ...d

4z′′′n G2n(x1...xn, z1, ...zn)×

×G−1
2n (z1...zn, z

′
k, ...z

′
n)〈0|T(Ψ(z1)...Ψ(zn)η(y1)...η(yk)Ψ(z′′1 )...Ψ(z′′n))|0〉 ×

×G−1
2n (z′′1 , . . . z

′′
n, z
′′′
1 , . . . z

′′′
n )G2n(z′′′1 , . . . z

′′′
n , x

′
k, . . . x

′
n). (30)

“Î¨ÉÒ¢ Ö ¶µ¢¥¤¥´¨¥ n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  (24) ¢¡²¨§¨ ¶µ²Õ¸ 
P 2 = M2, ¸· ¢´¨¢ e³ ÔÉµ ¢Ò· ¦¥´¨¥ ¸ (28):∑

α,α′

∫
d4P

(2π)4

d4P ′

(2π)4

∫
dz1 . . . dzndz

′
1 . . . dz

′
ne
iPXe−iP

′X′×

×
χAα,P (x̃1, . . . x̃n)χAα,P (z1, . . . zn)

P0 − E + iδ
×

×G2n+k(z1 . . . zn, ỹ1 . . . ỹn, z
′
1 . . . z

′
n)
χAα′,P ′(z

′
1, . . . z

′
n)χAα′,P ′(x̃

′
1, . . . x̃

′
n)

P ′0 − E′ + iδ
=

=
∑
α,α′

∫
d4P

(2π)4

d4P ′

(2π)4
ei(P0−E)(max{x̃0i}−y/2)ei(P

′
0−E′)(max{x̃′0i}−y/2)ei(P−P

′)Y×

×
χAα,P (x̃1, . . . x̃n)〈A|T(η(ỹ1) . . . η(ỹk))|A〉χAα′,P ′(x̃′1, . . . x̃′n)

(P0 − E + iδ)(P ′0 − E′ + iδ)
eiPXe−iP

′X′ ,

(31)
£¤¥ ¸ ¶µ³µÐÓÕ G2n+k µ¡µ§´ Î¥´  Ê¸¥Î¥´´ Ö ËÊ´±Í¨Ö ƒ·¨´ , ±µÉµ· Ö µ¶·¥-
¤¥²¥´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

G2n+k(x1 . . . xn, y1 . . . yk, x
′
k, . . . x

′
n) =

= i

∫
d4z1 . . . d

4znd
4z′1 . . . d

4z′nG
−1
2n (x1 . . . xn, zk, . . . zn),

〈0|T(Ψ(z1) . . .Ψ(zn)η(y1) . . . η(yk)Ψ(z′1) . . .Ψ(z′n))|0〉 ×
×G−1

2n (z′1, . . . z
′
n, x
′
1, . . . x

′
n). (32)
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“³´µ¦ Ö µ¡¥ Î ¸É¨ ¶µ¤Ò´É¥£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö ¢ (31) ´  (P0 − E)×
×(P ′0−E′) ¨ Ê¸É·¥³²ÖÖ P0 ± E ¨ P ′0 ± E′, ¶µ²ÊÎ ¥³ ¸µµÉ´µÏ¥´¨¥, µ¶·¥¤¥²ÖÕ-
Ð¥¥ ¸¶µ¸µ¡ ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¨Ì ¶µ ¸¢Ö§ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ µÉ T-¶·µ¨§¢¥¤¥´¨Ö
´ ¡µ·  ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢:

〈A|T(η(ỹ1) . . . η(ỹk))|A〉ei(P−P ′)Y =

=

∫
dz1 . . . dzndz

′
1 . . . dz

′
nχ

A
α,P (z1, . . . zn),

G2n+k(z1 . . . zn, ỹ1 . . . ỹn, z
′
1 . . . z

′
n)χAα′,P ′(z

′
1, . . . z

′
n). (33)

�Éµ ¢Ò· ¦¥´¨¥ ¸¢Ö§Ò¢ ¥É  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ´  ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨ n-
´Ê±²µ´µ¢ ¸ ´¥¶·¨¢µ¤¨³µ° ËÊ´±Í¨¥° ƒ·¨´  G2n+k, µ¶¨¸Ò¢ ÕÐ¥° · ¸¸¥Ö´¨¥
´  n-¢¨·ÉÊ ²Ó´ÒÌ ´Ê±²µ´ Ì, ¨ ´¥¨§¢¥¸É´Ò³¨ ËÊ´±Í¨Ö³¨ χAα,P ¨ χAα,P , µ¶¨¸Ò-
¢ ÕÐ¨³¨ ¸µ¸ÉµÖ´¨¥ Ö¤·  ¢ É¥·³¨´ Ì ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, Ê· ¢´¥´¨¥
´  ±µÉµ·Ò¥ ´¥µ¡Ìµ¤¨³µ ´ °É¨.

3.3. “· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥· . ‚Ò· ¦¥´¨¥ (24) Ê¸É ´ ¢²¨¢ ¥É ¸¢Ö§Ó
³¥¦¤Ê ËÊ´±Í¨Ö³¨ χAα,P ¨ n-´Ê±²µ´´µ° ËÊ´±Í¨¥° ƒ·¨´  G2n. ’ ±¨³ µ¡· -
§µ³, ¨³¥Ö Ê· ¢´¥´¨¥ ´  ËÊ´±Í¨Õ G2n, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥, ±µÉµ·µ³Ê
Ê¤µ¢²¥É¢µ·Ö¥É  ³¶²¨ÉÊ¤  χAα,P . �·¨ ÔÉµ³ ´¥¤µ¸É ÉµÎ´µ §´ ÉÓ G2n ¢ · ³± Ì
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, É ± ± ± ¤²Ö  ´ ²¨§  ¶µ¢¥¤¥´¨Ö ËÊ´±Í¨¨ ƒ·¨´  ¢ µ¡² ¸É¨
¶µ²Õ¸  ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ´¥µ¡Ìµ¤¨³µ ¶·µ¸Ê³³¨·µ¢ ÉÓ ¢¥¸Ó ·Ö¤ É¥µ·¨¨
¢µ§³ÊÐ¥´¨°. �µÔÉµ³Ê · ¸¸³µÉ·¨³ µ¡Ð¨¥ Ê· ¢´¥´¨Ö ´  ËÊ´±Í¨¨ ƒ·¨´  G2n,
±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¡¥§ ¶·¨¢²¥Î¥´¨Ö É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°.

� ¸¶·µ¸É· ´¥´¨¥ ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ¨§ ÉµÎ±¨ x1 ¢ ÉµÎ±Ê x2 µ¶¨¸Ò¢ ¥É¸Ö
¸¢µ¡µ¤´µ° ËÊ´±Í¨¥° ƒ·¨´  S0

(1), Ê¤µ¢²¥É¢µ·ÖÕÐ¥° Ê· ¢´¥´¨Õ ¢¨¤ 

(i∂̂x1 −m)S0
(1)(x1, x2) = δ(x1 − x2), (34)

£¤¥ m Å ³ ¸¸  ´Ê±²µ´ . ‚ ¸²ÊÎ ¥, ±µ£¤  ´Ê±²µ´ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ ¸µ¡-
¸É¢¥´´Ò³ ¶µ²¥³, ¢ ¶· ¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö ´  ÉµÎ´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  S(1)

¢µ§´¨± ¥É Î²¥´, ÊÎ¨ÉÒ¢ ÕÐ¨° ÔÉµ ¸ ³µ¤¥°¸É¢¨¥:

(i∂̂x1 −m)S(1)(x1, x2) = δ(x1 − x2)−
∫
dx′1G2(x1, x

′
1)S(1)(x

′
1, x2). (35)

‘· ¢´¨¢ Ê· ¢´¥´¨Ö (34) ¨ (35), ³µ¦´µ § ³¥É¨ÉÓ, ÎÉµ ËÊ´±Í¨Ö G2(x1, x
′
1)

Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ „ °¸µ´ 

G2(x1, x2) = S0−1
(1)(x1, x2)− S−1

(1)(x1, x2), (36)

Éµ ¥¸ÉÓ ¸µ¢¶ ¤ ¥É ¸ µ¤´µ´Ê±²µ´´µ° ´¥¶·¨¢µ¤¨³µ° ¸µ¡¸É¢¥´´µ Ô´¥·£¥É¨Î¥¸±µ°
Î ¸ÉÓÕ. ”Ê´±Í¨Ö ƒ·¨´  S(2), µ¶¨¸Ò¢ ÕÐ Ö ¸µ¢³¥¸É´µ¥ · ¸¶·µ¸É· ´¥´¨¥ ¤¢ÊÌ
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Ë¨§¨Î¥¸±¨Ì ´Ê±²µ´µ¢, ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¤·Ê£ ¸ ¤·Ê£µ³, Ê¤µ¢²¥É¢µ·Ö¥É
Ê· ¢´¥´¨Õ ¢¨¤ 

(i∂̂x1 −m∗)⊗ (i∂̂y1 −m∗)S0
(2)(x1, x2, y1, y2) = δ(x1 − x2)δ(y1 − y2), (37)

£¤¥ m∗ = m − G2(x1, x2). “Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´Ê±²µ´ ³¨ ¶·¨¢µ¤¨É
± ¶µÖ¢²¥´¨Õ ¢ ¶· ¢µ° Î ¸É¨ ¤µ¶µ²´¨É¥²Ó´µ£µ Î²¥´ :

(i∂̂x1 −m∗)⊗ (i∂̂y1 −m∗)G4(x1, x2, y1, y2) =

= δ(x1 − x2)δ(y1 − y2) +

∫
dx′1dy

′
1G4(x1, x

′
1, y1, y

′
1)G4(x′1, x2, y

′
1, y2). (38)

‘· ¢´¨¢ Ö Ê· ¢´¥´¨Ö (37) ¨ (38), ¶µ²ÊÎ ¥³ ¤¢ÊÌÎ ¸É¨Î´Ò°  ´ ²µ£ Ê· ¢´¥´¨Ö
„ °¸µ´ ,   ¨³¥´´µ ´¥µ¤´µ·µ¤´µ¥ Ê· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥·  [79]:

G4(x1, x2, y1, y2) = S−1
(2)(x1, x2, y1, y2)−G−1

4 (x1, x2, y1, y2). (39)

�µ  ´ ²µ£¨¨ ¸ µ¤´µ´Ê±²µ´´Ò³ ¸²ÊÎ ¥³ ËÊ´±Í¨Ö, µ¶¨¸Ò¢ ÕÐ Ö ¢§ ¨³µ¤¥°-
¸É¢¨¥ ³¥¦¤Ê ´Ê±²µ´ ³¨, ¸µ¢¶ ¤ ¥É ¸ ´¥¶·¨¢µ¤¨³µ° ¸µ¡¸É¢¥´´µ Ô´¥·£¥É¨Î¥-
¸±µ° Î ¸ÉÓÕ ¸¨¸É¥³Ò ¨§ ¤¢ÊÌ ´Ê±²µ´µ¢. �¡µ¡Ð Ö ´  ¸²ÊÎ ° n-´Ê±²µ´µ¢, ¶µ-
²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ê· ¢´¥´¨¥:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S−1

(n)(x1 . . . xn, x
′
1 . . . x

′
n)−G−1

2n (x1 . . . xn, x
′
1 . . . x

′
n),

(40)
£¤¥ ËÊ´±Í¨Ö S(n) Å ¶·Ö³µ¥ ¶·µ¨§¢¥¤¥´¨¥ n-´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ·µ¢:

S(n)(x1 . . . xn, x
′
1 . . . x

′
n) = 〈0|T(Ψ(x1)Ψ(x1))|0〉 ⊗ . . . 〈0|T(Ψ(xn)Ψ(xn))|0〉.

(41)
‚Ò· §¨¢ ¨§ (40) G2n, ¶µ²ÊÎ¨³ ¨´É¥£· ²Ó´µ¥ Ê· ¢´¥´¨¥, £¤¥ G2n Ö¢²Ö¥É¸Ö
Ö¤·µ³:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n) +

+

∫
dz1 . . . dzndz

′
1 . . . dz

′
nS(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)G2n(z′1 . . . z

′
n, x
′
1 . . . x

′
n). (42)

’ ±¨³ µ¡· §µ³, ÉµÎ´ Ö n-´Ê±²µ´´ Ö ËÊ´±Í¨Ö ƒ·¨´  Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ¨´É¥-
£· ²Ó´µ£µ Ê· ¢´¥´¨Ö, ±µÉµ·µ¥ ¸¢Ö§Ò¢ ¥É ³¥¦¤Ê ¸µ¡µ° ¤¢¥ ´¥¨§¢¥¸É´Ò¥ ËÊ´±-
Í¨¨ ƒ·¨´ , G2n ¨ G2n.

‘ÊÐ¥¸É¢Ê¥É ´¥¸±µ²Ó±µ ¸¶µ¸µ¡µ¢ ·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò. ‚ Î ¸É´µ¸É¨,
¶µ  ´ ²µ£¨¨ ¸ Ê· ¢´¥´¨¥³ „ °¸µ´  Ê· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥·  ³µ¦´µ ¨¸¸²¥-
¤µ¢ ÉÓ ¢ · ³± Ì É¥Ì´¨±¨ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨°. „²Ö ÔÉµ£µ ¢¢µ¤¨É¸Ö
µ¡µ¡Ð¥´¨¥ ¸¶¥±É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ÉµÎ´µ° µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨
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ƒ·¨´  ´  ¸²ÊÎ ° n-Î ¸É¨Í Å ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨° � ± ´¨Ï¨ [80]. ’ ±µ° ¶µ¤Ìµ¤ Ê¸¶¥Ï´µ ¶·¨³¥´Ö²¸Ö ¶·¨ ·¥Ï¥´¨¨
Ê· ¢´¥´¨Ö �¥É¥Å‘µ²¶¨É¥·  ¤²Ö ¸²ÊÎ Ö ¤¢ÊÌ ¸± ²Ö·´ÒÌ Î ¸É¨Í [81]. ‘ ¤·Ê-
£µ° ¸Éµ·µ´Ò, Ê· ¢´¥´¨¥ (42) ¤ ¥É ¶·¥±· ¸´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ³µ¤¥²¨·µ¢ ´¨Ö
¤¢ÊÌ´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´ , ¥¸²¨ ¢¢¥¸É¨ G2n ¢ Ö¢´µ³ ¢¨¤¥.

� ¨¡µ²¥¥ Ê¤µ¡´Ò³ Ö¢²Ö¥É¸Ö ¸¥¶ · ¡¥²Ó´Ò° ¢¨¤ Ö¤·  ÔÉµ£µ Ê· ¢´¥´¨Ö:

G2n(z1 . . . zn, z
′
1 . . . z

′
n) =

∞∑
i,j

cijgi(z1 . . . zn)gj(z
′
1 . . . z

′
n).

‚ ÔÉµ³ ¸²ÊÎ ¥ § ¤ Î  ·¥Ï¥´¨Ö ¨´É¥£· ²Ó´µ£µ Ê· ¢´¥´¨Ö ¶µ¤³¥´Ö¥É¸Ö § ¤ Î¥°
·¥Ï¥´¨Ö ²¨´¥°´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨°. �ÉµÉ ¶µ¤Ìµ¤ Ê¸¶¥Ï´µ ¶·¨³¥´Ö²¸Ö ¤²Ö
µ¶¨¸ ´¨Ö ¤¢ÊÌ´Ê±²µ´´µ° ¸¨¸É¥³Ò [82]. �É³¥É¨³, ÎÉµ ´¥±µÉµ· Ö ±µ³¡¨´ Í¨Ö
¶µ¤Ìµ¤µ¢, µ¸´µ¢ ´´ÒÌ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¥¶ · ¡¥²Ó´µ£µ ¶µÉ¥´Í¨ ²  ¨ ¸¶¥±-
É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö, ÊÎ¨ÉÒ¢ ÕÐ¥£µ  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¤¢ÊÌ´Ê±²µ´-
´µ° ËÊ´±Í¨¨ ƒ·¨´ , ³µ¦¥É ¸²Ê¦¨ÉÓ µ¸´µ¢µ° ¤²Ö ¸µ§¤ ´¨Ö ·¥ ²¨¸É¨Î¥¸±µ£µ
¸¥¶ · ¡¥²Ó´µ£µ  ´§ Í  ¤²Ö ËÊ´±Í¨¨ G2n [83].

‚Éµ·µ°, ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´Ò° ¢¨¤ G2n ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ ³¥-
Éµ¤ ³¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. � ¸¸³µÉ·¨³ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (42) ¸ ¶µ³µÐÓÕ
¨É¥· Í¨°. ‚µ§Ó³¥³ ¢ ± Î¥¸É¢¥ ´Ê²¥¢µ° ¨É¥· Í¨¨

G
(0)
2n (x1 . . . xn, x

′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n).

�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (42), ¶µ²ÊÎ ¥³ ¶¥·¢ÊÕ ¨É¥· Í¨Õ:

G
(1)
2n (x1 . . . xn, x

′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n) +

+

∫
dz1 . . . dzndz

′
1 . . . dz

′
nS(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)S(n)(z

′
1 . . . z

′
n, x
′
1 . . . x

′
n). (43)

‚ Ìµ¤¥ ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ¨É¥· Í¨° ¶µ²ÊÎ ¥³ · §²µ¦¥´¨¥ ÉµÎ´µ° n-´Ê±-
²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  ¢ ¡¥¸±µ´¥Î´Ò° ·Ö¤ ¶µ ¸É¥¶¥´Ö³ G2n:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n) +

+
∞∑
m

∫
dz1 . . . dzndz

′
1 . . . dz

′
n . . . dz

(m)
1 . . . dz(m)

n S(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)S(n)(z

′
1 . . . z

′
n, x
′
1 . . . x

′
n) . . .×

×G2n(z
(m−1)
1 . . . z(m−1)

n , z
(m)
1 . . . z(m)

n )S(n)(z
(m)
1 . . . z(m)

n , x′1 . . . x
′
n). (44)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ËÊ´±Í¨Ö G2n ³µ¦¥É ¡ÒÉÓ · §²µ¦¥´  ¢ ·Ö¤ ¶µ É¥-
µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ ±µ´±·¥É´µ° ³µ¤¥²¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
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(´ ¶·¨³¥·, ³¥§µ´-´Ê±²µ´´µ° ³µ¤¥²¨):

G2n(x1 . . . xn, x
′
1 . . . x

′
n) =

∑
i

G
(i)
2n(x1 . . . xn, x

′
1 . . . x

′
n),

G
(0)
2n (x1 . . . xn, x

′
1 . . . x

′
n) = S(n)(x1 . . . xn, x

′
1 . . . x

′
n). (45)

‘· ¢´¨¢ Ö ·Ö¤Ò (44) ¨ (45), ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥G2n ¸ Î²¥´ ³¨
·Ö¤  ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤²Ö G2n:

G2n(x1 . . . xn, x
′
1 . . . x

′
n) = S−1

(n)(x1 . . . xn, x
′
1 . . . x

′
n)−

−
∞∑
m

∑
m1,m2

∫
dz1 . . . dzndz

′
1 . . . dz

′
nG

(m1)−1

2n (x1 . . . xn, z1 . . . zn)×

×G(m)
2n(z1 . . . zn, z

′
1 . . . z

′
n)G(m2)−1

2n (z′1 . . . z
′
n, x
′
1 . . . x

′
n). (46)

‚ · ³± Ì ³¥§µ´´µ° ³µ¤¥²¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¥·¢Ò° Î²¥´
ÔÉµ£µ ·Ö¤  (m = 1) ¸µµÉ¢¥É¸É¢Ê¥É ¶·¨¡²¨¦¥´¨Õ µ¤´µ¡µ§µ´´µ£µ µ¡³¥´  ¢ Ö¤·¥
Ê· ¢´¥´¨Ö (42) (É ± ´ §Ò¢ ¥³µ¥ ²¥¸É´¨Î´µ¥ ¶·¨¡²¨¦¥´¨¥). �¥Ï¥´¨¥ Ê· ¢´¥-
´¨Ö (42) ¢ · ³± Ì ²¥¸É´¨Î´µ£µ ¶·¨¡²¨¦¥´¨Ö ¶µ§¢µ²Ö¥É ¶·µ¸Ê³³¨·µ¢ ÉÓ Î ¸ÉÓ
·Ö¤  ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤²Ö G2n ¨ µ¶¨¸ ÉÓ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ¸¢µ°¸É¢ 
´Ê±²µ´-´Ê±²µ´´µ£µ · ¸¸¥Ö´¨Ö ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ [48]. ’ ±¨³ µ¡· §µ³,
Ê· ¢´¥´¨¥ (40) ¶·¨ § ¤ ´¨¨ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸¨² ¶µ§¢µ²Ö¥É, ¢ ¶·¨´Í¨¶¥,
µ¶·¥¤¥²¨ÉÓ ÉµÎ´ÊÕ n-´Ê±²µ´´ÊÕ ËÊ´±Í¨Õ ƒ·¨´ . �·¥¤¶µ²µ¦¨¢ ´ ²¨Î¨¥ ¶µ-
²Õ¸  ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ G2n,  ´ ²µ£¨Î´µ¥ Ê· ¢´¥´¨¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¤²Ö  ³¶²¨ÉÊ¤Ò �¥É¥Å‘µ²¶¨É¥·  (23).

�µ¤¸É ¢¨³ ¢Ò· ¦¥´¨¥ (24) ¢ Ê· ¢´¥´¨¥ (42), Ê³´µ¦¨³ µ¡¥ Î ¸É¨ ¶µ²Ê-
Î¨¢Ï¥£µ¸Ö ¢Ò· ¦¥´¨Ö ´  (P0−E) ¨ Ê¸É·¥³¨³ P → E. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³

χAα,P (x1, . . . xn) =

∫
dz1 . . . dzndz

′
1 . . . dz

′
nS(n)(x1 . . . xn, z1 . . . zn)×

×G2n(z1 . . . zn, z
′
1 . . . z

′
n)χAα,P (z′1, . . . z

′
n). (47)

’ ±¨³ µ¡· §µ³, ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ³¥¦¤Ê ¢ ±ÊÊ³µ³ ¨ n-´Ê±-
²µ´´Ò³ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³ Ê¤µ¢²¥É¢µ·Ö¥É µ¤´µ·µ¤´µ³Ê ¨´É¥£· ²Ó´µ³Ê
Ê· ¢´¥´¨Õ ¸ Ö¤·µ³ G2n, ±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ ÉµÎ´Ò³¨ n-´Ê±²µ´´µ° ¨ µ¤´µ-
´Ê±²µ´´µ° ËÊ´±Í¨Ö³¨ ƒ·¨´  ¸µµÉ´µÏ¥´¨¥³ (40).

„²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì ´ ³ ¶µ´ ¤µ¡¨É¸Ö Ê· ¢´¥´¨¥ (47)
¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨. ‘ ¶µ³µÐÓÕ ËÊ·Ó¥-¶·¥µ¡· §µ¢ ´¨Ö  ³¶²¨ÉÊ¤ 
�¥É¥Å‘µ²¶¨É¥·  χ ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨:

χα(P, k1 . . . kn−1) =

∫
d4x1 . . . d

4xne
−i
∑n
i kixiχα,P (x1 . . . xn), (48)
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£¤¥ kn = P −
n−1∑
i

ki. ’µ£¤  Ê· ¢´¥´¨¥ �¥É¥Å‘µ²¶¨É¥·  ¶·¨´¨³ ¥É ¢¨¤

χAα (P, k1, . . . kn−1) = S(n)(P, k1, . . . kn−1)

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
×

×G2n(P, k1 . . . kn−1, k
′
1 . . . k

′
n−1)χAα (k′1, . . . k

′
n−1). (49)

‚ ¸¨²Ê Éµ£µ ÎÉµ (49) ¨ (47) Ö¢²ÖÕÉ¸Ö µ¤´µ·µ¤´Ò³¨ ¨´É¥£· ²Ó´Ò³¨ Ê· ¢-
´¥´¨Ö³¨,  ³¶²¨ÉÊ¤  �¥É¥Å‘µ²¶¨É¥·  µ¶·¥¤¥²¥´  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ´¥±µÉµ·µ°
¶µ¸ÉµÖ´´µ°. �µÔÉµ³Ê ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨. �µ¸±µ²Ó±Ê ·¥-
Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ´¥ µ¡² ¤ ÕÉ ¶·Ö³Ò³ Ë¨§¨Î¥¸±¨³ ¸³Ò¸²µ³ ¨ ´¥ ³µ£ÊÉ
¡ÒÉÓ ´µ·³¨·µ¢ ´Ò ¨¸Ìµ¤Ö ¨§ ¢¥·µÖÉ´µ¸É´ÒÌ ¸µµ¡· ¦¥´¨°, ´¥µ¡Ìµ¤¨³µ µ¶¥-
·¥ÉÓ¸Ö ´  ´µ·³¨·µ¢±Ê ¸ ¶µ³µÐÓÕ §´ Î¥´¨Ö ¨§¢¥¸É´ÒÌ ¸·¥¤´¨Ì. ‚ ± Î¥¸É¢¥
É ±µ° ¢¥²¨Î¨´Ò ³µ¦´µ ¢§ÖÉÓ, ´ ¶·¨³¥·, ¸·¥¤´¥¥ µÉ ¡ ·¨µ´´µ£µ Éµ±  ¶·¨
´Ê²¥¢µ° ¶¥·¥¤ Î¥ ¨³¶Ê²Ó¸ :

〈A|Jµ(0)|A〉 = iPµ. (50)

‚Ò· ¦ Ö ÔÉµÉ ³ É·¨Î´Ò° Ô²¥³¥´É ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö (33) Î¥·¥§  ³¶²¨-
ÉÊ¤Ò �¥É¥Å‘µ²¶¨É¥· , ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¤²Ö χAα :∫

d4k1

(2π)4
. . .

d4kn−1

(2π)4

d4k′1
(2π)4

. . .
d4k′n−1

(2π)4
χAα (P, k1, . . . kn−1)×

×G2n+1µ(q = 0, P, k1 . . . kn−1, k
′
1 . . . k

′
n−1)χAα (P, k′1, . . . k

′
n−1) = iPµ. (51)

“Î¨ÉÒ¢ Ö, ÎÉµ ¶·¨ ´Ê²¥¢µ° ¶¥·¥¤ Î¥ ÉµÎ´ Ö Ê¸¥Î¥´´ Ö ËµÉµ´-n-´Ê±²µ´´ Ö
¢¥·Ï¨´  G2n+1µ ¸¢Ö§ ´  ¸ ¶·µ¨§¢µ¤´µ° ¶µ ¶µ²´µ³Ê ¨³¶Ê²Ó¸Ê µÉ n-´Ê±²µ´´µ°
ËÊ´±Í¨¨ ƒ·¨´  [84],

G2n+1µ(q = 0, P, k1 . . . kn−1, k
′
1 . . . k

′
n−1) =

= − ∂

∂Pµ
G−1

2n (P, k1 . . . kn−1, k
′
1 . . . k

′
n−1), (52)

¨ ¢Ò· ¦ Ö G−1
2n ¨§ (40), ¶µ²ÊÎ ¥³ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¤²Ö ËÊ´±Í¨° χAα ¢

¸²¥¤ÊÕÐ¥³ ¢¨¤¥:∫
d4k1

(2π)4
. . .

d4kn

(2π)4

d4k′1
(2π)4

. . .
d4k′n
(2π)4

χAα (P, k1, . . . kn−1)×

×
[
S−1

(n)(P, k1, . . . kn−1)

{
∂

∂Pµ
S(n)(P, k1, . . . kn−1)

}
S−1

(n)(P, k1, . . . kn−1) ×

+
∂

∂Pµ
G2n(P, k1 . . . kn−1, k

′
1 . . . k

′
n−1)

]
χAα (P, k′1, . . . k

′
n−1) = iP0. (53)
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Š ± ¡Ê¤¥É ¶µ± § ´µ ¢ · §¤. 4, ÔÉµ Ê¸²µ¢¨¥ ¶µ§¢µ²Ö¥É ¶µ¸É·µ¨ÉÓ É¥µ·¨Õ ƒ��
´  Ö¤·¥ É ±, ÎÉµ Ê¤ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ µ¤´µ¢·¥³¥´´µ ¡ ·¨µ´´µ¥ ¨ ¨³¶Ê²Ó¸´µ¥
¶· ¢¨²a ¸Ê³³.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  µÉ³¥É¨³ ´¥±µÉµ·Ò¥ ¢ ¦´Ò¥ ¸¢µ°¸É¢   ³¶²¨-
ÉÊ¤Ò �¥É¥Å‘µ²¶¨É¥· , ±µÉµ·Ò¥ ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¤ ²¥¥.

‚µ-¶¥·¢ÒÌ, ± É ±¨³ ¸¢µ°¸É¢ ³ µÉ´µ¸¨É¸Ö ´ ²¨Î¨¥ ¢  ³¶²¨ÉÊ¤¥ �‘ § ¢¨-
¸¨³µ¸É¨ µÉ ´Ê²¥¢µ° ±µ³¶µ´¥´ÉÒ µÉ´µ¸¨É¥²Ó´µ° ±µµ·¤¨´ ÉÒ (µÉ´µ¸¨É¥²Ó´µ£µ
¢·¥³¥´¨) ´Ê±²µ´µ¢, ±µÉµ· Ö ¸µ£² ¸´µ ¢Ò· ¦¥´¨Õ (33) µÉ· ¦ ¥É¸Ö ´  ¤¨´ ³¨-
Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ n-´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ¨³¶Ê²Ó¸´µ³ ¶·µ-
¸É· ´¸É¢¥ ÔÉ  § ¢¨¸¨³µ¸ÉÓ ¶·¨¢µ¤¨É ± § ¢¨¸¨³µ¸É¨ µÉ ´Ê²¥¢µ° ±µ³¶µ´¥´ÉÒ
µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ´Ê±²µ´µ¢ (µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨), ±µÉµ· Ö, ± ±
ÔÉµ ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, Ö¢²Ö¥É¸Ö µ¸´µ¢´µ° ¶·¨Î¨´µ° ´ ¡²Õ¤ ¥³ÒÌ Ö¤¥·´ÒÌ
ÔËË¥±Éµ¢ ¢ ƒ��.

‚µ-¢Éµ·ÒÌ, ¸µµÉ´µÏ¥´¨¥ (24) ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ´¥¸±µ²Ó±µ § ³¥Î ´¨° ¶µ
¶µ¢µ¤Ê  ´ ²¨É¨Î¥¸±µ° ¸É·Ê±ÉÊ·Ò χAα . ”Ê´±Í¨Ö ƒ·¨´  G2n ¢ ¨³¶Ê²Ó¸´µ³
¶·µ¸É· ´¸É¢¥ ¸µ¤¥·¦¨É ·Ö¤ ¸¨´£Ê²Ö·´µ¸É¥°, Î ¸ÉÓ ¨§ ±µÉµ·ÒÌ ¢ ¸¨²Ê (24)
¶·¨¸ÊÐ  ¨  ³¶²¨ÉÊ¤¥ �¥É¥Å‘µ²¶¨É¥· . �Éµ ¶µ²Õ¸ , ¸¢Ö§ ´´Ò¥ ¸ ¢´¥Ï´¨³¨
¶·µ¶ £ Éµ· ³¨ ´Ê±²µ´µ¢, · §·¥§Ò ¶µ µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸ ³, ¶µ²Õ¸ , ¸¢Ö-
§ ´´Ò¥ ¸ · §²¨Î´Ò³¨ ¸¢Ö§ ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨, ±µÉµ·Ò¥ µ¡· §ÊÕÉ ²¨¡µ Î ¸ÉÓ
´Ê±²µ´µ¢, ²¨¡µ ¢¸¥ ´Ê±²µ´Ò. �µ¸²¥¤´ÖÖ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢Ò¤¥²¥´  Ö¢´µ ¢ ¢Ò-
· ¦¥´¨¨ (24) ¨, É ±¨³ µ¡· §µ³, ´¥ ¤ ¥É ¢±² ¤  ¢ χAα . �¥·¢Ò° É¨¶ ¸¨´£Ê²Ö·-
´µ¸É¥° É ±¦¥ ³µ¦´µ ¢Ò¤¥²¨ÉÓ Ö¢´Ò³ µ¡· §µ³, ¢¢¥¤Ö ¢³¥¸Éµ  ³¶²¨ÉÊ¤Ò �‘
¢¥²¨Î¨´Ê, ´ §Ò¢ ¥³ÊÕ ¢¥·Ï¨´´µ° ËÊ´±Í¨¥° �¥É¥Å‘µ²¶¨É¥· :

S(n)(P, k1 . . . kn−1)ΓAα (P, k1 . . . kn−1) = χAα (P, k′1, . . . k
′
n−1). (54)

’ ±¨³ µ¡· §µ³, ³Ò ¶µ²ÊÎ¨²¨ ¢ ¸¢µ¥ · ¸¶µ·Ö¦¥´¨¥ µ¡Ñ¥±É, ±µÉµ·Ò° ¨§¡ ¢²¥´
µÉ ¤¢ÊÌ ¸ ³ÒÌ ¸¨²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° Å ¶�µ²Õ¸  n-´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ
¸µ¸ÉµÖ´¨Ö,   É ±¦¥ ¶µ²Õ¸µ¢ ¨ · §·¥§µ¢, ¶·¨¸ÊÐ¨Ì µ¤´µ´Ê±²µ´´Ò³ ¶·µ¶ £ -
Éµ· ³. ‚ ¶. 5.1 ³Ò · ¸¸³µÉ·¨³ ¸¶µ¸µ¡ ¢Ò¤¥²¥´¨Ö ¸¨´£Ê²Ö·´µ¸É¥° ¢¥·Ï¨´´µ°
ËÊ´±Í¨¨, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö m-´Ê±²µ´´ÒÌ (m < n) ¸¢Ö-
§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸É ¢²¥´¨Õ µ ±² ¸É¥·¨§ Í¨¨
 Éµ³´µ£µ Ö¤· .

4. ƒ‹“��Š��…“��“ƒ�… ��‘‘…Ÿ�ˆ… �� „…‰’���…

�·µ¸É¥°Ï¨³ ¸É ¡¨²Ó´Ò³ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³ ´Ê±²µ´µ¢, ´ ¡²Õ¤ ¥³Ò³
¢ ¶·¨·µ¤¥, Ö¢²Ö¥É¸Ö ¤¥°É·µ´. �Éµ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ´ ¨³¥´ÓÏÊÕ Ô´¥·£¨Õ ¸¢Ö§¨
¨§ ¢¸¥Ì Ö¤¥· (ε = 2,224 ŒÔ‚). �´¥·£¨Ö ¸¢Ö§¨ ¤¥°É·µ´  ´ ¸Éµ²Ó±µ ³ ² , ÎÉµ ¸
¶µ³µÐÓÕ ¶·µ¸É¥°Ï¨Ì · ¸¸Ê¦¤¥´¨° ¢ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ°
³¥Ì ´¨±¨ ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ´Ê±²µ´Ò ¢ ÔÉµ° ¸¨¸É¥³¥ ¡�µ²ÓÏÊÕ Î ¸ÉÓ
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¢·¥³¥´¨ ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ. �² £µ¤ ·Ö ÔÉµ³Ê µ¡¸ÉµÖÉ¥²Ó¸É¢Ê ¢ ¡µ²ÓÏ¨´-
¸É¢¥ É¥µ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸É·Ê±ÉÊ·Ò ³ É¥·¨¨
¤¥°É·µ´ µÉµ¦¤¥¸É¢²Ö¥É¸Ö ¸ ¨§µ¸± ²Ö·´Ò³ ´Ê±²µ´µ³ [8, 55]. ‚ Î ¸É´µ¸É¨,
´ ¡²Õ¤ ¢Ï¨¥¸Ö · §²¨Î¨Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¨ ¤¥°É·µ´ 
¶·¨´ÖÉµ ¸Î¨É ÉÓ ¸¢¨¤¥É¥²Ó¸É¢µ³ ¨¸± ¦¥´¨Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¸¢µ¡µ¤´µ£µ
´Ê±²µ´ . �¥¸³µÉ·Ö ´  Éµ, ÎÉµ ± Î¥¸É¢¥´´µ É ±µ° ¶µ¤Ìµ¤ ¢Ò£²Ö¤¨É · §Ê³´µ,
·Ö¤ ·¥§Ê²ÓÉ Éµ¢, µ¶¨· ÕÐ¨Ì¸Ö ´  ¨§³¥·¥´¨Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¤¥°É·µ´ ,
µ± §Ò¢ eÉ¸Ö ¶·µÉ¨¢µ·¥Î¨¢Ò³. � ¨¡µ²¥¥ Ö·±¨³ ¶·¨³¥·µ³ É·Ê¤´µ¸É¨, ¸ ±µÉµ-
·µ° ³µ¦´µ ¸Éµ²±´ÊÉÓ¸Ö ¶·¨  ´ ²¨§¥ µ¶ÒÉµ¢ ´  ¤¥°É·µ´´µ° ³¨Ï¥´¨, Ö¢²Ö¥É¸Ö
¶µ¶ÒÉ±  ¨§¢²¥Î¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ´¥°É·µ´´µ° ‘” ¨§ ¤ ´´ÒÌ ¶µ ƒ�� ´ 
¤¥°É·µ´¥ ¨ ¶·µÉµ´¥ [85Ä88]. ‘ µ¤´µ° ¸Éµ·µ´Ò, Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ¢¥·± 
¶· ¢¨² ¸Ê³³ Š•„ [85, 87], ¢ ±µÉµ·µ° ¨¸¶µ²Ó§Ê¥É¸Ö FD

2 , ¶·¨¢¥²  ± ¤µ¢µ²Ó´µ
´¥µ¡ÒÎ´µ³Ê ·¥§Ê²ÓÉ ÉÊ, ¶·µÉ¨¢µ·¥Î Ð¥³Ê É· ¤¨Í¨µ´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ µ
¶ ·Éµ´´µ° ¸É·Ê±ÉÊ·¥ ´Ê±²µ´ , Å ´ ·ÊÏ¥´¨Õ ¶· ¢¨²  ¸Ê³³ ƒµÉÉË·¨¤ . ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ¢ ·Ö¤¥ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ ¡Ò²µ ¶µ± § ´µ, ÎÉµ F n

2 ´¥ ³µ¦¥É
¡ÒÉÓ µ¤´µ§´ Î´Ò³ µ¡· §µ³ ¨§¢²¥Î¥´  ¨§ ¤¥°É·µ´´ÒÌ ¤ ´´ÒÌ [88,89]. ’¥µ·¥-
É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ´ ¸Éµ²Ó±µ ¢¥²¨±¨, ÎÉµ ±µ²¨Î¥¸É¢¥´´µ
µ± §Ò¢ ÕÉ¸Ö ¸· ¢´¨³Ò³¨ ¸ ÔËË¥±Éµ³ ´ ·ÊÏ¥´¨Ö �‘ ƒµÉÉË·¨¤ .

’ ±¨³ µ¡· §µ³, ´¥¸³µÉ·Ö ´  ³ ²ÊÕ Ô´¥·£¨Õ ¸¢Ö§¨, Ö¤¥·´Ò¥ ÔËË¥±ÉÒ ¢
¤¥°É·µ´¥ É·¥¡ÊÕÉ ¤¥É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö. ‚ ¸¨²Ê Éµ£µ ÎÉµ ¤¥°É·µ´ ¶·¥¤¸É -
¢²Ö¥É ¸o¡o° ¶·µ¸É¥°ÏÊÕ Ö¤¥·´ÊÕ ¸¨¸É¥³Ê, ¢¸¥ µ¸´µ¢´Ò¥ ÔËË¥±ÉÒ ¸¢Ö§¨ ³µ£ÊÉ
¡ÒÉÓ ¨§ÊÎ¥´Ò ´  ¥£µ ¶·¨³¥·¥ ´ ¨¡µ²¥¥ ¶µ¤·µ¡´µ, ¶·¨Î¥³ ¢¸¥  ´ ²¨É¨Î¥¸±¨¥
· ¸Î¥ÉÒ ³µ¦´µ ¶·µ¢¥¸É¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¨ ÉµÎ´µ.

�¨¦¥ ³Ò · ¸¸³µÉ·¨³ ¶·¨³¥´¥´¨¥ ¶µ¤Ìµ¤ , · §¢¨Éµ£µ ¢ · ¡µÉ Ì [42,76,79]
¨ µ¶¨¸ ´´µ£µ ¢ · §¤. 3, ¤²Ö · ¸Î¥É  FD

2 ¨ FD
2 /F

N
2 .

4.1. �³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥. ‚ ¸¨²Ê ¸µµÉ´µ-
Ï¥´¨Ö Ê´¨É ·´µ¸É¨ (5) · ¸Î¥É  ¤·µ´´µ° Î ¸É¨  ³¶²¨ÉÊ¤Ò £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö Wµν(P, q) ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸-
¸¥Ö´¨Ö ¢¶¥·¥¤ Tµν(P, q). ‘µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ  ³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥ TD

µν(P, q) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ± ¸·¥¤´¥¥ µÉ
T-¶·µ¨§¢¥¤¥´¨Ö ´Ê±²µ´´ÒÌ Ô²¥±É·µ³ £´¨É´ÒÌ Éµ±µ¢ Jµ ¶µ ¸µ¸ÉµÖ´¨Ö³ ¤¥°-
É·µ´  |D〉:

TD
µν(P, q) = i

∫
d4xeiqx〈D|T (Jµ (x)Jν (0)) |D〉. (55)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (33) ÔÉµ µ¶·¥¤¥²¥´¨¥ TD
µν(P, q) ³µ¦¥É ¡ÒÉÓ

¶¥·¥¶¨¸ ´µ ¢ É¥·³¨´ Ì ·¥Ï¥´¨° Ê· ¢´¥´¨Ö �¥É¥Å‘µ²¶¨É¥·  (49) ¤²Ö ¤¥°-
É·µ´  ΓD(P, k) ¨ ¤¢ÊÌ´Ê±²µ´´ÒÌ ËÊ´±Í¨° ƒ·¨´  G6µν :

TD
µν(P, q) =

1

3

∑
S

∫
d4k1

(2π)4

d4k2

(2π)4
Γ

D

S (P, k1)S(2)(P, k1)×
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×G6µν(q, P, k1, k2)S(2)(P, k2)ΓD
S (P, k2), (56)

£¤¥ ¨´¤¥±¸ S µ¡µ§´ Î ¥É ¶·µ¥±Í¨Õ ¸¶¨´  ¤¥°É·µ´  ´  ´¥±µÉµ·ÊÕ µ¸Ó.
”Ê´±Í¨Ö G6µν ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨¥³ (32) ¸¢Ö§ ´  ¸ ÉµÎ´µ° ¤¢ÊÌ-

´Ê±²µ´´µ° ËÊ´±Í¨¥° ƒ·¨´  ¸µ ¢¸É ¢±µ°, µ¶¨¸Ò¢ ÕÐ¥° ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥-
Ö´¨¥ ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢ ´  ¸¨¸É¥³¥ ¨§ ¤¢ÊÌ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ´Ê±²µ´µ¢:

G6µν(q, P, k, k′) =

∫
d4k1

(2π)4

d4k2

(2π)4
×

×G−1
4 (P, k, k1)G6µν(q, P, k1, k2)G−1

4 (P, k2, k
′), (57)

£¤¥

G6µν(q, P, k′, k) = i

∫
d4xd4yd4y′d4Y d4Y ′e−iky+ik′y′e−iqxe−iP (Y−Y ′) ×

×〈0|T(ψ̄(Y +
y

2
)ψ̄(Y − y

2
)Jµ(x)Jν (0)ψ(Y ′ +

y′

2
)ψ(Y ′ − y′

2
))|0〉. (58)

�·¥¤¶µ²µ¦¨¢ ±µ´±·¥É´Ò° ¢¨¤ ¤²Ö G4, ËÊ´±Í¨Õ G6µν ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢
Ö¢´µ³ ¢¨¤¥. „²Ö ´ Ìµ¦¤¥´¨Ö ¦¥  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´ 
¤¥°É·µ´¥ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¤µ¸É ÉµÎ´µ Ê¸É ´µ¢¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê G6µν ¨ · §²µ-
¦¥´¨¥³ G6µν ¶µ ËÊ´±Í¨Ö³ G4.

‚Ò· ¦ Ö ¨§ (39) ËÊ´±Í¨Õ G4, ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ · §²µ¦¥´¨¥ G4 ¶µ
¸É¥¶¥´Ö³ G4:

G4(P ; k, k′) = S(2)(P, k)

(
(2π)4δ(k − k′) +

+
∑
n≥1

1

n!

∫
d4k1

(2π)4
...
d4kn

(2π)4
G4(P ; k, k1)S(2)(P, k1)...G4(P ; kn, k

′)S(2)(P, k
′)

 .

(59)
� §² £ Ö É ±¦¥ G6µν ¨ ¶µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (57), ¶µ²ÊÎ ¥³ ·Ö¤, n-°
Î²¥´ ±µÉµ·µ£µ ¨³¥¥É ¢¨¤

G6
(n)
µν (q, P, k, k′) =

∑
n1+n2+n3=n

∫
d4k2

(2π)4

d4k1

(2π)4
×

×G(n1)
4 (P, k, k1)G6

(n2)

µν (q, P, k1, k2)G
(n3)
4 (P, k2, k

′). (60)

‚Ò¡· ¢ Î²¥´ ´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ G4, ³µ¦´µ ¸· §Ê ¶µ²ÊÎ¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨° ¢±² ¤ ¢ G6µν :

G6
(0)

µν (q, P, k, k′) = S−1
(2)(P, k)

[
G

(0)
6

a

µν(q, P, k)(2π)4δ4(k − k′)+
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+ G
(0)
6

b

µν(q, P, k)(2π)4δ4(k − k′ − q)
]
S−1

(2)(P, k′). (61)

’ ±¨³ µ¡· §µ³, ¢ ´Ê²¥¢µ³ ¶µ·Ö¤±¥ ¶µ G4 ËÊ´±Í¨Ö G6µν ¸µ¤¥·¦¨É ± ± µ¤´µ-
´Ê±²µ´´Ò° ¢±² ¤ a):

G
(0)
6

a

µν(q, P, k) = G4µν

(
q,
P

2
+ k

)
⊗ S

(
P

2
− k
)

+

+G4µν

(
q,
P

2
− k
)
⊗ S

(
P

2
+ k

)
, (62)

É ± ¨ ¢±² ¤, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° · ¸¸¥Ö´¨Õ ´  · §´ÒÌ ´Ê±²µ´ Ì b):

G
(0)
6

b

µν(q, P, k) = G3µ

(
q,
P

2
+ k

)
⊗G3ν

(
q,
P

2
− k
)

+

+G3µ

(
q,
P

2
− k
)
⊗G3ν

(
q,
P

2
+ k

)
. (63)

”Ê´±Í¨¨ ƒ·¨´  G4µν ¨ G3µ µ¶¨¸Ò¢ ÕÉ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ´  ¢¨·-
ÉÊ ²Ó´µ³ ´Ê±²µ´¥ ¨ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¸ ´Ê±²µ´µ³ ¸µµÉ-
¢¥É¸É¢¥´´µ.

‚±² ¤ ¶¥·¢µ£µ ¶µ·Ö¤±  ¤²Ö G6µν § ¢¨¸¨É µÉ G6
(0)

µν ¨ G6
(1)

µν , ÎÉµ ¶·¨¢µ¤¨É
± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

G6
(1)

µν (q, P, k, k′) = S(2)
−1(P, k)G

(1)
6 µν(q, P, k, k′)S(2)

−1(P, k′)−

−
∫

d4k′′

(2π)4

{
S(2)

−1(P, k)G
(1)
4 (P, k, k′′)G6

(0)

µν (q, P, k′′, k′) +

+G6
(0)

µν (q, P, k, k′′)G
(1)
4 (P, k′′, k′)S(2)

−1(P, k′)
}
, (64)

£¤¥ ËÊ´±Í¨Ö G(1)
6 µν ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ËÊ´±Í¨¨ ƒ·¨´  G5µν ¨ Î²¥´ ´Ê²¥¢µ£µ

¶µ·Ö¤±  ËÊ´±Í¨¨ G6µν :

G6
(1)
µν (q, P, k, k′) =

∫
d4k′′

(2π)4

d4k′′′

(2π)4
S(2)(P, k)G5µ (q, k, k′′ + q)×

×G4(P, k′′ + q, k′′′ + q)G5ν (q, k′′′ + q, k′)S(2)(P, k
′)+

+

∫
d4k′′

(2π)4

{
G

(1)
4 (P, k, k′′)G6

(0)

µν (q, P, k′′, k′)S(2)(P, k
′)+

+S(2)(P, k)G6
(0)

µν (q, P, k, k′′)G
(1)
4 (P, k′′, k′)

}
. (65)
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”Ê´±Í¨Ö G5µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (32) µ¶·¥¤¥²Ö¥É¸Ö ËÊ´±Í¨¥°
ƒ·¨´  G5µ, µ¶¨¸Ò¢ ÕÐ¥° ¶µ£²µÐ¥´¨¥ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¸¨¸É¥³µ° ¨§ ¤¢ÊÌ
¢¨·ÉÊ ²Ó´ÒÌ ´Ê±²µ´µ¢.

‘²¥¤ÊÖ ÔÉµ° ¶·µÍ¥¤Ê·¥, ¶µ²ÊÎ ¥³ G6µν ¢ ²Õ¡µ³ ¶µ·Ö¤±¥ ¶µ G4. �¤´ ±µ
µ¡Ð Ö ¸É·Ê±ÉÊ·  ¢Ò· ¦¥´¨Ö (56) É ±µ¢ , ÎÉµ ¢¸¥ ¢Ò¸Ï¨¥ ¢±² ¤Ò ¸¢µ¤ÖÉ¸Ö
± · ¸¸³µÉ·¥´´Ò³ Ê¦¥ ²¨¤¨·ÊÕÐ¨³ Î²¥´ ³. ‚ ÔÉµ³ ³µ¦´µ ²¥£±µ Ê¡¥¤¨ÉÓ¸Ö,
¥¸²¨, ¢µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó Ê· ¢´¥´¨¥³ (49), ¶¥·¥°É¨ ± ¡µ²¥¥ ¢Ò¸µ±µ³Ê ¶µ·Ö¤±Ê
¶µ G4 ¢ (56).

�µ¤¸É ¢²ÖÖ ¶µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö G6µν ¢ (56) ¨ ÊÎ¨ÉÒ¢ Ö µ¶·¥-
¤¥²¥´¨¥ (57), ¶µ²ÊÎ ¥³  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥ ¢
µ¡Ð¥³ ¢¨¤¥:

TDµν(P, q) =
1

3

∑
S

∫
d4k

(2π)4
Γ

D

S (P, k)G6
(0)
µν (q, P, k)ΓD

S (P, k)+

+
1

3

∑
S

∫
d4k

(2π)4

d4k′

(2π)4

d4k′′

(2π)4

d4k′′′

(2π)4
Γ

D

S (P, k)S(2)(P, k)G5µ(q, P, k, k′)×

×G4(P, k′, k′′)G5ν(q, P, k′′, k′′′)S(2)(P, k′′′)ΓD
S (P, k′′′).

�  ·¨¸. 2 ¸Ì¥³ É¨Î¥¸±¨ ¶µ± § ´Ò · §²¨Î´Ò¥ ¢±² ¤Ò ¢  ³¶²¨ÉÊ¤Ê ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ´  ¤¥°É·µ´¥. „¨ £· ³³Ò (a) ¨ (¡) ¸µµÉ¢¥É¸É¢ÊÕÉ

�¨¸. 2. „¨ £· ³³Ò, ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²ÖÕÐ¨¥  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö-
´¨Ö ¢¶¥·¥¤
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·¥²ÖÉ¨¢¨¸É¸±µ³Ê ¨³¶Ê²Ó¸´µ³Ê ¶·¨¡²¨¦¥´¨Õ. Ÿ¢´Ò° ¢¨¤ ¢Ò· ¦¥´¨°, ¶·¥¤-
¸É ¢²¥´´ÒÌ ÔÉ¨³¨ ¤¨ £· ³³ ³¨, § ¤ ¥É¸Ö Î²¥´ ³¨ (a) ¨ (b) ¢Ò· ¦¥´¨Ö (61).
„¨ £· ³³  (¡) ¶·¥¤¸É ¢²Ö¥É ¤¢ÊÌ´Ê±²µ´´Ò¥ ¶µ¶· ¢±¨ ´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ
G4 ¢ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê, ³´¨³ Ö Î ¸ÉÓ ±µÉµ·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥·-
Ë¥·¥´Í¨µ´´µ³Ê Î²¥´Ê ¢ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö  ¤·µ´´µ£µ É¥´§µ· .
‚ ¸¨²Ê ¡µ²ÓÏµ° ¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸  ËµÉµ´µ³ ´Ê±²µ´Ê ¢¥·µÖÉ´µ¸ÉÓ Éµ£µ, ÎÉµ
±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ ¡Ê¤¥É ¨´É¥·Ë¥·¨·µ¢ ÉÓ ¸ ´ Î ²Ó´Ò³ ¸µ¸ÉµÖ´¨¥³ ´Ê±²µ´ -
µ¸É É± , µÎ¥´Ó ³ ² . Šµ²¨Î¥¸É¢¥´´µ ÔÉ  ¢¥·µÖÉ´µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö ¶µ¢¥¤¥´¨¥³
¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ¶·¨ ¡µ²ÓÏ¨Ì µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì, ±µÉµ·µ¥ ¡Ê¤¥É
¶·¨¢µ¤¨ÉÓ ± ¶µ¤ ¢²¥´¨Õ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢ ± ± 1/(Q2)l, l ≥ 2. ’ -
±¨³ µ¡· §µ³, ¢±² ¤Ò ¢ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê, ¨§µ¡· ¦¥´´Ò¥ ¤¨ £· ³³µ°
(¡), ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¸É·Ê±ÉÊ·¥ ¤¥°É·µ´  ´  ³ ²ÒÌ ³¥¦´Ê±²µ´´ÒÌ · ¸¸ÉµÖ-
´¨ÖÌ, ±µÉµ· Ö ¤µ²¦´  ¶·µÖ¢²ÖÉÓ¸Ö ¢ Q2-§ ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ
ËÊ´±Í¨° ¤¥°É·µ´  ¨ ´Ê±²µ´ . „¨ £· ³³Ò (¢), (£), (¤) ¨ (¥) ¸Ì¥³ É¨Î¥¸±¨
¨§µ¡· ¦ ÕÉ · §²¨Î´Ò¥ ¢±² ¤Ò ¢ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê, ¶·¨¢µ¤ÖÐ¨¥ ±
¶µ¶· ¢± ³ ´  ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¢  ³¶²¨ÉÊ¤¥ ƒ��. Ÿ¢-
´Ò° ¢¨¤ ÔÉ¨Ì ¶µ¶· ¢µ± § ¤ ¥É¸Ö ¶¥·¢Ò³ Î²¥´µ³ ¢ ¢Ò· ¦¥´¨¨ (65). ‚±² ¤
ÔÉ¨Ì ¶µ¶· ¢µ± §´ Î¨É¥²Ó´µ ¶µ¤ ¢²¥´ ¨§-§  ´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ·µ¢, § ¢¨¸Ö-
Ð¨Ì µÉ q. ‚ Í¥²µ³ ¢¸¥ ÔÉ¨ ¶µ¶· ¢±¨ Ê¡Ò¢ ÕÉ ¸ ·µ¸Éµ³ Q2 ´¥ ³¥¤²¥´´¥¥, Î¥³
1/Q4.

ˆÉ ±, ¢ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ Éµ²Ó±µ µ¤´µ´Ê±-
²µ´´Ò° ¢±² ¤ µÉ ·¥²ÖÉ¨¢¨¸É¸±µ£µ ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö. ˆ¸¶µ²Ó§µ¢ ´¨¥
¡Ó¥·±¥´µ¢¸±µ£µ ¶·¥¤¥²  µ¶· ¢¤ ´´µ, ¶µ¸±µ²Ó±Ê ¢ · ¸¸³ É·¨¢ ¥³µ° ±¨´¥³ É¨-
Î¥¸±µ° µ¡² ¸É¨ µÉ´µÏ¥´¨¥ ‘” Ö¤·  ¨ ¤¥°É·µ´  ´¥ § ¢¨¸¨É µÉ Q2 [55].

4.2. �¤·µ´´Ò° É¥´§µ· ¤¥°É·µ´ . � ¸¸³µÉ·¨³  ¤·µ´´Ò° É¥´§µ· ¤¥°-
É·µ´  ¢ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨¦¥´¨¨. �µ¤¸É ¢¨¢ ¢Ò· ¦¥´¨¥ (61) ¢ (56) ¨ µÉ-
¡·µ¸¨¢ 1/Q2-Î²¥´Ò, § ¶¨Ï¥³  ³¶²¨ÉÊ¤Ê ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  ¤¥°É·µ´¥ ¢ ¢¨¤¥

TD
µν(P, q) =

∫
d4k

(2π)4
Γ

D

S (P, k)S

(
P

2
− k
)
×

×
(
S

(
P

2
+ k

)
G4µν

(
q,
P

2
+ k

)
S

(
P

2
+ k

))
ΓD
S (P, k). (66)

„²Ö ´Ê±²µ´´µ£µ ¶·µ¶ £ Éµ·  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´µ ¸²¥¤ÊÕ-
Ð¥¥ ¶·¥¤¸É ¢²¥´¨¥ Î¥·¥§ ¤¨· ±µ¢¸±¨¥ ¸¶¨´µ·Ò:

Sss
′
(p) =

m

Ẽ

us(p)ūs
′
(p)

(p0 − Ẽ + iδ)
− m

Ẽ

vs(p)v̄s
′
(p)

(p0 + Ẽ − iδ)
. (67)

‡¤¥¸Ó Ẽ =
√

p2 +m2 + (p̂+m)G2(p) Å Ô´¥·£¨Ö ´Ê±²µ´ , ¶¥·¥Ìµ¤ÖÐ Ö ¢

Ô´¥·£¨Õ ´Ê±²µ´  ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ (E =
√

p2 +m2) ¶·¨ p2 = m2,  
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¨´¤¥±¸Ò s µ¡µ§´ Î ¥É ¶·µ¥±Í¨Õ ¸¶¨´  ´Ê±²µ´  ´  ¢Ò¤¥²¥´´ÊÕ µ¸Ó. ‚ · ³± Ì
´ Ï¥£µ µ¸´µ¢´µ£µ ¶·¨¡²¨¦¥´¨Ö ³ ²µ° µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨ ´Ê±²µ´µ¢ ¢
¤¥°É·µ´¥ ¢±² ¤µ³ G2(p) ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

”Ê´±Í¨Ö ƒ·¨´  G4µν ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´  ¸  ³¶²¨ÉÊ¤µ° ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥

T Ñ
µν

(
P

2
+ k, q

)
= 2m

∑
s

ūs
(

P

2
+ k

)
G4µν

(
q,
P

2
+ k

)
us
(

P

2
+ k

)
,

T Ñ
µν

(
P

2
+ k, q

)
= 2m

∑
s

v̄s
(

P

2
+ k

)
G4µν

(
q,
P

2
+ k

)
vs
(

P

2
+ k

)
, (68)

£¤¥ Ñ(Ñ) µ¡µ§´ Î ¥É ¸¢Ö§ ´´Ò° ´Ê±²µ´ ( ´É¨´Ê±²µ´). ‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¶·¥¤-
¸É ¢²¥´¨¥³ (67) ¨ ¢Ò· ¦¥´¨Ö³¨ (68),   É ±¦¥ ÊÎ¨ÉÒ¢ Ö  §¨³ÊÉ ²Ó´ÊÕ ¸¨³-
³¥É·¨Õ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥· , ¶¥·¥¶¨Ï¥³  ³¶²¨ÉÊ¤Ê ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢ É¥·³¨´ Ì ´Ê±²µ´´ÒÌ ¨  ´É¨´Ê±²µ´´ÒÌ  ³¶²¨ÉÊ¤:

1

6

∑
s,s′

T̃ Ñs,s
′

µν

(
P

2
+ k, q

)
fs,s

′;S(P, k) = T Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k), (69)

f Ñ(P, k) =
1

3

∑
s,S

fss;S(P, k).

�Éµ ¶·¨¢µ¤¨É ±  ´ ²µ£Ê ±µ´¢µ²ÕÍ¨µ´´µ° Ëµ·³Ê²Ò ¤²Ö ±µ³¶Éµ´µ¢¸±µ°
 ³¶²¨ÉÊ¤Ò:

TD
µν(P, q) =

∫
d4k

(2π)4
T Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k) +

+

∫
d4k

(2π)4
T Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k).

�µ²´ Ö Ê¸¥Î¥´´ Ö ´Ê±²µ´´ Ö  ³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
G4µν

(
q, P2 + k

)
¨³¥¥É ¸¨´£Ê²Ö·´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´¥¶·¥·Ò¢´Ò³ ¸¶¥±É·µ³

¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. ’ ±¨³ µ¡· §µ³, ¶·¨ ¡µ²ÓÏ¨Ì Q2  ³¶²¨ÉÊ¤ 

¸¢Ö§ ´´µ£µ ´Ê±²µ´  ( ´É¨´Ê±²µ´ ) T Ñ(Ñ)
µν

(
P
2 + k, q

)
³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´  ¸

 ¤·µ´´Ò³ É¥´§µ·µ³ ´Ê±²µ´  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¸µµÉ´µÏ¥´¨¥³ Ê´¨É ·´µ¸É¨ (5).
‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ±µ´¢µ²ÕÍ¨µ´´ÊÕ Ëµ·³Ê²Ê ¤²Ö  ¤·µ´´µ£µ É¥´§µ· :

WD
µν(P, q) =

∫
d4k

(2π)4
W Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k) + (70)

+

∫
d4k

(2π)4
W Ñ
µν

(
P

2
+ k, q

)
f Ñ(P, k),
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£¤¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

f Ñ(P, k) =
im2

2E3

1(
MD

2 + k0 − E + iδ
)2 ×

×
[

Φ2
++(P, k)

−k0 − (E − MD

2 ) + iδ
+

Φ2
+−(P, k)

−k0 + (E + MD

2 )− iδ

]
,

f Ñ(P, k) =
im2

2E3

1(
MD

2 + k0 + E − iδ
)2 ×

×
[

Φ2
−−(P, k)

−k0 + (E + MD

2 )− iδ
+

Φ2
−+(P, k)

−k0 − (E − MD

2 ) + iδ

]
.

”Ê´±Í¨¨ Φ ¸¢Ö§ ´Ò ¸ ¢¥·Ï¨´´Ò³¨ ËÊ´±Í¨Ö³¨ �¥É¥Å‘µ²¶¨É¥·  ¸²¥¤ÊÕÐ¨³¨
¸µµÉ´µÏ¥´¨Ö³¨:

Φ2
++(MD, k) =

=
∑
S

Γ
D

S,αβ(MD, k)
∑
s

usα(k)usδ(k)
∑
s

usβ(−k)usγ(−k)ΓD
S,δγ(MD, k),

Φ2
+−(MD, k) =

= −
∑
S

Γ
D

S,αβ(MD, k)
∑
s

usα(k)usδ(k)
∑
s

vsβ(k)vsγ(k)ΓD
S,δγ(MD, k),

Φ2
−+(MD, k) =

= −
∑
S

Γ
D

S,αβ(MD, k)
∑
s

vsα(−k)vsδ(−k)
∑
s

usβ(−k)usγ(−k)ΓD
S,δγ(MD, k),

Φ2
−−(MD, k) =

=
∑
S

Γ
D

S,αβ(MD, k)
∑
s

vsα(−k)vsδ(−k)
∑
s

vsβ(k)vsγ(k)ΓD
S,δγ(MD, k),

£¤¥ £·¥Î¥¸±¨³¨ ¡Ê±¢ ³¨ µ¡µ§´ Î¥´Ò ¸¶¨´µ·´Ò¥ ¨´¤¥±¸Ò ¨ ¶µ ¶µ¢Éµ·ÖÕÐ¨³¸Ö
¨´¤¥±¸ ³ ¶µ¤· §Ê³¥¢ ¥É¸Ö ¸Ê³³¨·µ¢ ´¨¥.

’ ±¨³ µ¡· §µ³, ³Ò ¶µ²ÊÎ¨²¨ ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥  ¤·µ´´Ò° É¥´§µ·
·¥²ÖÉ¨¢¨¸É¸±µ£µ ¤¥°É·µ´  ¸  ¤·µ´´Ò³¨ É¥´§µ· ³¨ ¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´  ¨
 ´É¨´Ê±²µ´  ¢ Ö¤·¥, ¶·¨Î¥³ ¢±² ¤ ´Ê±²µ´  ¨  ´É¨´Ê±²µ´  µ± §Ò¢ ¥É¸Ö  ¤¤¨-
É¨¢´Ò³.

4.2.1. ‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö ¤¥°É·µ´  FD
2 . „²Ö Éµ£µ ÎÉµ¡Ò ¢ÒÎ¨¸²¨ÉÓ

É¥¶¥·Ó ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ ¤¥°É·µ´  FD
2 (x), ´¥µ¡Ìµ¤¨³µ ¢Ò· §¨ÉÓ ¸µµÉ¢¥É-

¸É¢ÊÕÐ¨¥  ¤·µ´´Ò¥ É¥´§µ·Ò Î¥·¥§ ¸± ²Ö·´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ FN
2 (x).

’ ± Ö ¶·µÍ¥¤Ê·  ¢Ò¶µ²´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·¥¤¸É ¢²¥´¨Ö (9), ¸¶· ¢¥¤²¨¢µ£µ
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Éµ²Ó±µ ¤²Ö ¸¢µ¡µ¤´ÒÌ Î ¸É¨Í. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤¥² ¥É ¥£µ ´¥¶·¨³¥´¨-
³Ò³ ¤²Ö ´Ê±²µ´ , ¸¢Ö§ ´´µ£µ ¢ ¤¥°É·µ´¥. „ ¦¥ ¥¸²¨ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¶·¨-
¡²¨¦¥´¨¥³ ³ ²µ° Ô´¥·£¨¨ ¸¢Ö§¨ ¢ ¤¥°É·µ´¥ ¨ ¶·¥´¥¡·¥ÎÓ ¢µ§³µ¦´Ò³¨ ¤µ-
¶µ²´¨É¥²Ó´Ò³¨ ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨Ö³¨, Éµ ¢Ò· ¦¥´¨¥ (9) ¸µ¤¥·¦¨É (Î¥·¥§
¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ±µ´¸É¨ÉÊ¥´Éµ¢) § ¢¨¸¨³µ¸ÉÓ µÉ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨
´Ê±²µ´µ¢ ¢ ¤¥°É·µ´¥, ±µÉµ·ÊÕ ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ ¸µ£² ¸µ¢ ´´Ò³ µ¡· §µ³.

�·µ¡²¥³Ê ³µ¦´µ ¶·¥µ¤µ²¥ÉÓ, ¶·µ¨´É¥£·¨·µ¢ ¢ ¶µ k0 ¢Ò· ¦¥´¨¥ (70),
ÊÎ¨ÉÒ¢ Ö ¶·¨ ÔÉµ³  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¶µ¤Ò´É¥£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö.
�Éµ ¢Ò· ¦¥´¨¥ Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° ¸¨´£Ê²Ö·-
´µ¸É¨ ¸²¥¤ÊÕÐ¥£µ Ì · ±É¥· : ¶µ²Õ¸  ¨ · §·¥§Ò ¢ ´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ· Ì,
¶µ²Õ¸  ¨ · §·¥§Ò ¢ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥· . ‘¨´£Ê²Ö·´µ¸É¨
´Ê±²µ´´µ£µ ¶·µ¶ £ Éµ·  (67) µ¡Ê¸²µ¢²¥´Ò ¶µ²Õ¸µ³ p2 = m2

N ¨ · §·¥§ ³¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢±² ¤Ê πN-, 2πN-, ... ¸µ¸ÉµÖ´¨° ¢ Ë¨§¨Î¥¸±µ³ ´Ê±²µ´¥.
�µ¸±µ²Ó±Ê ¸µ¸ÉµÖ´¨Ö πN, 2πN, ... ²¥¦ É ¤µ¸É ÉµÎ´µ ¤ ²¥±µ ¶µ Ô´¥·£¨¨ µÉ
¶µ²Õ¸  p2 = m2

N, Éµ, ¶·¥¤¶µ²µ¦¨¢ ³ ²ÊÕ µÉ´µ¸¨É¥²Ó´ÊÕ Ô´¥·£¨Õ ´Ê±²µ´µ¢
¢ ¤¥°É·µ´¥, ³µ¦´µ ¶·¥´¥¡·¥ÎÓ · §·¥§ ³¨ ¢ ´Ê±²µ´´ÒÌ ¶·µ¶ £ Éµ· Ì.

‘¨´£Ê²Ö·´µ¸É¨ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥·  ³µ£ÊÉ ¡ÒÉÓ § Ë¨±-
¸¨·µ¢ ´Ò ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ÔÉ¨³¨ ¢¥·Ï¨´ ³¨ ¨ ¤¢ÊÌ´Ê±²µ´´µ°
ËÊ´±Í¨¥° ƒ·¨´  (24):

ΓD
αβ(P, k)Γ

D

δγ(P, k′) = lim
P 2→M2

D

(P 2 −M2
D)G4αβδγ(P, k, k′).

’ ±¨³ µ¡· §µ³, ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö �¥É¥Å‘µ²¶¨É¥·  ¤²Ö ¤¥°É·µ´  ¨³¥¥É É¥
¦¥ ¸¨´£Ê²Ö·´µ¸É¨ ¶µ µÉ´µ¸¨É¥²Ó´µ³Ê ¨³¶Ê²Ó¸Ê, ÎÉµ ¨ ¤¢ÊÌ´Ê±²µ´´ Ö ËÊ´±-
Í¨Ö ƒ·¨´ . �µ¸±µ²Ó±Ê ¡²¨¦ °Ï Ö ¶µ Ô´¥·£¨¨ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢ ÔÉµ° ËÊ´±Í¨¨
µ¶·¥¤¥²Ö¥É¸Ö · §·¥§µ³, ´ Î¨´ ÕÐ¨³¸Ö ¸ k2 = m2

π, Éµ, ¸²¥¤ÊÖ ´ Ï¨³ ¨¸Ìµ¤-
´Ò³ ¶·¥¤¶µ²µ¦¥´¨Ö³, ¸¨´£Ê²Ö·´µ¸ÉÖ³¨ ¢ Γ(P, k) ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ (70) ¶µ
k0 ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. �Éµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ¨´É¥£· ² ¶µ
k0 ¢ (70) ¢ÒÎ¥É ³¨ ¢ ´Ê±²µ´´µ³ ¨  ´É¨´Ê±²µ´´µ³ ¶µ²Õ¸ Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¶·µ¶ £ Éµ·µ¢. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ¤·µ´´µ£µ
É¥´§µ· :

WD
µν(MD, q) =

∫
d3k

(2π)3

m2

2E3(MD − 2E)2

{
Φ2

++(MD, k)WN
µν(k, q)+

+ (MD − 2E)
∂

∂k0

(
WN
µν(k, q)Φ2

++(MD, k)
)
k0=kN

0

+

+
(MD − 2E)2

M2
D

[
Φ2

+−(MD, k)WN
µν(k, q) + Φ2

−+(MD, k)WN
µν(k, q)+

+MD
∂

∂k0

(
WN
µν(k, q)Φ2

+−(MD, k)
)
k0=kN

0

+
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+MD
∂

∂k0

(
WN
µν(k, q)Φ2

−+(MD, k)
)
k0=kN

0

+

+
M2

D

(MD + 2E)

∂

∂k0

(
WN
µν(k, q)Φ2

−−(MD, k)
)
k0=kN

0

+

+
M2

D

(MD + 2E)2
Φ2
−−(MD, k)WN

µν(k, q)

]}
, (71)

£¤¥ kN
0 = E −MD/2 ¨ kN

0 = −E −MD/2. Œµ¦´µ § ³¥É¨ÉÓ, ÎÉµ ¶µ²ÊÎ¥´´µ¥
¢Ò· ¦¥´¨¥ ¶µ Ëµ·³¥ ¸µ¢¶ ¤ ¥É ¸ · §²µ¦¥´¨¥³ ¶µ ¸É¥¶¥´Ö³ ¤¥Ë¥±É  ³ ¸¸
(MD − 2E)/MD ´Ê±²µ´  ¢ ¤¥°É·µ´¥. �¥·¢Ò° ·¥§Ê²ÓÉ É, ±µÉµ·Ò° ¸²¥¤Ê¥É ¨§
ÔÉµ£µ, ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢¸¥ ¢±² ¤Ò,  ¸¸µÍ¨¨·µ¢ ´´Ò¥ ¸  ´É¨´Ê±²µ´ ³¨,
¶·µ¶µ·Í¨µ´ ²Ó´Ò ¢Éµ·µ° ¸É¥¶¥´¨ ¤¥Ë¥±É  ³ ¸¸. �µ¸±µ²Ó±Ê ÔÉ  ¢¥²¨Î¨´  ¤²Ö
¤¥°É·µ´  µÎ¥´Ó ³ ²  ((MD − 2E)/MD ≈ 0, 01), ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¢±² ¤
 ´É¨´Ê±²µ´µ¢ ¢  ¤·µ´´Ò° É¥´§µ· ¤¥°É·µ´  ¸ÊÐ¥¸É¢¥´´µ ¶µ¤ ¢²¥´.

�¸´µ¢´Ò³ ·¥§Ê²ÓÉ Éµ³ ¶·µ¤¥² ´´ÒÌ ¢Ò±² ¤µ± Ö¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥, ¸¢Ö-
§Ò¢ ÕÐ¥¥  ¤·µ´´Ò° É¥´§µ· ¤¥°É·µ´  ¸  ¤·µ´´Ò³¨ É¥´§µ· ³¨ ´Ê±²µ´µ¢ ´ 
³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¨ ¨Ì ¶·µ¨§¢µ¤´Ò³¨ ¢¡²¨§¨ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ’¥-
¶¥·Ó ³Ò ³µ¦¥³ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸µµÉ´µÏ¥´¨¥³ (9) ¨ ¶µ²ÊÎ¨ÉÓ FD

2 ¸ ¶µ³µÐÓÕ
´¥±µÉµ·µ£µ ¶·µ¥±Í¨µ´´µ£µ µ¶¥· Éµ· :

W Ñ
j (q, ki) = Pµνj W Ñ

µν(ki · q, q2, k2
i ).

‚ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥ ¢ ± Î¥¸É¢¥ É ±µ£µ µ¶¥· Éµ·  ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ-
¢ ´ ³¥É·¨Î¥¸±¨° É¥´§µ· gµν :

lim
Q2→∞

gµνWN(A)
µν (P, q) = − 1

x
F

N(A)
2 (x) .

�ÉµÉ µ¶¥· Éµ· ´¥ § ¢¨¸¨É µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸ , ¶µÔÉµ³Ê ¶·µ¨§¢µ¤´ Ö
 ¤·µ´´µ£µ É¥´§µ·  ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

gµν
d

dki0
W Ñ
µν(ki, q) =

d

d(ki · q)
W Ñ(ki · q, q2, k2

i )
d(ki · q)
dki0

+

+ 2ki0
d

dk2
i

W Ñ(ki · q, q2, k2
i ),

W Ñ(ki · q, q2, k2
i ) = gµνW Ñ

µν(ki, q). (72)

�¥·¢Ò° Î²¥´ ¶·µ¨§¢µ¤´µ°  ¤·µ´´µ£µ É¥´§µ·  µÉ· ¦ ¥É ³µ¤¨Ë¨± Í¨Õ ¸É·Ê±-
ÉÊ·´ÒÌ ¸¢µ°¸É¢ ¸¢Ö§ ´´µ£µ ´Ê±²µ´ , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö x-§ ¢¨¸¨³µ¸ÉÓÕ ¥£µ
¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°. ‚Éµ·µ° Î²¥´ µÉ· ¦ ¥É ¨§³¥´¥´¨Ö ¢  ¤·µ´´µ³ É¥´§µ·¥
´Ê±²µ´ , ¸¢Ö§ ´´Ò¥ ¸ ¨§³¥´¥´¨¥³ Ô´¥·£¨¨ ´Ê±²µ´ . �µ¸±µ²Ó±Ê ¢Éµ·µ° Î²¥´
¶·µ¶µ·Í¨µ´ ²¥´ ki0, ¸·¥¤´¥¥ §´ Î¥´¨¥ ±µÉµ·µ° ³ ²µ (〈k0〉 ' 〈MD − 2E〉), Éµ
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µ´ ³µ¦¥É ¡ÒÉÓ µÉ¡·µÏ¥´ ± ± ¶µ¶· ¢±  ¢Éµ·µ° ¸É¥¶¥´¨ ¶µ (MD − 2E)/MD.

�Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥ÎÓ § ¢¨¸¨³µ¸ÉÓÕ W Ñ
µν µÉ k2

i :

d

dk0
lim

Q2→∞
gµνW Ñ

µν(P, q)|k0=kN
0

=

[
1

x2
FN

2 (x)− 1

x

d

dx
FN

2 (x)

](
dx

dk0

)
k0=kN

0

.

(73)
�·¥´¥¡·¥£ Ö Î²¥´ ³¨ ¶µ·Ö¤±  (MD − 2E)2, § ¶¨Ï¥³ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±-

Í¨Õ ¤¥°É·µ´  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

FD
2 (xD) =

∫
d3k

(2π)3

m2

4E3(MD − 2E)2

{
FN

2 (xN)

(
E − k3

MD
+
MD − 2E

2MD

)
×

×Φ2
++(MD, k)− MD − 2E

MD
xN

dFN
2 (xN)

dxN
Φ2

++(MD, k) +

+FN
2 (xN)

E − k3

MD
(MD − 2E)

∂

∂k0
Φ2

++(MD, k)

}
k0=E−MD/2

. (74)

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (71) ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨
¶·¥´¥¡·¥£ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò³¨ ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨Ö³¨ ¢ ¶·¥¤¸É ¢²¥´¨¨
¤²Ö W Ñ

µν . …¤¨´¸É¢¥´´µ¥ ¤µ¶ÊÐ¥´¨¥, ±µÉµ·µ¥ ¶·¨Ìµ¤¨É¸Ö ¤¥² ÉÓ ¶·¨ ¨¸¶µ²Ó-
§µ¢ ´¨¨ ¶·¥¤¸É ¢²¥´¨Ö (9) ¤²Ö ´Ê±²µ´´ÒÌ  ³¶²¨ÉÊ¤, Å ÔÉµ ³ ²µ¸ÉÓ ¶·µ¨§-
¢µ¤´ÒÌ ¢´¥³ ¸¸µ¢ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¢¡²¨§¨ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ¶µ²ÊÎ¥´´µ³ ¢Ò· ¦¥´¨¨ ¤²Ö ‘” ¤¥°É·µ´ , ¢
¸¨²Ê Ê¸²µ¢¨Ö ´µ·³¨·µ¢±¨ ¤²Ö ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ �¥É¥Å‘µ²¶¨É¥·  (53),
Ê¤µ¢²¥É¢µ·Ö¥É ¨³¶Ê²Ó¸´µ³Ê ¶· ¢¨²Ê ¸Ê³³∫

d3k

(2π)3

m2E

4E3(MD − 2E)2

{(
E

MD
+
MD − 2E

2MD

)
Φ2

++(MD, k)+

+
MD − 2E

MD

∂

∂k0
Φ2

++(MD, k)

}
k0=kN

0

=
MD

2
(75)

¨ ¡ ·¨µ´´µ³Ê ¶· ¢¨²Ê ¸Ê³³∫
d3k

(2π)3

m2

4E2MD(MD − 2E)2
×

×
{

Φ2
++(MD, k) +

MD − 2E

MD

∂

∂k0
Φ2

++(MD, k)

}
k0=kN

0

= 1.

Œµ¦´µ ¶·¥¤²µ¦¨ÉÓ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ¤²Ö · §²¨Î´ÒÌ ¢±² ¤µ¢
¢ ¢Ò· ¦¥´¨¨ (74). ’ ±, ´ ¶·¨³¥·, ¶¥·¢Ò° Î²¥´ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸µµÉ¢¥É-
¸É¢Ê¥É ¢±² ¤Ê · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ( ´ ²µ£ ´¥-
·¥²ÖÉ¨¢¨¸É¸±µ£µ ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö). ‚Éµ·µ° Î²¥´ ¶·µ¶µ·Í¨µ´ ²¥´
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¤¥Ë¥±ÉÊ ³ ¸¸Ò ¨, ¶µ¸±µ²Ó±Ê ¥£µ ³µ¦´µ µÉ´¥¸É¨ ± µ¤´µ´Ê±²µ´´Ò³ ¢±² ¤ ³
(´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨), Í¥²¥¸µµ¡· §´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ÔÉµÉ Î²¥´ ± ±
¢±² ¤ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨. �µ¸²¥¤´¨° Î²¥´ ´¥ ³µ¦¥É ¡ÒÉÓ µÉ´¥¸¥´ ±
µ¤´µ´Ê±²µ´´Ò³ ¢±² ¤ ³, ¶µ¸±µ²Ó±Ê µ´ § ¢¨¸¨É µÉ ¤¨´ ³¨±¨ µÉ´µ¸¨É¥²Ó´µ£µ
¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢. �µ ÔÉµ° ¶·¨Î¨´¥ ¥£µ ¸²¥¤Ê¥É ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ·¥²Ö-
É¨¢¨¸É¸±¨° ¤¢ÊÌ´Ê±²µ´´Ò° ÔËË¥±É. �µ²¥¥ ¶·µ§· Î´ Ö Ë¨§¨Î¥¸± Ö ¨´É¥·¶·¥-
É Í¨Ö ¢µ§³µ¦´  ¶·¨ ¶¥·¥Ìµ¤¥ ± ´¥·¥²ÖÉ¨¢¨¸É¸±µ³Ê ¶·¥¤¥²Ê. ‚ ÔÉµ³ ¸²ÊÎ ¥
³µ¦´µ ¶·µ¢¥¸É¨ ¸· ¢´¥´¨¥ ¸  ´ ²¨É¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢
· ³± Ì ¤·Ê£¨Ì ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì É¥µ·¥É¨±µ-¶µ²¥¢ÒÌ ¶µ¤Ìµ¤µ¢.

4.2.2. �¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¥¤¥². � §²µ¦¨³ Ô´¥·£¨Õ ¸¢Ö§ ´´µ£µ ´Ê±²µ´ 
¢ (74) ¶µ ¸É¥¶¥´Ö³ p2/m2 ¨ µÉ¡·µ¸¨³ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¤¢ÊÌ´Ê±²µ´´Ò¥ ¶µ-
¶· ¢±¨. �Éµ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨
¤¥°É·µ´ :

FD
2 (xD) =

∫
d3k

(2π)3

{
FN

2 (xN)

(
1− k3

m

)
Ψ2(k)−

− −T + ε

2m
xN

dFN
2 (xN)

dxN
Ψ2(k)

}
, (76)

£¤¥ T = 2E − 2m Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ´Ê±²µ´µ¢,   ε = MD − 2m Å
Ô´¥·£¨Ö ¸¢Ö§¨.

‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ³Ò ¢¢¥²¨  ´ ²µ£ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨
Ψ2(k), ¸¢Ö§ ´´µ° ¸ Φ2

++(MD, k) ¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

Ψ2(k) =
m2

4E2MD(MD − 2E)2

{
Φ2

++(MD, k)
}
k0=E−MD/2

.

�·¨ ÔÉµ³ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¤²Ö Ψ2(k) ¨³¥¥É ¢¨¤∫
d3k

(2π)3
Ψ2(k) = 1.

‘· ¢´¨³ ¢Ò· ¦¥´¨¥ (76) ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ³ ¶µ¤-
Ìµ¤¥ [90]:

FD
2 (xD) =

∫
d3k

(2π)3
FN

2 (xN)

(
1− k3

m

)
Ψ2(k)− − < T > +ε

2m
xD

dFN
2 (xD)

dxD
.

(77)
‡¤¥¸Ó Ψ(k) Å ·¥Ï¥´¨¥ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ£µ Ê· ¢´¥´¨Ö ¸ µ¤´µ¢·¥³¥´´Ò³¨
´Ê±²µ´ ³¨.

�Î¥¢¨¤´µ, ÎÉµ ¢Ò· ¦¥´¨Ö (77) ¨ (76) ¨³¥ÕÉ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢ÊÕ
¸É·Ê±ÉÊ·Ê. �·¨Î¥³ ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ³ · ¸Î¥É¥ Î²¥´ ¸ ¶·µ¨§¢µ¤´µ° µÉ
¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¢µ§´¨± ¢¸²¥¤¸É¢¨e ÊÎ¥É  ³¥§µ´´ÒÌ ¶µ¶· ¢µ±,  ¸¸µÍ¨-
¨·µ¢ ´´ÒÌ ¸ ´Ê±²µ´´Ò³ ¶µÉ¥´Í¨ ²µ³. ˆ³¥´´µ ÔÉµÉ ¢±² ¤ µ¡¥¸¶¥Î¨¢ ¥É µÉ-
±²µ´¥´¨¥ µÉ ¥¤¨´¨ÍÒ µÉ´µÏ¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¤¥°É·µ´  ¨ ´Ê±²µ´ 
¢ µ¡² ¸É¨ 0, 3 < x < 0, 6.
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�¨¸. 3. �É´µÏ¥´¨¥ ‘” FD
2 (x)/FN

2 (x).
� · ³¥É·¨§ Í¨Ö FN

2 (x) ¢§ÖÉ  ¨§ · -
¡µÉÒ [89]. ‘¶²µÏ´ Ö ±·¨¢ Ö Å
·¥²ÖÉ¨¢¨¸É¸±¨° · ¸Î¥É [90], ¶Ê´±-
É¨· Å · ¸Î¥É ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ³
¶µ¤Ìµ¤¥ [91], ÏÉ·¨Ì¶Ê´±É¨· Å ´¥-
·¥²ÖÉ¨¢¨¸É¸±µ¥ ¨³¶Ê²Ó¸´µ¥ ¶·¨¡²¨¦¥-
´¨¥ (¶¥·¢Ò° Î²¥´ ¢ (76) ¨ (77))

�µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É µ Éµ³, ÎÉµ ¶·¨¢¥¤¥´´ Ö ¢ÒÏ¥ ¨´-
É¥·¶·¥É Í¨Ö ¶¥·¢ÒÌ ¤¢ÊÌ ¢±² ¤µ¢ ¢ ¢Ò-
· ¦¥´¨¨ (74) ´ Ìµ¤¨É¸Ö ¢ · §Ê³´µ³ ¸µ-
£² ¸¨¨ ¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ ´¥·¥²ÖÉ¨¢¨¸É-
¸±µ° É¥µ·¨¨.

�  ·¨¸. 3 ¶·¨¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ·¥-
§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¢ ±¢ §¨¶µÉ¥´Í¨ ²Ó-
´µ³ ¶µ¤Ìµ¤¥ (¢Ò· ¦¥´¨¥ (77) (¶Ê´±-
É¨·) ¨ ¶µ¤Ìµ¤¥, · ¸¸³µÉ·¥´´µ³ ¢ÒÏ¥
(76) (¸¶²µÏ´ Ö ±·¨¢ Ö). �¥§Ê²ÓÉ É ÊÎ¥É 
Éµ²Ó±µ ¶¥·¢µ£µ Î²¥´  ¢ ÔÉ¨Ì ¢Ò· ¦¥´¨ÖÌ
(´¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¨³¶Ê²Ó¸´µ¥ ¶·¨¡²¨-
¦¥´¨¥) ¶·¥¤¸É ¢²¥´ ÏÉ·¨Ì¶Ê´±É¨·´µ°
±·¨¢µ°. ˆ§ ¸· ¢´¥´¨Ö ¶µ¢¥¤¥´¨Ö ÔÉ¨Ì
±·¨¢ÒÌ ¢¨¤´µ, ÎÉµ ¡ ² ´¸ ³¥¦¤Ê ¶¥·¢Ò³
¨ ¢Éµ·Ò³ Î²¥´µ³ ¢ ¢Ò· ¦¥´¨¨ (76) ¶·¨-
¢µ¤¨É ± ´¥¡µ²ÓÏµ³Ê Ê³¥´ÓÏ¥´¨Õ µÉ´µ-
Ï¥´¨Ö FD

2 /F
N
2 ¶µ ¸· ¢´¥´¨Õ ¸ ¥¤¨´¨Í¥° ¢ Éµ° ¦¥ µ¡² ¸É¨ ¶µ x, ¢ ±µÉµ·µ°

¡Ò² µ¡´ ·Ê¦¥´ …Œ‘-ÔËË¥±É ´  ÉÖ¦¥²ÒÌ Ö¤· Ì. �ËË¥±É µÉ²¨Î¨Ö µÉ´µÏ¥´¨Ö
FD

2 /F
N
2 µÉ ¥¤¨´¨ÍÒ ´¥¸±µ²Ó±µ ³¥´ÓÏ¥ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ §  ¸Î¥É ¡µ²¥¥

¶µ²´µ£µ ÊÎ¥É  Ë¥·³¨-¤¢¨¦¥´¨Ö. „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶ -
· ³¥É·¨§ Í¨Ö ´Ê±²µ´´ÒÌ ‘” ¨§ · ¡µÉÒ [89]. � ¸Î¥É ¸ ¡µ²¥¥ ¸µ¢·¥³¥´´Ò³¨
¶ · ³¥É·¨§ Í¨Ö³¨ ‘” ¶·µÉµ´  [86], ¶·¥¤¸É ¢²¥´´Ò° ´  ·¨¸.4, ¤ ¥É ¤µ¶µ²´¨-
É¥²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¢ µ¡² ¸É¨ ³ ²ÒÌ x, ±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ ¡Ò¸É·Ò³ ·µ¸Éµ³
´Ê±²µ´´µ° ‘” ¢ ÔÉµ° µ¡² ¸É¨.

ˆÉ ±, Ëµ·³ ²¨§³ �¥É¥Å‘µ²¶¨É¥·  ¶µ§¢µ²Ö¥É ¢Ò· §¨ÉÓ ¸É·Ê±ÉÊ·´ÊÕ
ËÊ´±Í¨Õ ¤¥°É·µ´  ¢ É¥·³¨´ Ì ‘” ¸µ¸É ¢²ÖÕÐ¨Ì ¥£µ ¶·µÉµ´  ¨ ´¥°-
É·µ´ . �·¨ ÔÉµ³ ¢±² ¤  ´É¨´Ê±²µ´µ¢ µ± § ²¸Ö ¶µ¤ ¢²¥´ ± ± ¢Éµ· Ö ¸É¥-
¶¥´Ó ¤¥Ë¥±É  ³ ¸¸. ‚ Éµ ¦¥ ¢·¥³Ö ÊÎ¥É § ¢¨¸¨³µ¸É¨ µÉ µÉ´µ¸¨-
É¥²Ó´µ£µ ¢·¥³¥´¨ ¢  ³¶²¨ÉÊ¤ Ì ƒ�� ´  ¸¢Ö§ ´´ÒÌ ´Ê±²µ´ Ì ¶·¨¢µ¤¨É
± ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ´ ¶µ³¨´ ÕÐ¥° …Œ‘-ÔËË¥±É ¢ ÉÖ-
¦¥²ÒÌ Ö¤· Ì. �Éµ ¤ ¥É µ¸´µ¢ ´¨¥ ¤²Ö ¢Ò¤¢¨¦¥´¨Ö £¨¶µÉ¥§Ò µ Éµ³,
ÎÉµ ¶·¨·µ¤  …Œ‘-ÔËË¥±É  ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´  Ô¢µ²ÕÍ¨¥° ¢´¥³ ¸¸µ-
¢µ° ¤¥Ëµ·³ Í¨¨ ¸¢Ö§ ´´µ£µ ´Ê±²µ´  µÉ A = 2 ¤µ É¥Ì §´ Î¥´¨° A,
¶·¨ ±µÉµ·ÒÌ ´ ¸ÉÊ¶ ¥É ´ ¸ÒÐ¥´¨¥ ÔËË¥±Éµ¢ ¸¢Ö§¨ ¢ ¸É·Ê±ÉÊ·¥ ´Ê±²µ´ .∗

∗�·¥¤¸É ¢²Ö¥É¸Ö Í¥²¥¸µµ¡· §´Ò³ ¨¸¸²¥¤µ¢ ÉÓ Ì · ±É¥· ¢´¥³ ¸¸µ¢µ° ¤¥Ëµ·³ Í¨¨ ¸ ¶µ³µ-
ÐÓÕ  ´ ²¨§  ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ´Ê±²µ´ .
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�¨¸. 4. �É´µÏ¥´¨¥ ‘” FD2 (x)/FN
2 (x).

� · ³¥É·¨§ Í¨Ö FN
2 (x) ¢§ÖÉ  ¨§ · -

¡µÉÒ [86]

‘· ¢´¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¢Ò· ¦¥´¨°
¸ ±¢ §¨¶µÉ¥´Í¨ ²Ó´Ò³¨ · ¸Î¥É ³¨ ¶µ-
± §Ò¢ ¥É, ÎÉµ ÔËË¥±ÉÒ ¸¢Ö§¨,  ¸¸µÍ¨-
¨·µ¢ ´´Ò¥ ¢ É ±¨Ì ¶µ¤Ìµ¤ Ì ¸ ³¥§µ´-
´Ò³¨ ¶µ¶· ¢± ³¨, ¢ Ëµ·³ ²¨§³¥ �¥É¥Å
‘µ²¶¨É¥·  ³µ£ÊÉ ¡ÒÉÓ ¢µ¸¶·µ¨§¢¥¤¥´Ò
¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨-
¦¥´¨¨. ’ ±¨³ µ¡· §µ³, ³¥§µ´´Ò¥ ¶µ-
¶· ¢±¨ ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ ¶µ¤Ìµ¤µ¢
³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¶ · ³¥É·¨§ -
Í¨Õ ÔËË¥±Éµ¢ ¢´¥³ ¸¸µ¢µ¸É¨, ´ ¨¡µ²¥¥
¸ÊÐ¥¸É¢¥´´Ò³ ¨§ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ´¥-
µ¤´µ¢·¥³¥´´µ¸ÉÓ ´Ê±²µ´µ¢ ¢ Ö¤·¥.

5. ‘’�“Š’“��›… ”“�Š–ˆˆ ‹…ƒŠˆ• Ÿ„…�

� §¢¨ÉÒ° ¢ÒÏ¥ ¶µ¤Ìµ¤ Í¥²¥¸µµ¡· §´µ ¶·¨³¥´¨ÉÓ ¤²Ö · ¸¸³µÉ·¥´¨Ö Ô¢µ-
²ÕÍ¨¨ ´Ê±²µ´´µ° ¸É·Ê±ÉÊ·Ò ± ± ËÊ´±Í¨¨  Éµ³´µ£µ Î¨¸²  A ¤²Ö ²¥£Î °Ï¨Ì
Ö¤¥· D, 3H, 3He ¨ 4He.

‘É·µ£µ £µ¢µ·Ö, …Œ‘-ÔËË¥±É, ¨´É¥·¶·¥É¨·Ê¥³Ò° ¡µ²ÓÏ¨´¸É¢µ³  ¢Éµ·µ¢
± ± Ê³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò ‘” ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ¢ Ö¤·¥ ¦¥²¥§  ¢ µ¡² ¸É¨
0, 3 < x < 0, 7, ¸±µ·¥¥ µÉ· ¦ ¥É · §²¨Î¨Ö ¢ ¸É·Ê±ÉÊ·¥ Ö¤¥· ¤¥°É¥·¨Ö ¨ £¥-
²¨Ö. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ µ£· ´¨Î¨ÉÓ¸Ö µ¡² ¸ÉÓÕ 10−3 < x < 0, 7, ´¥É·Ê¤´µ
Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ Ëµ·³  µÉ´µÏ¥´¨Ö r(x)= F

4He
2 /FD

2 ¶µ¢Éµ·Ö¥É¸Ö ¢ ¡µ²¥¥ ÉÖ¦¥-
²ÒÌ Ö¤· Ì. “´¨¢¥·¸ ²Ó´µ¸ÉÓ x-§ ¢¨¸¨³µ¸É¨ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ 
¢ Ö¤· Ì ¸ ³ ¸¸µ° A ≥ 4 Ê¸É ´µ¢²¥´  ¢ · ¡µÉ Ì [28, 29], ¢ ±µÉµ·ÒÌ ¶·µ-
¢¥¤e´  ´ ²¨§ ³¨·µ¢ÒÌ ¤ ´´ÒÌ ¶µ £²Ê¡µ±µ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢
¨ ³Õµ´µ¢ ´  Ö¤· Ì. �Î¥¢¨¤´µ, ÎÉµ ÔÉµÉ ·¥§Ê²ÓÉ É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Ö¢²¥-
´¨¨ ´ ¸ÒÐ¥´¨Ö Ê¦¥ ¢ Ö¤·¥ £¥²¨Ö ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ F2(x),
¶·µÖ¢²ÖÕÐ¥°¸Ö ¢ ¢¨¤¥ ´¥±µÉµ·µ° µ¸Í¨²²ÖÍ¨¨ ¢¥²¨Î¨´Ò rA(x) µÉ´µ¸¨É¥²Ó´µ
µ¸¨ rA(x) = 1. �¢µ²ÕÍ¨Ö ³µ¤¨Ë¨± Í¨° µÉ A = 4 ¤µ A ∼ 200 ¶·µÖ¢²Ö¥É¸Ö
± ± ·µ¸É  ³¶²¨ÉÊ¤Ò µ¸Í¨²²ÖÍ¨° aEMC = 1 Ä rAmin ´  Ë ±Éµ· ∼ 3 ¨ Ìµ·µÏµ
µ¶¨¸Ò¢ ¥É¸Ö ± ± ÔËË¥±É Ô¢µ²ÕÍ¨¨ Ö¤¥·´µ° ¶²µÉ´µ¸É¨.

� ¨¡µ²¥¥ ´ £²Ö¤´µ ¶·¥±· Ð¥´¨¥ ³µ¤¨Ë¨± Í¨¨ F2(x) ¶·¨ A > 4 ¤¥³µ´-
¸É·¨·Ê¥É¸Ö ´¥¨§³¥´´µ¸ÉÓÕ Ëµ·³Ò rA(x), § Ë¨±¸¨·µ¢ ´´µ° ¶µ²µ¦¥´¨¥³ É·¥Ì
ÉµÎ¥± x1 = 0,0615, x2 = 0,287 ¨ x3 = 0,84, ¢ ±µÉµ·ÒÌ rA(x) = 1 ´¥§ ¢¨¸¨³µ
µÉ A [30]. „ ´´Ò¥, ¢±²ÕÎ¥´´Ò¥ ¢  ´ ²¨§ [30], µÉ´µ¸ÖÉ¸Ö ± ¶µ¸²¥¤´¥³Ê ¶µ-
±µ²¥´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ ¶µ ¨§³¥·¥´¨Õ rA(x),   É ±¦¥ ÔËË¥±É 
³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° FA2 (x) ¶µ µÉ´µÏ¥´¨Õ ± ¸É·Ê±ÉÊ·´µ°
ËÊ´±Í¨¨ FC

2 (x), ¨§³¥·¥´´µ° ´  Ê£²¥·µ¤´µ° ³¨Ï¥´¨ [91]. �¥§Ê²ÓÉ ÉÒ ¨§³¥-
·¥´¨° Ì · ±É¥·¨§ÊÕÉ¸Ö ± ± ¢Ò¸µ±µ° ¸É É¨¸É¨Î¥¸±µ° ÉµÎ´µ¸ÉÓÕ, É ± ¨ ¡µ²Ó-
Ïµ° ´ ¤¥¦´µ¸ÉÓÕ, ÎÉµ ¶µ§¢µ²Ö¥É £µ· §¤µ µ¶·¥¤¥²¥´´¥¥ ¢Ò¸± § ÉÓ¸Ö µ ¸É¥¶¥´¨
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¨Ì ´¥¸µ£² ¸¨Ö ¸ ³µ¤¥²Ö³¨ …Œ‘-ÔËË¥±É . Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³ ¤²Ö ¶µ´¨³ -
´¨Ö ¶·¨Î¨´ É ±µ£µ ¶²µÌµ£µ µ¶¨¸ ´¨Ö Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¤¢ÊÌ ÔËË¥±Éµ¢,   ´¥
µ¤´µ£µ, ± ± ¡Ò²µ ¶·¨´ÖÉµ ¸Î¨É ÉÓ. �¥·¢Ò° ¸µ¸Éµ¨É ¢ ¶¥·¥¸É·µ°±¥ ¶ ·Éµ´-
´ÒÌ · ¸¶·¥¤¥²¥´¨° ´Ê±²µ´  ¢ ¶µ²¥ Ö¤¥·´ÒÌ ¸¨², µ¡· §µ¢ ´´µ³ ¤¢ÊÌ-, É·¥Ì-
¨ Î¥ÉÒ·¥Ì´Ê±²µ´´µ° ¸¢Ö§ ´´µ° ¸¨¸É¥³µ°. ‚Éµ·µ° ÔËË¥±É ¶·µÖ¢²Ö¥É¸Ö ¢ ¸µ-
Ì· ´¥´¨¨ Ëµ·³Ò ³µ¤¨Ë¨± Í¨¨ ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì
¢ ´¥¨§³¥´´µ³ ¢¨¤¥. ‘ ´ Ï¥° ÉµÎ±¨ §·¥´¨Ö, µ¡  ÔËË¥±É  ¨³¥ÕÉ ËÊ´¤ ³¥´-
É ²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ ,   ¨Ì ¶µ´¨³ ´¨¥ ´¥¢µ§³µ¦´µ ¡¥§
É¥µ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸²¥¤ÊÕÐ¥° Í¥¶µÎ±¨ ³µ-
¤¨Ë¨± Í¨°: rD(x)→ rA=3(x)→ rA=4(x).

�¨¸. 5. �É´µÏ¥´¨¥ ¸É·Ê±ÉÊ·´µ° ËÊ´±-
Í¨¨ Ö¤·  FA2 (x) ± ¸É·Ê±ÉÊ·´µ° ËÊ´±-
Í¨¨ ¤¥°É·µ´  FD

2 (x). „ ´´Ò¥ ¤²Ö
¦¥²¥§  ¢§ÖÉÒ ¨§ · ¡µÉ [55] (Î¥·´Ò¥
±·Ê¦±¨) ¨ [92] (¸¢¥É²Ò¥ ±·Ê¦±¨).
’ ±¦¥ ¶·¥¤¸É ¢²¥´   ¶¶·µ±¸¨³ Í¨Ö
ÔÉ¨Ì ¤ ´´ÒÌ ¢ ¢¨¤¥ ¸¶²µÏ´µ° ²¨´¨¨.
�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¤²Ö 4He/D, ¶µ-
²ÊÎ¥´´Ò¥ ¢ [55], ¶µ± § ´Ò ¢ ¢¨¤¥ ¶ -
· ³¥É·¨§ Í¨¨ (¶Ê´±É¨·´ Ö ²¨´¨Ö)

�¸µ¡¥´´µ¸ÉÓ µ¡² ¸É¨ ²¥£Î °Ï¨Ì
Ö¤¥· ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ÉµÎ´µ¸ÉÓ ¨§³¥·¥-
´¨° ¤²Ö A = 4 ´¥¢Ò¸µ±  ¶·¨ x > 0, 7,  
¤²Ö A < 4 ¤ ´´ÒÌ µ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±-
ÉÊ·Ò ´Ê±²µ´  ´¥É ¢µ¢¸¥. ‚ Éµ ¦¥ ¸ ³µ¥
¢·¥³Ö, ´¥¨§³¥´´µ¸ÉÓ Ëµ·³Ò µÉ´µÏ¥´¨°
rA(x) ¤²Ö A > 4 µ¸É ¢²Ö¥É ´ ³ Éµ²Ó±µ
¤¢¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ÔÉµ£µ
Ö¢²¥´¨Ö: ³µ¤¨Ë¨± Í¨Ö ¶ ·Éµ´´ÒÌ · ¸-
¶·¥¤¥²¥´¨° ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì ¨¤¥´É¨Î´ 
²¨¡µ ³µ¤¨Ë¨± Í¨¨ ¶·¨ A = 3, ²¨¡µ
¶·¨ A = 4. Š ± ¶µ± § ´µ ¢ [30], ´¥-
µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ¶µ²µ¦¥´¨¨ ÉµÎ±¨ x3,
´ °¤¥´´µ° ¨§ ¤ ´´ÒÌ ¶·¨ A > 4, ¸µ-
¸É ¢²Ö¥É 0,01, ÎÉµ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ-
¢ ÉÓ ¥¥ ¤²Ö ¢Ò¡µ·  ¢ ¶µ²Ó§Ê µ¤´µ£µ ¨²¨
¤·Ê£µ£µ ¢ ·¨ ´É  Ô¢µ²ÕÍ¨¨. “¦¥ ¸¥°Î ¸
¨³¥ÕÉ¸Ö µ¸´µ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉµ ¶ ·Éµ´-
´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö A = 4 ¨³¥ÕÉ x-
§ ¢¨¸¨³µ¸ÉÓ, ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÐÊ-
Õ¸Ö µÉ § ¢¨¸¨³µ¸É¨, Ì · ±É¥·´µ° ¤²Ö
ÉÖ¦¥²ÒÌ Ö¤¥·. �Éµ ÊÉ¢¥·¦¤¥´¨¥ ¸²¥-
¤Ê¥É ¨§ µÎ¥¢¨¤´µ£µ ´¥¸µ¢¶ ¤¥´¨Ö ±µµ·-
¤¨´ É x3, ¶µ²ÊÎ¥´´ÒÌ  ¶¶·µ±¸¨³ Í¨¥°
¤ ´´ÒÌ ¤²Ö Ö¤¥· 4He ¨ Fe, ¶µ± § ´´ÒÌ
´  ·¨¸. 5.

�¨¦¥ ³Ò · ¸¸³µÉ·¨³ ¢Ò¢µ¤ µÉ´µ-
¸¨É¥²Ó´ÒÌ ¨§³¥´¥´¨° ‘” FA2 (x) ¶µ µÉ-
´µÏ¥´¨Õ ± ‘” ¨§µ¸± ²Ö·´µ£µ ´Ê±²µ´ 
FN

2 (x) = 1
2 (F p

2 (x) + F n
2 (x)), £¤¥ p ¨ n µ¡µ§´ Î ÕÉ ¸¢µ¡µ¤´Ò° ¶·µÉµ´ ¨ ¸¢µ-

¡µ¤´Ò° ´¥°É·µ´. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´µ Éµ²Ó±µ ¤²Ö µÉ´µÏ¥´¨° ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°
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Ö¤·  A ¨ ¤¥°É·µ´ . �É¨³ µ¡ÑÖ¸´Ö¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶·¥¤¸É ¢²¥´¨Ö ·¥§Ê²Ó-
É Éµ¢ · ¸Î¥Éµ¢ ± ± ¢ ¢¨¤¥ µÉ´µÏ¥´¨° A/N, É ± ¨ ¢ ¢¨¤¥ A/D. �µ¸±µ²Ó±Ê
¶·¨ · ¸¸³ É·¨¢ ¥³ÒÌ §´ Î¥´¨ÖÌ x (0,3 < x < 0,9) Ô±¸¶¥·¨³¥´ÉÒ (¸³. [55]
¨ µ¡§µ·Ò [8, 9]) ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ´¥§ ¢¨¸¨³µ¸É¨ rA(x) µÉ ¶¥·¥¤ ´´µ£µ 4-
¨³¶Ê²Ó¸  Q2, · ¸Î¥ÉÒ ¡Ê¤ÊÉ ¢Ò¶µ²´¥´Ò ¢ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥.

5.1. �¡µ¡Ð¥´¨¥ Ëµ·³ ²¨§³  ¤²Ö ²¥£±¨Ì Ö¤¥·. � ¸¸³µÉ·¨³ µ¡µ¡Ð¥´¨¥
· §¢¨Éµ£µ ¢ · §¤. 4 ¶µ¤Ìµ¤  ¤²Ö  ´ ²¨§  ƒ�� ´  ²¥£±¨Ì Ö¤· Ì A = 3, 4.

�³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ TAµν µ¶·¥¤¥²¥´  ± ± ¸·¥¤´¥¥
¶µ Ö¤¥·´Ò³ ¸µ¸ÉµÖ´¨Ö³ |A〉 µÉ T-¶·µ¨§¢¥¤¥´¨Ö Ô²¥±É·µ³ £´¨É´ÒÌ Éµ±µ¢:

TAµν(P, q) = i

∫
d4xeiqx〈A|T (Jµ (x)Jν (0)) |A〉. (78)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (33) TAµν(P, q) ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ¢ É¥·³¨-
´ Ì ·¥Ï¥´¨° Ê· ¢´¥´¨Ö �¥É¥Å‘µ²¶¨É¥·  ¤²Ö Ö¤·  ΓA(P, k) ¨ n-´Ê±²µ´´ÒÌ
ËÊ´±Í¨° ƒ·¨´  G2(n+1)µν

:

TAµν(P, q) =

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4

d4k′1
(2π)4

. . .
d4k′n−1

(2π)4
Γ
A

(P, k1 . . . kn−1)×

×S(n)(P, k1 . . . kn−1)G2(n+1)µν
(q;P, k1 . . . kn−1, k

′
1 . . . k

′
n−1)×

×S(n)(P, k
′
1 . . . k

′
n−1)ΓA(P, k′1 . . . k

′
n−1), (79)

£¤¥ ki Å µÉ´µ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ´Ê±²µ´µ¢ ¢ Ö¤·¥,   P Å ¶µ²´Ò° ¨³¶Ê²Ó¸
Ö¤· . ”Ê´±Í¨Ö G2n Å Ê¸¥Î¥´´ Ö ´¥¶·¨¢µ¤¨³ Ö n-´Ê±²µ´´ Ö ËÊ´±Í¨Ö ƒ·¨´ ,
µ¶·¥¤¥²¥´´ Ö ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö (40).

�´ ²µ£¨Î´µ ¤¢ÊÌ´Ê±²µ´´µ³Ê ¸²ÊÎ Õ ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢±² ¤ ¢¸¥Ì ´¥-
¶·¨¢µ¤¨³ÒÌ ¶µ¶· ¢µ± ´  ¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ¤ ¢²¥´ ± ± ¤µ¶µ²´¨É¥²Ó´ Ö ¸É¥-
¶¥´Ó 1/(Q2)l, l ≥ 2 [42]. �Éµ ¶µ§¢µ²Ö¥É µ£· ´¨Î¨ÉÓ¸Ö ÊÎ¥Éµ³ Éµ²Ó±µ Î²¥´ 
´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ G2(n+1)µν

:

TAµν(P, q) =

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
Γ
A

(P, k1 . . . kn−1)S2n(P, k1 . . . kn−1)×

×G(0)
2(n+1)µν

(q;P, k1 . . . kn−1)S2n(P, k1 . . . kn−1)ΓA(P, k1 . . . kn−1), (80)

£¤¥ ËÊ´±Í¨Ö ƒ·¨´  G(0)
2(n+1)µν

µ¶·¥¤¥²¥´  Î¥·¥§ Ê¸¥Î¥´´ÊÕ  ³¶²¨ÉÊ¤Ê ±µ³¶-

Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ G4µν(q, ki):

G(0)
2(n+1)µν

(q, P, k1 . . . kn−1) =

=
∑
i

G4µν(q, ki)⊗ S−1
(n−1)(k1, . . . ki−1, ki+1, . . . kn−1) . (81)
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�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ Ê· ¢´¥´¨¥ (80), ¶µ²ÊÎ ¥³  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤·¥ ¢ É¥·³¨´ Ì ´Ê±²µ´´ÒÌ  ³¶²¨ÉÊ¤:

TAµν(P, q) =

∫
d4k1

(2π)4
. . .

d4kn−1

(2π)4
Γ
A

(P, k1 . . . kn−1)×

×
∑
i

(S(P, ki)G4µν(q;P, ki)S(P, ki))⊗

⊗S2n−1(P, k1, . . . ki−1, ki+1, . . . kn−1)ΓA(P, k1 . . . kn−1). (82)

‚ ¶·¨´Í¨¶¥, ¤ ²Ó´¥°Ï¨¥ ¢Ò±² ¤±¨ ³µ¦´µ ¡Ò²µ ¡Ò ¶·µ¢¥¸É¨ ¶µ ¶µ²´µ°  ´ -
²µ£¨¨ ¸ ¶·µÍ¥¤Ê·µ°, · §¢¨Éµ° ¤²Ö ¤¥°É·µ´ ,   ¨³¥´´µ ¢Ò¤¥²¨ÉÓ  ³¶²¨ÉÊ¤Ê
±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ ¨ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¶µ ´Ê²¥¢µ° ±µ³-
¶µ´¥´É¥ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ´Ê±²µ´ . �¤´ ±µ ¢ µÉ²¨-
Î¨¥ µÉ ¤¢ÊÌ´Ê±²µ´´µ£µ ¸²ÊÎ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ¢ Ê· ¢´¥´¨¨ (82) ¸µ¤¥·¦¨É
¶µ²Õ¸  ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°, ²¥¦ Ð¨¥ ¢ µ¡² ¸É¨ ³ ²ÒÌ
µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢. ˆ³¥Ö ÉµÎ´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (49), ³µ¦´µ ¡Ò²µ
¡Ò ÊÎ¥¸ÉÓ ÔÉ¨ ¸¨´£Ê²Ö·´µ¸É¨ ¨ ¢Ò· §¨ÉÓ ±µ³¶Éµ´µ¢¸±ÊÕ  ³¶²¨ÉÊ¤Ê Ö¤·  Î¥-
·¥§ ´Ê±²µ´´ÊÕ. �¥ ²¨§ Í¨Ö É ±µ£µ ¶µ¤Ìµ¤  ´¥¢µ§³µ¦´  ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö,
¶µ¸±µ²Ó±Ê ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (49) ¶·¨ n ≥ 3 ´¥ ´ °¤¥´µ.

‚µ¸¶µ²Ó§Ê¥³¸Ö ¤·Ê£¨³ ¸¶µ¸µ¡µ³ ¢Ò¤¥²¨ÉÓ ÔÉ¨ ¸¨´£Ê²Ö·´µ¸É¨,   ¨³¥´´µ
¢¢¥¤¥³ ®§ É· ¢µÎ´ÊÕ¯ ¢¥·Ï¨´Ê �¥É¥Å‘µ²¶¨É¥·  GA, ±µÉµ· Ö ·¥£Ê²Ö·´  ¶µ
µÉ´µ¸¨É¥²Ó´µ³Ê ¨³¶Ê²Ó¸Ê:

ΓA(P, k1, . . . kn−1) = −
∫

d4k′1
(2π)4

. . .
d4k′n−1

(2π)4
g2n(P, k1, . . . kn−1; k′1, . . . k

′
n−1)×

×GA(P, k′1, . . . k
′
n−1).

‚¸¥ ¸¨´£Ê²Ö·´µ¸É¨, ¶·¨¸ÊÐ¨¥ ¢¥·Ï¨´¥ ΓA(P, k1, . . . kn−1), µ¶·¥¤¥²ÖÕÉ¸Ö É¥-
¶¥·Ó  ´ ²¨É¨Î¥¸±¨³¨ ¸¢µ°¸É¢ ³¨ ·¥£Ê²Ö·´µ° ¶µ²´µ³Ê ¨³¶Ê²Ó¸Ê ¶·¨ P 2 =
= M2

A Î ¸É¨ n-´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´ :

g2n(P, k1, . . . kn−1; k′1, . . . k
′
n−1) =

=

n∑
m=2

G2m(P, k1, . . . km−1; k′1, . . . k
′
m−1)⊗

⊗S(n−m)(P, k1, . . . km−n−1; k′1, . . . k
′
m−n−1).

� ¶·¨³¥·, ¢ ¸²ÊÎ ¥ 3He ³Ò ¨³¥¥³ ¶µ²Õ¸ ¢ G4, ¸¢Ö§ ´´Ò° ¸ ¤¥°É·µ´µ³,
¨ ´Ê±²µ´-´Ê±²µ´´Ò° ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· g4:

G4

(
2P

3
+ k, k1, k

′
1

)
=
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=
ΓD(2P

3 + k, k1)Γ
D

(2P
3 + k, k′1)(

2P
3 + k

)2 −M2
D

+ g4

(
2P

3
+ k, k1, k

′
1

)
. (83)

„²Ö 4He ¨³¥ÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶µ²Õ¸ , ¸¢Ö§ ´´Ò¥ ¸ 3He- ¨ 3H-¶µ²Õ¸ ³¨.
� ¶·¨³¥·, ¤²Ö ´¥°É·µ´-¶·µÉµ´-¶·µÉµ´´µ° ËÊ´±Í¨¨ ƒ·¨´  ¨³¥¥É¸Ö 3He-¶µ²Õ¸
¨ É·¥Ì´Ê±²µ´´Ò° ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· g6:

G6

(
3P

4
+ k, k1, k

′
1, k2, k

′
2

)
=

=
Γ

3He(3P
4 + k, k1, k2)Γ

3He
(3P

4 + k, k′1, k
′
2)(

3P
4 + k

)2 −M2
3He

+ g6

(
3P

4
+ k, k1, k

′
1, k2, k

′
2

)
.

�µ¤¸É ¢²ÖÖ (83) ¢ ¢Ò· ¦¥´¨¥ (82), ¶µ²ÊÎ ¥³, ´ ¶·¨³¥·, ¤²Ö 3He

T
3He
µν (P, q) =

∫
d4k

(2π)4

d4k′

(2π)4

d4K

(2π)4
G

3He
(P,K, k)

[∫
d4k1

(2π)4
×

×G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
G4µν

(
q;
P

3
+
K

2
+ k1

)
×

×S
(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
G4

(
2P

3
+K, k1, k

′
)]
⊗

⊗S
(
P

3
−K

)
G3He(P,K, k′) + G

3He
(P,K, k)×

×
[∫

d4k1

(2π)4
G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
×

×G4

(
2P

3
+K, k1, k

′
)]
⊗ S

(
P

3
−K

)
G4µν

(
q;
P

3
−K

)
×

×S
(
P

3
−K

)
G3He(P,K, k′),

¨, ÊÎ¨ÉÒ¢ Ö  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  É·¥Ì´Ê±²µ´´µ° ËÊ´±Í¨¨ ƒ·¨´  (83), ¶µ-
²ÊÎ ¥³

T
3He
µν (P, q) =

∫
d4k

(2π)4

d4k′

(2π)4

d4K

(2π)4
G

3He
(P,K, k)×

×
[∫

d4k1

(2π)4

ΓD(2P
3 +K, k)Γ

D
(2P

3 + K, k1)(
2P
3 +K

)2 −M2
D

S

(
P

3
+
K

2
+ k1

)
×

×G4µν

(
q;
P

3
+
K

2
+ k1

)
S

(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
×
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×
ΓD(2P

3 +K, k1)Γ
D

(2P
3 +K, k′)(

2P
3 +K

)2 −M2
D

]
⊗ S

(
P

3
−K

)
G

3He(P,K, k′)+

+G
3He

(P,K, k)

[∫
d4k1

(2π)4
G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
⊗

⊗S
(
P

3
+
K

2
− k1

)
×G4

(
2P

3
+K, k1, k

′
)]
⊗
u
(

P
3 −K

)
u
(

P
3 −K

)(
P
3 −K

)2 −m2
×

×G4µν

(
q;
P

3
−K

)
u
(

P
3 −K

)
u
(

P
3 −K

)(
P
3 −K

)2 −m2
G

3He(P,K, k′). (84)

‚µ§¢· Ð Ö¸Ó ± ¢Ò· ¦¥´¨Õ ¤²Ö  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´ 
¤¥°É·µ´¥ (79), § ³¥Î ¥³, ÎÉµ ±µ´¸É·Ê±Í¨Ö∫

d4k1

(2π)4
Γ

D
(

2P

3
+K, k1

)
S

(
P

3
+
K

2
+ k1

)
G4µν

(
q;
P

3
+
K

2
+ k1

)
×

×S
(
P

3
+
K

2
+ k1

)
⊗ S

(
P

3
+
K

2
− k1

)
ΓD

(
2P

3
+K, k1

)
, (85)

¸µ¤¥·¦ Ð Ö¸Ö ¢ ¶¥·¢µ³ Î²¥´¥ ¢Ò· ¦¥´¨Ö (84), ¢ ÉµÎ´µ¸É¨ ¸µ¢¶ ¤ ¥É ¸ ÔÉµ°
 ³¶²¨ÉÊ¤µ°, ´µ ¸µ¤¥·¦¨É  ·£Ê³¥´É ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ‚µ ¢Éµ·µ³
Î²¥´¥ ¢Ò· ¦¥´¨Ö (84) ³µ¦´µ ¢Ò¤¥²¨ÉÓ  ³¶²¨ÉÊ¤Ê ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
´  ´Ê±²µ´¥:

T Ñ
µν

(
P

3
−K, q

)
= u

(
P

3
−K

)
G4µν

(
q;
P

3
−K

)
u

(
P

3
−K

)
. (86)

’ ±¨³ µ¡· §µ³,  ³¶²¨ÉÊ¤  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  3He ¢Ò· ¦ ¥É¸Ö Î¥-
·¥§  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´  ¢´¥³ ¸¸µ¢µ³ ¤¥°É·µ´¥ ¨ ´Ê±²µ´¥. ‚µ¸¶µ²Ó§µ¢ ¢-
Ï¨¸Ó ¸µµÉ´µÏ¥´¨¥³ Ê´¨É ·´µ¸É¨ (5), ¶µ²ÊÎ¨³ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥
¤²Ö  ¤·µ´´µ£µ É¥´§µ· :

W
3He
µν (P, q) =

∫
d4k

(2π)4

d4k′

(2π)4

d4K

(2π)4
WD
µν(

2P

3
+K, q)×

×G
3He

(P,K, k)
ΓD(2P

3 +K, k)Γ
D

(2P
3 +K, k′)((

2P
3 +K

)2 −M2
D

)2 ⊗S
(
P

3
−K

)
G3He(P,K, k′)+

+G
3He

(P,K, k)

[∫
d4k1

(2π)4
G4

(
2P

3
+K, k, k1

)
S

(
P

3
+
K

2
+ k1

)
⊗

⊗S
(
P

3
+
K

2
− k1

)
×G4

(
2P

3
+K, k1, k

′
)]
⊗ S

(
P

3
−K

)
×
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×G
3He(P,K, k′)

WN
µν

(
P
3 −K

)(
P
3 −K

)2 −m2
.

�·¥¤¶µ² £ Ö, ÎÉµ µÉ´µ¸¨É¥²Ó´ Ö Ô´¥·£¨Ö Ë· £³¥´Éµ¢ ³ ² , ³Ò ³µ¦¥³ ¶·µ-
¨´É¥£·¨·µ¢ ÉÓ ¶µ ´Ê²¥¢µ° ±µ³¶µ´¥´É¥ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  Ë· £³¥´Éµ¢
¨ ¶µ²ÊÎ¨ÉÓ  ¤·µ´´Ò° É¥´§µ· ¤²Ö 3He, ¢Ò· ¦¥´´Ò° Î¥·¥§  ¤·µ´´Ò¥ É¥´§µ·Ò
ÔÉ¨Ì Ë· £³¥´Éµ¢ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. �´ ²µ£¨Î´Ò³ µ¡· §µ³ ³µ¦´µ ¶µ-
²ÊÎ¨ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´  3H ¨ 4He.

5.2. ‘É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ Ö¤¥· ¤²Ö A = 3, 4. ‚µ¸¶µ²Ó§Ê¥³¸Ö É¥¶¥·Ó
¶µ²ÊÎ¥´´Ò³ ¢ ¶.5.1 ·¥§Ê²ÓÉ Éµ³, ¤²Ö Éµ£µ ÎÉµ¡Ò · ¸¸Î¨É ÉÓ ‘” Ö¤¥· 3H,
3He ¨ 4He.

�µ¤¥°¸É¢µ¢ ¢ ¶·µ¥±Í¨µ´´Ò³ µ¶¥· Éµ·µ³ gµν ´   ¤·µ´´Ò° É¥´§µ·, ¢¢¥¤¥³
¶¥·¥³¥´´Ò¥

xA =
Q2

2PA · q
,

xN =
Q2

2PN · q
¨ ¢Ò¤¥²¨³ ‘” Ö¤·  ¢ ¡Ó¥·±¥´µ¢¸±µ³ ¶·¥¤¥²¥:

lim
Q2→∞

gµνWN(A)
µν (P, q) = − 1

x
F

N(A)
2 (x) .

’ ±¨³ µ¡· §µ³, ¶µ²ÊÎ ¥³ FA2 ¤²Ö 3He ¨ 3H ¢ ¢¨¤¥

F
3He
2 (x3He) =

∫
d3k

(2π)3

[
Ep − k3

Ep
F p

2 (xp) +
ED − k3

ED
FD

2 (xD)+

+
∆

3He
p

Ep
xp
dF p

2 (xp)

dxp
+

∆
3He
p

ED
xD

dFD
2 (xD)

dxD

]
Φ3He

2(k), (87)

F
3H
2 (x3H) =

∫
d3k

(2π)3

[
En − k3

En
F n

2 (xn) +
ED − k3

ED
FD

2 (xD)+

+
∆

3H
n

En
xn
dF n

2 (xn)

dxn
+

∆
3H
n

ED
xD

dFD
2 (xD)

dxD

]
Φ3H

2(k) (88)

¨ ¤²Ö 4He ¢ ¢¨¤¥

F
4He
2 (x4He) =

∫
d3k

(2π)3

[
Ep − k3

Ep
F p

2 (xp) +
E3H − k3

E3H
F

3H
2 (x3H)+

+
∆

4He
p

Ep
xp
dF p

2 (xp)

dxp
+

∆
4He
p

E3H
x3H

dF
3H
2 (x3H)

dx3H
+
En − k3

En
F n

2 (xn) +
E3He − k3

E3He
×
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×F 3He
2 (x3He) +

∆
4He
n

En
xn
dF n

2 (xn)

dxn
+

∆
4He
n

E3He
x3He

dF
3He
2 (x3He)

dx3He

]
Φ4He

2(k),

(89)
£¤¥ ∆A

N = −MA + EN + EA−1 Å Ô´¥·£¨Ö ¸¢Ö§¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ö¤¥·´µ£µ
Ë· £³¥´É .

’·¥Ì³¥·´µ¥ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ΦA
2(k) µ¶·¥¤¥²¥´µ Î¥·¥§ ®§ É· -

¢µÎ´ÊÕ¯ ¢¥·Ï¨´Ê �¥É¥Å‘µ²¶¨É¥· . � ¶·¨³¥·, ¤²Ö 3He ³µ¦´µ § ¶¨¸ ÉÓ

Φ3He
2(k) =

mMD

4EpEDM3He(MD − Ep − ED)2

{∫
d4k1

(2π)4

d4k′1
(2π)4

G
3He

(P, k, k1) ×

×S2

(
2P

3
+ k, k1

)
ΓD

(
2P

3
+ k, k1

)
Γ

D
(

2P

3
+ k, k′1

)
S2

(
2P

3
+ k, k′1

)
⊗

⊗
(∑

s

usα(k)usδ(k)

)
G3He(P, k, k′1)

}
k0=k0p

, (90)

£¤¥ k0p =
M3H

3 − Ep.
�µ¸±µ²Ó±Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥É ·¥ ²¨¸É¨Î´ÒÌ ·¥Ï¥´¨° Ê· ¢´¥´¨Ö

�¥É¥Å‘µ²¶¨É¥·  ¤²Ö ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò É·¥Ì ¨ ¡µ²¥¥ ´Ê±²µ´µ¢, ´¥µ¡Ìµ¤¨³µ
¨¸¶µ²Ó§µ¢ ÉÓ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ¥ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥. � §Ê³´µ ¶·¥¤-
¶µ²µ¦¨ÉÓ, ÎÉµ ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢ ¢Ò· ¦¥´¨ÖÌ (87), (88) ¨ (89)
³µ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸ · ¸¶·¥¤¥²¥´¨Ö³¨, ¨§¢²¥Î¥´´Ò³¨ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ. „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ³Ò ¨¸¶µ²Ó§Ê¥³ · ¸¶·¥¤¥²¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥
¢ · ¡µÉ Ì [93] ¨ [94].

�µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ²¥£Î °Ï¨Ì Ö¤¥· ³µ-
¦¥É ¡ÒÉÓ ¸¢Ö§ ´ ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ x-·¥¸±¥°²¨´£-³µ¤¥²¨ [10, 11].
� ¸¸³µÉ·¨³ ¤²Ö ¶·¨³¥·  ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ 3He. …¸²¨ ¢§£²Ö´ÊÉÓ ´  ¶µ-
¤Ò´É¥£· ²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¢ (87) ± ± ´  ¶¥·¢Ò¥ Î²¥´Ò ·Ö¤  · §²µ¦¥´¨Ö ¶µ
Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ÊÎ¥¸ÉÓ, ÎÉµ Î²¥´Ò ¢ÒÏ¥ ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ ÔÉµ° ¢¥²¨Î¨´¥
¶·¥´¥¡·¥¦¨³µ ³ ²Ò, Éµ ³µ¦´µ ¤µ¡ ¢¨ÉÓ ¢Ò¸Ï¨¥ Î²¥´Ò É ±¨³ µ¡· §µ³, ÎÉµ¡Ò
¶µ²ÊÎ¥´´Ò° ·Ö¤ ³µ¦´µ ¡Ò²µ ¸¢¥·´ÊÉÓ. ‚ ·¥§Ê²ÓÉ É¥ ´ Ìµ¤¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò-
· ¦¥´¨¥ ¤²Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ 3He:

F
3He
2 (x3He) =

∫
dydε

{
F p

2

(
x3He

y − ε
M3He

)
fp/3He(y, ε)+

+FD
2

(
x3He

y − ε
M3He

)
fD/3He(y, ε)

}
, (91)

£¤¥ ε = ∆
3He
p ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± Ô´¥·£¨Õ µÉ¤¥²¥´¨Ö ¸µµÉ¢¥É¸É¢Ê-

ÕÐ¥£µ Ö¤¥·´µ£µ Ë· £³¥´É ,   fp(D)/3He(y, ε) Å ± ± ¸¶¥±É· ²Ó´ÊÕ ËÊ´±Í¨Õ
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¤²Ö ¸¢Ö§ ´´µ£µ ¶·µÉµ´  (¤¥°É·µ´ ):

fp(D)/3He(y, ε) =

∫
d3k

(2π)3
Φ3He

2(k)
m

Ep(D)
yδ

(
y −

Ep(D) − k3

m

)
×

× δ (ε− (Ep + ED −M3He)) .

‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ± ± ³µ¤¨Ë¨± Í¨Ö FN
2 , É ± ¨ ¥¥ Ô¢µ²ÕÍ¨Ö µÉ

A = 1 ¤µ 4, ¶µ²ÊÎ¥´´Ò¥ ¢ ¶µ¤Ìµ¤¥, · §¢¨Éµ³ ¢ [42Ä44], Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³
·¥²ÖÉ¨¢¨¸É¸±µ£µ µ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤· . ‚ Ìµ¤¥  ´ ²¨É¨Î¥¸±¨Ì ¢Ò±² ¤µ±
¸ÊÐ¥¸É¢¥´´µ ¨¸¶µ²Ó§µ¢ ²¸Ö ÉµÉ Ë ±É, ÎÉµ ´Ê±²µ´Ò ¢¥¤ÊÉ ¸¥¡Ö ¢ Ö¤·¥ ± ±
´¥µ¤´µ¢·¥³¥´´Ò¥ ( ¸¨´Ì·µ´´Ò¥) µ¡Ñ¥±ÉÒ. ˆ³¥´´µ ÔÉ  µ¸µ¡¥´´µ¸ÉÓ Ö¢²Ö-
¥É¸Ö ¶·¨Î¨´µ° ÔËË¥±É  Ö¤¥·´µ° ¸¢Ö§¨ ¢ FA2 (x), ±µÉµ·Ò° ¶µÖ¢²Ö¥É¸Ö ¨§-§ 
§ ¢¨¸¨³µ¸É¨  ¤·µ´´µ£µ É¥´§µ·  ¸¢Ö§ ´´µ£µ ´Ê±²µ´  µÉ τi. � §¢¨ÉÒ° ¶µ¤Ìµ¤
µ¡² ¤ ¥É ¤¢Ê³Ö ¤µ¸Éµ¨´¸É¢ ³¨. ‚µ-¶¥·¢ÒÌ, µ´ ¶µ§¢µ²Ö¥É ¥¸É¥¸É¢¥´´Ò³ µ¡· -
§µ³ ¢µ¸¶·µ¨§¢¥¸É¨ ·¥§Ê²ÓÉ ÉÒ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ³µ¤¥²¥° (´ ¶·¨³¥·, [11]), ¢
±µÉµ·ÒÌ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ¢¢µ¤ÖÉ¸Ö ¸ ¶µ³µÐÓÕ ¶ · ³¥É·¨§ Í¨°. ‚µ-
¢Éµ·ÒÌ, ·¥§Ê²ÓÉ ÉÒ [44] ²¥£±µ ¶·¥¤¸É ¢¨ÉÓ ´ £²Ö¤´µ ¶·¨ ¶µ³µÐ¨ ¸· ¢´¥´¨Ö ¸
·¥§Ê²ÓÉ É ³¨ x-·¥¸±¥°²¨´£-³µ¤¥²¨ [11]. �  ¸ ³µ³ ¤¥²¥, ¨§ ¸· ¢´¥´¨Ö Ê· ¢´¥-
´¨° (73) ¨ (87) ¸ Ê· ¢´¥´¨¥³ (91) ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ·¥¸±¥°²¨´£ ¶¥·¥³¥´´µ°
�Ó¥·±¥´  x ¸²¥¤Ê¥É ¨§ § ¢¨¸¨³µ¸É¨ µÉ´µ¸¨É¥²Ó´µ£µ ¢·¥³¥´¨ τi, ¸µ¤¥·¦ Ð¥°¸Ö
¢ ±µ³¶Éµ´µ¢¸±µ°  ³¶²¨ÉÊ¤¥ ¢´¥³ ¸¸µ¢µ£µ ´Ê±²µ´ . ‡ ³¥É¨³, ÎÉµ ¸¢Ö§Ó ³ ¸¸Ò
´Ê±²µ´  ¸ Î¥ÉÒ·¥Ì³¥·´Ò³ · ¤¨Ê¸µ³ µ¡² ¸É¨ ¥£µ ²µ± ²¨§ Í¨¨ r2 ∼ 1/m2 ¶µ-
§¢µ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ § ¢¨¸¨³µ¸ÉÓ µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¢·¥³¥´¨ τi
¤µ²¦´  ¶·¨¢µ¤¨ÉÓ ± Ê¢¥²¨Î¥´¨Õ µ¡² ¸É¨ ²µ± ²¨§ Í¨¨ ´Ê±²µ´ . �ÉµÉ ¢Ò¢µ¤ ¢
´¥±µÉµ·µ³ ¸³Ò¸²¥ ´ ¶µ³¨´ ¥É ³µ¤¥²Ó´µ¥ · ¸¸³µÉ·¥´¨¥ ÔËË¥±É  Ê¢¥²¨Î¥´¨Ö
· ¤¨Ê¸  ±µ´Ë °´³¥´É  ¨²¨ · §¡ÊÌ ´¨Ö ´Ê±²µ´  [8].

�ËË¥±ÉÒ Ö¤¥·´µ° ¸¢Ö§¨ ¶·¥¤¸É ¢²¥´Ò ¢ Ê· ¢´¥´¨ÖÌ (87) ¨ (89) ± ±
¶¥·¢Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢. ‚¸²¥¤¸É¢¨¥

ÔÉµ£µ ¢Ìµ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨Ö ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ F
n(p)
2 (x) µ¶·¥¤¥²ÖÕÉ ´¥

Éµ²Ó±µ ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê ´Ê±²µ´ , ´µ É ±¦¥ ¨ ¤¨´ ³¨±Ê ¤¢ÊÌ´Ê±²µ´-
´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �´ ²µ£¨Î´µ, FD

2 (x) µÉ¢¥Î ¥É §  ¸É·Ê±ÉÊ·Ê ¤¢ÊÌ´Ê±²µ´-
´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ §  ¤¨´ ³¨±Ê É·¥Ì´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.
‘µ£² ¸´µ Ê· ¢´¥´¨Õ (74) ¶·µ¨§¢µ¤´ Ö FD

2 (x) ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§
¶·µ¨§¢µ¤´Ò¥ ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¶µ·Ö¤±  µÉ FN

2 ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±µÔË-
Ë¨Í¨¥´É ³¨. �µ¸±µ²Ó±Ê ¢´¥³ ¸¸µ¢ Ö ¤¥Ëµ·³ Í¨Ö ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ¤¥°-
É·µ´  µ¶·¥¤¥²Ö¥É¸Ö ¢Éµ·µ° ¶·µ¨§¢µ¤´µ° µÉ FN

2 , ¨³¥´´µ ÔÉµÉ Î²¥´ µÉ¢¥É¸É¢¥´

§  É·¥Ì´Ê±²µ´´ÊÕ ¤¨´ ³¨±Ê. �¤´ ±µ ¢Éµ· Ö ¶·µ¨§¢µ¤´ Ö FN
2 ¢Ìµ¤¨É ¢ F

3He
2 ¸

µÎ¥´Ó ³ ²¥´Ó±¨³ ±µÔËË¨Í¨¥´Éµ³, ∆
3He
D ∆D

p , ÎÉµ ¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥ÎÓ É·¥Ì-
´Ê±²µ´´µ° ¤¨´ ³¨±µ° ¶·¨ · ¸¸³µÉ·¥´¨¨ ÔËË¥±Éµ¢ Ö¤¥·´µ° ¸¢Ö§¨ ¢ ƒ��.

�¥µ¡Ìµ¤¨³ Ö ¤²Ö · ¸Î¥Éµ¢ ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö ´Ê±²µ´  ¢¢µ¤¨É¸Ö ¸ ¶µ-
³µÐÓÕ ¶ · ³¥É·¨§ Í¨¨ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ƒ�� ²¥¶Éµ-
´µ¢ ´  ¶·µÉµ´ Ì ¨ ¤¥°É·µ´ Ì. ŒÒ ¨¸¶µ²Ó§µ¢ ²¨ ¶ · ³¥É·¨§ Í¨Õ F p

2 (x,Q2),
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¶µ²ÊÎ¥´´ÊÕ ´¥¤ ¢´µ ¢ [86]. ‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö F n
2 (x) ´ °¤¥´  ¨§ ·¥§Ê²ÓÉ -

Éµ¢ ¨§³¥·¥´¨Ö F p
2 (x) ¨ µÉ´µÏ¥´¨Ö F n

2 (x)/F p
2 (x), ¶µ²ÊÎ¥´´ÒÌ ¢ [85]. „µ¶µ²-

´¨É¥²Ó´Ò¥ · ¸Î¥ÉÒ, ¢ ±µÉµ·ÒÌ ´ ³¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó · §²¨Î´Ò¥ ¶ · ³¥É·¨-
§ Í¨¨, ¶µ± § ²¨, ÎÉµ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ·¥§Ê²ÓÉ É Ì ¨§³¥·¥´¨Ö  ¡¸µ²ÕÉ´ÒÌ

§´ Î¥´¨° F p(n)
2 (x) ¶µ¤ ¢²¥´Ò ¶·¨ ¢ÒÎ¨¸²¥´¨¨ µÉ´µÏ¥´¨Ö rA(x).

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ±µÉµ·Ò¥ ¤¥³µ´¸É·¨·ÊÕÉ, ± ±¨³ µ¡· §µ³
‘” ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  FN

2 (x) (A = 1) ¸µµÉ´µ¸¨É¸Ö ¸ ¤¥°É·µ´´µ° (A = 2) ¨
£¥²¨¥¢µ° (A = 3 ¨ 4) ¸É·Ê±ÉÊ·´Ò³¨ ËÊ´±Í¨Ö³¨, ¶·¨¢¥¤¥´Ò ´  ·¨¸.6,a. ’¥
¦¥ ¸ ³Ò¥ ³µ¤¨Ë¨± Í¨¨, ¢ÒÎ¨¸²¥´´Ò¥ ¶µ µÉ´µÏ¥´¨Õ ± FD

2 (x), ¶·¨¢¥¤¥´Ò
´  ´  ·¨¸.6,¡. ‚ µÉ²¨Î¨¥ µÉ ³µ¤¨Ë¨± Í¨°, ´ ¡²Õ¤ ÕÐ¨Ì¸Ö ¤²Ö ÉÖ¦¥²ÒÌ
Ö¤¥· ¸ ³ ¸¸ ³¨ A > 4, ¢¨¤ µ¸Í¨²²ÖÍ¨° µÉ´µÏ¥´¨Ö rA(x) ³¥´Ö¥É ¸¢µÕ Ëµ·³Ê
¶·¨ A ≤ 4, ÎÉµ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ ±µµ·¤¨´ ÉÒ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö x3 ¢
´ ¶· ¢²¥´¨¨ ¡�µ²ÓÏ¨Ì §´ Î¥´¨° x.

�¨¸. 6. a) �É´µÏ¥´¨¥ ‘” FA2 (x)/FN
2 (x). ¡) �É´µÏ¥´¨¥ ‘” FA2 (x) (A=4) ¨ (F

3H
2 (x)+

+F
3He
2 (x))/2 ± ‘” ¤¥°É·µ´  FD

2 (x). �Ê´±É¨·µ³ ´  ·¨¸.a ¶µ± § ´ ·¥§Ê²ÓÉ É · ¸Î¥Éµ¢
¤²Ö ¤¥°É·µ´  A = 2. �¥§Ê²ÓÉ ÉÒ ¤²Ö A = 3, 4 ¶·¨¢¥¤¥´Ò ¸¶²µÏ´Ò³¨ ±·¨¢Ò³¨

Œµ¤¨Ë¨± Í¨¨, ¢ÒÎ¨¸²¥´´Ò¥ ¶µ µÉ´µÏ¥´¨Õ ± FN
2 (x) (·¨¸.6,a), ¶·¥¤¸É -

¢²ÖÕÉ ´¥ Éµ²Ó±µ  ± ¤¥³¨Î¥¸±¨° ¨´É¥·¥¸. Œµ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¨Ì ¤²Ö Éµ£µ,
ÎÉµ¡Ò ¶µ± § ÉÓ, ÎÉµ ¨¸± ¦¥´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤·¥ ¤¥°É¥·¨Ö ´¥²Ó§Ö
· ¸¸³ É·¨¢ ÉÓ ± ± ¶·¥´¥¡·¥¦¨³µ ³ ²Ò¥,   ¸µµÉ´µÏ¥´¨¥ FA2 (x)/FD

2 (x) ≈
≈ FA2 (x)/FN

2 (x) ´¥²Ó§Ö ¸Î¨É ÉÓ µ¶· ¢¤ ´´Ò³. „¥°¸É¢¨É¥²Ó´µ, ± ± ¸²¥¤Ê¥É ¨§
·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ¶·¨ A = 3, ¶µ²µ¦¥´¨¥ x3 ¸³¥Ð ¥É¸Ö ´  ¢¥²¨Î¨´Ê 0,08,
¥¸²¨ FN

2 (x) § ³¥´¨ÉÓ ´  FD
2 (x) (·¨¸.6,¡). �Éµ ¸³¥Ð¥´¨¥ ¢ ¢µ¸¥³Ó · § ¶·¥¢Ò-

Ï ¥É ¢¥²¨Î¨´Ê Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶µ£·¥Ï´µ¸É¨ ¢ ±µµ·¤¨´ É¥ x3, ´ °¤¥´´µ°
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¨§ ´¥¤ ¢´¥£µ  ´ ²¨§  ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨Ö FA2 (x)/FD
2 (x) [30]. ‘µ£² ¸´µ

· ¡µÉ¥ [30] x3 = 0,84 ± 0,01 ´¥§ ¢¨¸¨³µ µÉ A, ¥¸²¨ A > 4. ’ ± Ö ÉµÎ´µ¸ÉÓ
¶µ§¢µ²Ö¥É ´ ¤¥¦´µ µÉ²¨Î¨ÉÓ ÔËË¥±É ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´  µÉ
³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ .

ˆ´É¥·¥¸´µ, ÎÉµ §´ Î¥´¨¥ (1 − x3), ±µÉµ·µ¥ ¸µ¸É ¢²Ö¥É ∼ 0, 32 ¤²Ö
FD

2 (x)/FN
2 (x), Ê³¥´ÓÏ ¥É¸Ö ¤µ ∼ 0, 16 ¨ ∼ 0, 08 ¤²Ö µÉ´µÏ¥´¨°

FA=3
2 (x)/FD

2 (x) ¨ F
4He
2 (x)/FD

2 (x) ¸µµÉ¢¥É¸É¢¥´´µ. „ ²Ó´¥°Ï Ö Ô¢µ²ÕÍ¨Ö ³µ-
¤¨Ë¨± Í¨° FN

2 (x) ¢ Ö¤· Ì ÉÖ¦¥²¥¥, Î¥³ 4He, § ¶·¥Ð¥´  ¶·¨´Í¨¶µ³ � Ê²¨.
Š ± ¸²¥¤Ê¥É ¨§ Ëµ·³Ò ±·¨¢ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸.6,a,   É ±¦¥ ¨§ ¸µµÉ´µ-
Ï¥´¨° ³¥¦¤Ê ±µµ·¤¨´ É ³¨ ÉµÎ¥± ¶¥·¥¸¥Î¥´¨Ö x3, ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  · §¢¨¢ ¥É¸Ö ± ± ´ ¸ÒÐ ÕÐ¨°¸Ö ¶·µÍ¥¸¸, ÎÉµ ¶µ²´µ¸ÉÓÕ ¸µ£² ¸Ê¥É¸Ö
¸ ¶·¥¤¸É ¢²¥´¨¥³ µ ¡Ò¸É·µ³ ´ ¸ÒÐ¥´¨¨ Ö¤¥·´ÒÌ ¸¨² ¸¢Ö§¨. �Éµ Ö¢²¥´¨¥ ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ ¢¢¥¸É¨ ±² ¸¸ x-§ ¢¨¸¨³ÒÌ ³µ¤¨Ë¨± Í¨°, µ¡Ê¸²µ¢²¥´´ÒÌ ÔËË¥±-
É ³¨ Ö¤¥·´µ° ¸¢Ö§¨. ‚´ÊÉ·¨ · ¸¸³ É·¨¢ ¥³µ£µ ±² ¸¸  ´¥ ¸ÊÐ¥¸É¢Ê¥É ´¨± ±¨Ì
³¥Ì ´¨§³µ¢, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò ¶·¨¢¥¸É¨ ± ¤ ²Ó´¥°Ï¨³ ¨§³¥´¥´¨Ö³ Ëµ·³Ò
rA(x), µ¡· §µ¢ ¢Ï¥°¸Ö ´  ¶¥·¢µ° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨, A ≤ 4. �¢µ²ÕÍ¨Ö ³µ¤¨-
Ë¨± Í¨° ± ¡µ²¥¥ ÉÖ¦¥²Ò³ Ö¤· ³, £¤¥ ¨ ¡Ò² µ¡´ ·Ê¦¥´ ÔËË¥±É …Œ‘, ¤µ²¦´ 
¶·µ¨¸Ìµ¤¨ÉÓ ´¥§ ¢¨¸¨³µ µÉ x ¨ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¢Éµ· Ö ¸É ¤¨Ö [29]. Šµ´-
Í¥¶Í¨Ö Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ Ö¤¥·´µ³ µ±·Ê¦¥´¨¨, ¢
¢¨¤¥ ¤¢ÊÌ ¸É ¤¨° Ö¢²Ö¥É¸Ö ·¥Ï ÕÐ¥° ¤²Ö ¶µ´¨³ ´¨Ö ¤ ¢´¥° ¶·µ¡²¥³Ò …Œ‘-
ÔËË¥±É .

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¢ Î ¸É´µ¸É¨ §´ Î¥´¨Ö (1 − x3), ³µ£ÊÉ ¡ÒÉÓ ¨¸-
¶µ²Ó§µ¢ ´Ò ¤²Ö ¢¢¥¤¥´¨Ö ±µ²¨Î¥¸É¢¥´´µ° Ì · ±É¥·¨¸É¨±¨ ÔËË¥±É  ³µ¤¨Ë¨-
± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A. ’ ±, ¶·¨´¨³ Ö
§  ¥¤¨´¨ÍÊ ³µ¤¨Ë¨± Í¨¨ ¢¥²¨Î¨´ÊM = 1/(1−x3), ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¸²ÊÎ Õ
FD

2 /F
N
2 , ´ Ìµ¤¨³, ÎÉµ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì A = = 2, 3

¨ 4 ¸µµÉ´µ¸ÖÉ¸Ö ± ± 1:2:4. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¨§  ´ ²¨§  ¤ ´´ÒÌ ´  Ö¤· Ì ¢
µ¡² ¸É¨ A = 9÷197 ¶µ²ÊÎ¥´µ, ÎÉµ x3 ´¥ § ¢¨¸¨É µÉ A ¨ ¸µ¸É ¢²Ö¥É ¢ ¸·¥¤´¥³
x3 = 0, 84± 0, 01 [30]. ‚ É¥·³¨´ Ì M ¢¥²¨Î¨´  ³µ¤¨Ë¨± Í¨¨ ¢ ÔÉµ³ ¸²ÊÎ ¥
M = 2. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ ¤²Ö ¸²ÊÎ Ö µ¶¨¸ ´¨Ö ‘” ´Ê±²µ´  ¶·µ¸É¥°Ï¥°
§ ¢¨¸¨³µ¸ÉÓÕ F2 ∼ (1 − x)3 ¢¢¥¤¥´´ Ö ´ ³¨ Ì · ±É¥·¨¸É¨±  ¸¢Ö§ ´  ¸ ¶·µ-
¨§¢µ¤´µ° F2 ¨ ¸ ³µ° ¢¥²¨Î¨´µ° F2 ¢ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö: M ∼ F

′

2/F2|x=x3 .
‡ ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´ÒM µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A, ¶·¨¢¥¤¥´´ Ö ´  ·¨¸.7, Ö¢²Ö-
¥É¸Ö Ê¤µ¡´µ° ¨²²Õ¸É· Í¨¥° ±µ´Í¥¶Í¨¨ Ô¢µ²ÕÍ¨¨ ³µ¤¨Ë¨± Í¨° ´Ê±²µ´  ¢
¤¢¥ ¸É ¤¨¨. Ÿ¤· , ¤²Ö ±µÉµ·ÒÌ M ´ ¤¥¦´µ µ¶·¥¤¥²¥´  ¨§ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ, ´ Ìµ¤ÖÉ¸Ö ¢ µ¡² ¸É¨ A ≥ 9 ¨ ¶µ± § ´Ò ´  ·¨¸. 7 ¸ ¶µ³µÐÓÕ
§ ÏÉ·¨Ìµ¢ ´´ÒÌ ±²¥Éµ±.

�µ¸±µ²Ó±Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö Ö¤¥· A = 2 ¨ 3 µÉ¸ÊÉ¸É¢ÊÕÉ,
¶·¥¤¸± § ´¨Ö · ¡µÉ [43, 44] ³µ£ÊÉ ¡ÒÉÓ ¶·µ¢¥·¥´Ò Éµ²Ó±µ ¸· ¢´¥´¨¥³ ¸ ·¥-
§Ê²ÓÉ É ³¨ ¤²Ö µÉ´µÏ¥´¨Ö F

4He
2 (x)/FD

2 (x), ¶·¨¢¥¤¥´´Ò³¨ ¢ [55, 95] ¨ ¶µ± -
§ ´´Ò³¨ ´  ·¨¸.8. �µ²µ¦¥´¨¥ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö · ¸Î¥É´µ° ±·¨¢µ° ¸ ²¨´¨¥°
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M

�¨¸. 7. ‘É¥¶¥´Ó ¨¸± ¦¥´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  M ¢ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸µ¢µ£µ
Î¨¸²  A

r(x) = 1 ¸µµÉ¢¥É¸É¢Ê¥É ¢¥²¨Î¨´¥ x3 = 0,913, ÎÉµ ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² -
¸¨¨ ¸ ¤ ´´Ò³¨. �¥¡µ²ÓÏµ¥ ¸¨¸É¥³ É¨Î¥¸±µ¥ µÉ±²µ´¥´¨¥ ±·¨¢µ° ¶·¨ x < 0, 2
³µ¦¥É ¡ÒÉÓ µÉ´¥¸¥´µ ´  ¸Î¥É ¶ · ³¥É·¨§ Í¨¨ ´Ê±²µ´´ÒÌ ¤ ´´ÒÌ ¨¸¶µ²Ó§Ê¥-
³µ° ¤²Ö · ¸Î¥É  ¶·µ¨§¢µ¤´µ° FN

2 . �¥§´ Î¨É¥²Ó´Ò¥ ¨§³¥´¥´¨Ö ¶ · ³¥É·¨§ -
Í¨¨, ¶µ§¢µ²ÖÕÐ¨¥ ¢µ¸¶·µ¨§¢¥¸É¨ ÉµÎ±¨ x1 ¨ x2, ¶·¨¢µ¤ÖÉ ± ¸ÊÐ¥¸É¢¥´´µ³Ê
Ê²ÊÎÏ¥´¨Õ ¸µ£² ¸¨Ö É¥µ·¨¨ ¨ Ô±¸¶¥·¨³¥´É  ¢ µ¡² ¸É¨ x < 0, 2 (¸³. ·¨¸.9).

�¨¸. 8. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢

F
4He
2 (x)/FD

2 (x), ¢Ò¶µ²´¥´´ÒÌ ¢ [43,
44], ¶µ± § ´Ò ¸¶²µÏ´µ° ±·¨¢µ°. �±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· -
¦¥´Ò Î¥·´Ò³¨ [55] ¨ ¸¢¥É²Ò³¨ [95]
±·Ê¦± ³¨

�¥§Ê²ÓÉ É · ¸Î¥É  ¤²Ö A = 3 Ìµ-
·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ Ëµ·³µ° ³µ¤¨Ë¨± -
Í¨¨, ´ °¤¥´´µ° ¢ Ô±¸¶¥·¨³¥´É Ì ´  ¸Ê-
Ð¥¸É¢¥´´µ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤· Ì, ± ±,
´ ¶·¨³¥·, ´  Ö¤· Ì ¦¥²¥§ , ¸¥·¥¡· , §µ-
²µÉ . ‘µ£² ¸¨¥ µ¶·¥¤¥²Ö¥É¸Ö É¥³, ÎÉµ
¶µ²ÊÎ¥´´µ¥ ¨§ É¥µ·¨¨ §´ Î¥´¨¥ x3 =
0,845 ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥° ¸µ¢¶ -
¤ ¥É ¸ Ô±¸¶¥·¨³¥´Éµ³. ‚ ·¥§Ê²ÓÉ É¥ ³µ-
¤¨Ë¨± Í¨Ö µÉ´µÏ¥´¨Ö ‘” ¢ µ¡² ¸É¨
A > 4 ¶·µ¨¸Ìµ¤¨É ¶·µ¸Éµ ± ± Ê¢¥²¨-
Î¥´¨¥  ³¶²¨ÉÊ¤Ò µÉ±²µ´¥´¨° µÉ ²¨´¨¨
rA(x) = 1 ¡¥§ ¨§³¥´¥´¨Ö x-§ ¢¨¸¨³µ¸É¨.
Š ± ¶µ± § ´µ ¢ · ¡µÉe [30], ·¥§Ê²ÓÉ ÉÒ
¢¸¥Ì Ô±¸¶¥·¨³¥´Éµ¢ ´  Ö¤· Ì (§  ¨¸-
±²ÕÎ¥´¨¥³ Ö¤·  4He) ¶·¥¢µ¸Ìµ¤´µ ¸µ-
£² ¸ÊÕÉ¸Ö ¸ · ¸Î¥Éµ³ ¤²Ö A = 3 ¸ ¶µ³µ-
ÐÓÕ ¢¢¥¤¥´¨Ö ³ ¸ÏÉ ¡´µ£µ ¶ · ³¥É· .
‡ ¢¨¸¨³µ¸ÉÓ ³ ¸ÏÉ ¡´µ£µ ¶ · ³¥É·  µÉ
A ¸¢Ö§ ´  ¸ ¨§³¥´¥´¨¥³ ¸·¥¤´¥° Ö¤¥·-
´µ° ¶²µÉ´µ¸É¨ ¨ ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  ¸ ¶µ³µÐÓÕ ¶µÉ¥´Í¨ ²  ‚Ê¤¸ Å
‘ ±¸µ´ . �  ·¨¸.10 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  ¢ É·¥Ì´Ê±²µ´´µ° ¸¨¸É¥³¥ (¸¢¥É² Ö § ÏÉ·¨Ìµ¢ ´´ Ö µ¡² ¸ÉÓ) ¨ ¶µ-
± § ´µ, ± ± ¸É·Ê±ÉÊ·  ´Ê±²µ´  Ô¢µ²ÕÍ¨µ´¨·Ê¥É ¢ Ö¤· Ì 12C, 56Fe ¨ 197Au
(ÏÉ·¨Ìµ¢±  c · §´µ° ¶²µÉ´µ¸ÉÓÕ).

‚Ò¶µ²´¥´´Ò° ¢ · ¡µÉ Ì [28Ä30]  ´ ²¨§ Ê¡¥¦¤ ¥É ¢ Éµ³, ÎÉµ ¢Éµ· Ö ¸É ¤¨Ö
(A > 4) Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì ¶·µÉ¥± ¥É ¡¥§ ¨¸± ¦¥´¨Ö ¶ ·-
Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° Ö¤¥·´µ° ¸·¥¤µ°. �ÉµÉ Ë ±É ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ
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�¨¸. 9. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ F
4He
2 (x)/FD

2 (x) ¸ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ¶ · ³¥É·¨§ Í¨¥°
FN

2 ¶µ± § ´Ò ¸¶²µÏ´µ° ±·¨¢µ°. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· ¦¥´Ò Î¥·-
´Ò³¨ [55] ¨ ¸¢¥É²Ò³¨ [95] ±·Ê¦± ³¨

…Œ‘-ÔËË¥±É ± ± Î ¸É´Ò° ¸²ÊÎ ° ³µ¤¨Ë¨± Í¨° ¤²Ö µ¡² ¸É¨ A ≤ 4. �µ¢Éµ·¥-
´¨¥ ÔËË¥±É , ¶µ²ÊÎ¥´´µ£µ ¢ · ¸Î¥É Ì ¤²Ö É·¥Ì´Ê±²µ´´µ° ¸¨¸É¥³Ò, ¢ ÉÖ¦¥²ÒÌ
Ö¤· Ì ³µ¦¥É ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ¡ µ¤¨´ ±µ¢µ° Éµ¶µ²µ£¨¨ Ö¤¥·´ÒÌ ¸¨² ¶·¨ A
= 3 ¨ ¶·¨ A ≥ 4.

5.3. �· ¢¨²µ ¸Ê³³ ƒµÉÉË·¨¤ . ‘É·µ£µ £µ¢µ·Ö, Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ-
¢¥·±  ¶· ¢¨² ¸Ê³³ Š•„ É·¥¡Ê¥É µ¶·¥¤¥²¥´¨Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ´¥°É·µ´ 
F n

2 (x) ¢µ ¢¸¥° µ¡² ¸É¨ ¨§³¥´¥´¨Ö ¶¥·¥³¥´´µ° x. �µÔÉµ³Ê ¥¸É¥¸É¢¥´´µ µ¦¨-
¤ ÉÓ, ÎÉµ · ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ ÔËË¥±ÉÒ µ± ¦ÊÉ¸Ö ¢ ¦´Ò³¨ ¶·¨  ´ ²¨§¥ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚Ò· ¦¥´¨¥ (76) ¶µ± §Ò¢ ¥É, ÎÉµ ¨´É¥£· ²

ID =

∫ 1

0

dx

x

(
2F p

2 (x)− 2FD
2 (x)

)
,

±µÉµ·Ò° µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±¨ ¶· ¢¨²  ¸Ê³³
ƒµÉÉË·¨¤  [87], ¸µ¢¶ ¤ ¥É ¸ ¨´É¥£· ²µ³ ƒµÉÉË·¨¤  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶µ¶· ¢±¨,
¶·µ¶µ·Í¨µ´ ²Ó´µ° FN

2 (x = 0):

ID =

∫ 1

0

dx

x
(F p

2 (x)− F n
2 (x)) − 2

〈MD − 2ED〉D
m

FN
2 (x = 0) .

�µ¸±µ²Ó±Ê §´ Î¥´¨¥ ‘” ´Ê±²µ´  ¢ ´Ê²¥ ´¥¨§¢¥¸É´µ ¨, ¸Ê¤Ö ¶µ ¶µ¸²¥¤´¨³
Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ [87], ¡Ò¸É·µ · ¸É¥É ¶·¨ x → 0, Éµ ¨§¢²¥Î¥´´ Ö
É ±¨³ µ¡· §µ³ ¢¥²¨Î¨´  É¥³ ¸¨²Ó´¥¥ ¶¥·¥µÍ¥´¨¢ ¥É ¨¸É¨´´µ¥ §´ Î¥´¨¥ ¨´É¥-
£· ²  ƒµÉÉË·¨¤ , Î¥³ ¡²¨¦¥ ± ´Ê²Õ ¡¥·¥É¸Ö ´¨¦´¨° ¶·¥¤¥² ¨´É¥£·¨·µ¢ ´¨Ö
¢ ·¥ ²Ó´µ³ Ô±¸¶¥·¨³¥´É¥.
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�¨¸. 10. �¢µ²ÕÍ¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì µÉ A = 3 (�Ê·µ¢, Œµ²µÎ±µ¢, ‘³¨·´µ¢)
¤µ A = 197 (‚Ê¤¸Å‘ ±¸µ´), ¶µ²ÊÎ¥´´ Ö Ê³´µ¦¥´¨¥³ FA=3

2 (x)/FD
2 (x) ´  ³ ¸ÏÉ ¡´Ò°

¶ · ³¥É·. ‡ ¢¨¸¨³µ¸ÉÓ ¶ · ³¥É·  µÉ A µ¶·¥¤¥²Ö¥É¸Ö ¶µÉ¥´Í¨ ²µ³ ‚Ê¤¸ Å‘ ±¸µ´  ¨
¶µ± § ´  ¸ ¶µ³µÐÓÕ ÏÉ·¨Ìµ¢±¨ · §´µ° ¶²µÉ´µ¸É¨. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ´  §µ²µÉµ°
³¨Ï¥´¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [55]

‚ ´¥¤ ¢´¨Ì Ô±¸¶¥·¨³¥´É Ì ¸µÉ·Ê¤´¨Î¥¸É¢  NMC ¶µ²ÊÎ¥´µ, ÎÉµ
ID(0, 004) = 0, 2281±0, 0065 [87]. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ, ¤¢¨£ Ö¸Ó ¢ É ±µ³ Ô±¸-
¶¥·¨³¥´É¥ ¢ µ¡² ¸ÉÓ ¢¸¥ ³¥´ÓÏ¨Ì x, ¶·¨ ´¥±µÉµ·µ³ x0 = x1 ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
§´ Î¥´¨¥ I , Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥ ¶· ¢¨²Ê ¸Ê³³ ƒµÉÉË·¨¤ , Å ID(x1) = 1/3,  
¶µÉµ³ ¶¥·¥µÍ¥´¨ÉÓ ¥£µ.

ˆÉ ±, Ô±¸¶¥·¨³¥´ÉÒ ¶µ ƒ�� ´  ¤¥°É·µ´¥ ¨ ¶·µÉµ´¥ ¶µ§¢µ²ÖÕÉ § ±²ÕÎ¨ÉÓ,
ÎÉµ ¶· ¢¨²µ ¸Ê³³ ƒµÉÉË·¨¤  ´ ·ÊÏ¥´µ. ‚ Éµ ¦¥ ¸ ³µ¥ ¢·¥³Ö ´¥É µ¸´µ¢ ´¨°
¸Î¨É ÉÓ, ÎÉµ ¨´É¥£· ² ƒµÉÉË·¨¤  ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´ ¨§ ¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ
¸ ²Õ¡µ° ´ ¶¥·¥¤ § ¤ ´´µ° ÉµÎ´µ¸ÉÓÕ.

‘µ¢¸¥³ ¨´ Ö ¸¨ÉÊ Í¨Ö ³µ¦¥É ¢µ§´¨±´ÊÉÓ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¶µ ƒ�� ´  3He ¨ 3H. ‚ÒÎ¨¸²¨³ ¨´É¥£· ² ƒµÉÉË·¨¤ , ¶µ¤¸É ¢¨¢ ¢³¥-
¸Éµ ‘” ¶·µÉµ´  ¨ ´¥°É·µ´  ‘” 3He ¨ 3H ¶µ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ ¢Ò· ¦¥´¨Ö (87)
¨ (88). ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

I3H =

1∫
0

dx

x

(
F

3He
2 (x)− F 3H

2 (x)
)

=

=

1∫
0

dx

x
(F p

2 (x) − F n
2 (x))− 2

〈∆p
3He〉3He

m
(F p

2 (x = 0)− F n
2 (x = 0)).
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�·¥¤¶µ²µ¦¨¢ ¨§µ¸¶¨´µ¢ÊÕ ¸¨³³¥É·¨Õ ±¢ ·±µ¢µ£µ ³µ·Ö ¶·¨ x → 0, ³µ¦´µ
§ ±²ÕÎ¨ÉÓ, ÎÉµ ¶µ¸²¥¤´¨° Î²¥´ § ´Ê²Ö¥É¸Ö, ¨ I3H ¸µ¢¶ ¤ ¥É ¸ ¨´É¥£· ²µ³
ƒµÉÉË·¨¤ . ’ ±¨³ µ¡· §µ³, Ô±¸¶¥·¨³¥´É, ¨¸¶µ²Ó§ÊÕÐ¨° 3He- ¨ 3H-³¨Ï¥´¨,
¶µ§¢µ²¨² ¡Ò ¶·µ¢¥·¨ÉÓ ¶· ¢¨²µ ¸Ê³³ ƒµÉÉË·¨¤  ´¥§ ¢¨¸¨³µ µÉ ³µ¤¥²Ó´ÒÌ
´¥µ¶·¥¤¥²¥´´µ¸É¥° ¨ ¡¥§ ´¥µ¡Ìµ¤¨³µ¸É¨ ÊÎ¨ÉÒ¢ ÉÓ ÔËË¥±ÉÒ Ö¤¥·´µ° ¸¢Ö§¨.

‘Ê³³¨·ÊÖ ·¥§Ê²ÓÉ ÉÒ ÔÉµ£µ · §¤¥² , ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ:

• Œµ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò° ³¥Éµ¤, · §¢¨ÉÒ° ´  µ¸´µ¢¥ ¶µ¤Ìµ¤ , ¨§²µ¦¥´-
´µ£µ ¢ · §¤. 3, ¶µ§¢µ²¨² · ¸¸Î¨É ÉÓ ‘” ²¥£±¨Ì Ö¤¥· ¢ É¥·³¨´ Ì ‘”
Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢ ¨ É·¥Ì³¥·´µ£µ ¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö. ‚ ·¥-
§Ê²ÓÉ É¥ ‘” FA2 (x) ¡Ò²  · ¸¸Î¨É ´ , ´¥ ¶·¨¡¥£ Ö ± Î¨¸²¥´´µ³Ê ·¥Ï¥-
´¨Õ Ê· ¢´¥´¨Ö (49).

• �µ²ÊÎ¥´´µ¥ ¶µ¢¥¤¥´¨¥ µÉ´µÏ¥´¨° ‘” ²¥£±¨Ì Ö¤¥· D, 3He ¨ 4He ± ‘”
¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·Ò
´Ê±²µ´  ¢ ²¥£Î °Ï¨Ì Ö¤· Ì Ö¢²Ö¥É¸Ö ¤¥³µ´¸É· Í¨¥° ¶·µ¸É· ´¸É¢¥´´µ-
¶µ¤µ¡´µ° ¤¥Ëµ·³ Í¨¨ ¶ ·Éµ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ¸¢Ö§ ´´µ³ ´Ê±²µ´¥.

• �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ µÉ´µÏ¥´¨Ö ‘” 3He ¨ 4He ± ‘” ¤¥°É·µ´ , ¶·µ-
¢¥·±  ±µÉµ·ÒÌ ¶² ´¨·Ê¥É¸Ö ¢ TJNAF ¨ HERA, ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ¶·¥¤¸± § ´¨Ö Éµ£µ, ÎÉµ …Œ‘-ÔËË¥±É ´  ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤· Ì ³µ¦´µ
¶µ´¨³ ÉÓ ± ± ³µ¤¨Ë¨± Í¨Õ ¸É·Ê±ÉÊ·Ò ¸¢Ö§ ´´µ£µ ¢ 3He ´Ê±²µ´ , ±µ-
Éµ· Ö Ê¸¨²¨¢ ¥É¸Ö ÔËË¥±É ³¨ Ö¤¥·´µ° ¶²µÉ´µ¸É¨.

• �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢ µ¡² ¸É¨ …Œ‘-ÔËË¥±É 
(0,3 < x < 0,9) ¤¢ÊÌ´Ê±²µ´´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ¤µ³¨´¨·ÊÕÐ¨° ³¥Ì ´¨§³ ¶·¨ µ¶¨¸ ´¨¨ Ö¤¥·´ÒÌ ¸¨² ¸¢Ö§¨.

6. ‡�Š‹�—…�ˆ…

�·¥¤²µ¦¥´ É¥µ·¥É¨±µ-¶µ²¥¢µ° ¶µ¤Ìµ¤, ¢ · ³± Ì ±µÉµ·µ£µ ·¥ ²¨§µ¢ ´µ
·¥²ÖÉ¨¢¨¸É¸±µ¥ · ¸¸³µÉ·¥´¨¥ ÔËË¥±Éµ¢ ¸¢Ö§¨ ´Ê±²µ´µ¢ ¢ ²¥£Î °Ï¨Ì Ö¤· Ì.
�·¨ ÔÉµ³ ¶µ± § ´µ, ÎÉµ ´¥µ¤´µ¢·¥³¥´´µ¸ÉÓ ´Ê±²µ´µ¢ ¢ Ö¤·¥ Ö¢²Ö¥É¸Ö ´¥µ¡-
Ìµ¤¨³Ò³ Ê¸²µ¢¨¥³ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ .

� §¢¨É ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò° ³¥Éµ¤, ¶µ§¢µ²ÖÕÐ¨° · ¸¸Î¨É ÉÓ ‘” Ö¤¥·
3H, 3He ¨ 4He ¢ É¥·³¨´ Ì ‘” Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢. ‚¶¥·¢Ò¥ ¢ · ³± Ì ¥¤¨´µ£µ
¶µ¤Ìµ¤  µ¸ÊÐ¥¸É¢²¥´Ò · ¸Î¥ÉÒ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê±²µ´ 
¤²Ö ²¥£Î °Ï¨Ì Ö¤¥·, A ≤ 4. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¤²Ö A = 2 ¨ 3 Ö¢²ÖÕÉ¸Ö
É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨¥³ ÔËË¥±Éµ¢ Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ³ -
²µ´Ê±²µ´´ÒÌ ¸¨¸É¥³ Ì.

�µ± § ´µ, ÎÉµ ¢Ìµ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨Ö ¤²Ö  ¤·µ´´µ£µ É¥´§µ·  ¸É·Ê±ÉÊ·´Ò¥

ËÊ´±Í¨¨ F
n(p)
2 (x) µ¶·¥¤¥²ÖÕÉ ´¥ Éµ²Ó±µ ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê ´Ê±²µ´ , ´µ

É ±¦¥ ¨ ¤¨´ ³¨±Ê ¤¢ÊÌ´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. •µ·µÏ¥¥ ¸µ£² ¸¨¥ ·¥§Ê²Ó-
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É Éµ¢ · ¸Î¥Éµ¢ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ¤µ³¨´¨·ÊÕÐ¥³ ¢±² ¤¥ ¶ ·´ÒÌ ´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¤²Ö µ¶¨¸ ´¨Ö
Ö¤¥·´ÒÌ ¸¨² ¸¢Ö§¨ ¶µ ³¥´ÓÏ¥° ³¥·¥ ¢ Ìµ·µÏµ ¨¸¸²¥¤µ¢ ´´µ° µ¡² ¸É¨
0,3 < x < 0,9. �Éµ É ±¦¥ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ÊÎ¥É ´¥µ¤´µ¢·¥-
³¥´´µ¸É¨ ´Ê±²µ´µ¢ ¢ Ö¤·¥ Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´Ò³ Ê¸²µ¢¨¥³ ¤²Ö ¶· ¢¨²Ó´µ£µ
µ¶¨¸ ´¨Ö ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ .

Š ± ³µ¤¨Ë¨± Í¨Ö FN
2 , É ± ¨ ¥¥ Ô¢µ²ÕÍ¨Ö µÉ A = 1 ¤µ 4, ¶µ²ÊÎ¥´´Ò¥ ¢

´ Ï¥³ ¶µ¤Ìµ¤¥, Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ Éµ³ ·¥²ÖÉ¨¢¨¸É¸±µ£µ · ¸¸³µÉ·¥´¨Ö Ö¤¥·´µ°
¸É·Ê±ÉÊ·Ò. ˆ¸Ìµ¤Ö ¨§ ¢§ ¨³´µ° ¸µ£² ¸µ¢ ´´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢ É¥µ·¥É¨Î¥¸±¨Ì
· ¸Î¥Éµ¢, µ¶¨· ÕÐ¨Ì¸Ö ´  ¶µ´¨³ ´¨¥ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´ , ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶·¨ A ≥ 4, ³Ò ¶·¨Ìµ¤¨³ ± ¢Ò¢µ¤Ê µ ³ ²µ¸É¨ É¥µ·¥É¨Î¥-
¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¤²Ö µÉ´µÏ¥´¨Ö FD

2 (x)/FN
2 (x). �Éµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó,

¶µ§¢µ²Ö¥É ´ ¤¥¦´µ µÉ²¨Î¨ÉÓ ÔËË¥±É ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´  µÉ
³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  ´  µ¸´µ¢¥ Ê¦¥ ¶µ²ÊÎ¥´´ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

� °¤¥´µ, ÎÉµ ´ ¨¡µ²¥¥ Ì · ±É¥·´µ° µÉ²¨Î¨É¥²Ó´µ° Î¥·Éµ° ³µ¤¨Ë¨± Í¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ Ö¤· Ì Ö¢²Ö¥É¸Ö ¶µ²µ¦¥´¨¥ ±µµ·¤¨´ ÉÒ ÉµÎ±¨ x3, ¢ ±µÉµ-
·µ° FA2 (x) = FD

2 (x). ˆ§ · ¸Î¥Éµ¢ ¸²¥¤Ê¥É, ÎÉµ §´ Î¥´¨¥ (1−x3), ±µÉµ·µ¥ ¸µ-
¸É ¢²Ö¥É ∼ 0, 32 ¤²Ö FD

2 /F
N
2 , Ê³¥´ÓÏ ¥É¸Ö ¤µ ∼ 0, 16 ¨ ∼ 0, 08 ¤²Ö µÉ´µÏ¥´¨°

FA=3
2 /FD

2 ¨ F
4He
2 /FD

2 ¸µµÉ¢¥É¸É¢¥´´µ. ‚Ò¡¨· Ö ¢ ± Î¥¸É¢¥ ±µ²¨Î¥¸É¢¥´´µ°
µÍ¥´±¨ ³µ¤¨Ë¨± Í¨¨ ¢¥²¨Î¨´ÊM = 1/(1−x3) ¨ ¶µ² £ Ö ¥¥ · ¢´µ° ¥¤¨´¨Í¥
¤²Ö ¤¥°É·µ´ , ¶µ²ÊÎ ¥³, ÎÉµ ¸É¥¶¥´Ó ³µ¤¨Ë¨± Í¨¨ ¢µ§· ¸É ¥É ¤µ M = 2 ¤²Ö
3He ¨ 3H ¨ ¤µM = 4 ¤²Ö 4He. �¸´µ¢Ò¢ Ö¸Ó ´  ÔÉ¨Ì ·¥§Ê²ÓÉ É Ì, ³Ò ¢¢µ¤¨³
±² ¸¸ x-§ ¢¨¸¨³ÒÌ ³µ¤¨Ë¨± Í¨°, µ¡Ê¸²µ¢²¥´´ÒÌ ÔËË¥±É ³¨ Ö¤¥·´µ° ¸¢Ö§¨.
‚´ÊÉ·¨ · ¸¸³ É·¨¢ ¥³µ£µ ±² ¸¸  ´¥ ¸ÊÐ¥¸É¢Ê¥É ´¨± ±¨Ì ³¥Ì ´¨§³µ¢, ±µÉµ·Ò¥
³µ£²¨ ¡Ò ¶·¨¢¥¸É¨ ± Ê¸¨²¥´¨Õ ¸É¥¶¥´¨ ³µ¤¨Ë¨± Í¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ .

� Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ É ±¦¥ É¥µ·¥É¨Î¥¸±¨ µ¡µ¸´µ¢ ÉÓ ±µ´Í¥¶Í¨Õ
Ô¢µ²ÕÍ¨¨ ¸É·Ê±ÉÊ·Ò ´Ê±²µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ Ö¤¥·´µ³ µ±·Ê¦¥´¨¨, ¢ ¢¨¤¥
¤¢ÊÌ ¸É ¤¨°: 1) A ≤ 4 ¨ 2) A > 4. ‚Éµ· Ö ¸É ¤¨Ö Ô¢µ²ÕÍ¨¨ ¶·µÉ¥± ¥É
´¥§ ¢¨¸¨³µ µÉ x ¨ ¸µµÉ¢¥É¸É¢Ê¥É ¸É¥¶¥´¨ ³µ¤¨Ë¨± Í¨¨ M = 2. ‡ ¢¨¸¨³µ¸ÉÓ
¢¥²¨Î¨´Ò ÔËË¥±É  µÉ A µ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì É· ¤¨Í¨µ´´ÒÌ · ¸¸³µÉ·¥´¨°
Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò.

� ¸¸³µÉ·¥´¨¥ ±² ¸¸  ³µ¤¨Ë¨± Í¨° ¨ ¢¢¥¤¥´¨¥ ±µ´Í¥¶Í¨¨ Ô¢µ²ÕÍ¨¨
¸É·Ê±ÉÊ·Ò ´Ê±²µ´  ¢ ¢¨¤¥ ¤¢ÊÌ ¸É ¤¨° µ± § ²¨¸Ó ·¥Ï ÕÐ¨³¨ ¤²Ö ¶µ´¨³ ´¨Ö
± ± ¶·¨·µ¤Ò …Œ‘-ÔËË¥±É , É ± ¨ ¶·¨Î¨´ ´¥Ê¤ Î´µ£µ µ¶¨¸ ´¨Ö ÔËË¥±É  ¸
¶µ³µÐÓÕ ³´µ¦¥¸É¢  ³µ¤¥²¥°, ¶·¥¤²µ¦¥´´ÒÌ ¸ ³µ³¥´É  ¥£µ µ¡´ ·Ê¦¥´¨Ö ¨
¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨. �ËË¥±É …Œ‘ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Î ¸É´Ò° ¸²ÊÎ °
³µ¤¨Ë¨± Í¨°, · ¸¸³µÉ·¥´´ÒÌ ¤²Ö µ¡² ¸É¨ A ≤ 4. �µ¢Éµ·¥´¨¥ ± ·É¨´Ò ÔË-
Ë¥±É , ¶µ²ÊÎ¥´´µ£µ ¢ · ¸Î¥É Ì ¤²Ö É·¥Ì´Ê±²µ´´µ° ¸¨¸É¥³Ò, ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì
³µ¦¥É ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ¡ µ¤¨´ ±µ¢µ° Éµ¶µ²µ£¨¨ Ö¤¥·´ÒÌ ¸¨² ¶·¨ A = 3 ¨
¶·¨ A > 4.
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‚ § ±²ÕÎ¥´¨¥  ¢Éµ·Ò ¡² £µ¤ ·ÖÉ �.Œ. � ²¤¨´ , ‘.‚. �±Ê²¨´¨Î¥¢ ,
Œ. � °¥· , ‘.ƒ. �µ´¤ ·¥´±µ, ‘.Œ. „µ·±¨´ , Š.�. Š § ±µ¢ , ‹.�. Š ¶É ·Ö,
‚.�. Š ·³ ´µ¢ , ‘.�. ŠÊ² £¨´ , �. Œ¨·-Š ¸¨³µ¢ , ‚.�. �¨±µ² ¥¢ , ‚.�. �µ-
¢µ¦¨²µ¢ , Œ.‚. �§Ö´¨´ , Š. ‘ ¨Éµ, Š. –Ê¸¨³Ê, Š. —¨µË¨ ¤¥£²¨ �ÉÉ¨,
‚. ˜ °¤  §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ·Ö¤  ¢µ¶·µ¸µ¢, · ¸¸³µÉ·¥´´ÒÌ ¢ ´ ¸Éµ-
ÖÐ¥³ µ¡§µ·¥.

�É  · ¡µÉ  ¶µ¤¤¥·¦ ´  �””ˆ, £· ´É 96-15-423.
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