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� ¸¸³μÉ·¥´ ¸¶¥Í¨ ²Ó´Ò° ±² ¸¸ ËÊ´±Í¨° � ¸¸ ·¨´μÄ‚¥²ÓÉ³ ´ , ¢μ§´¨± ÕÐ¨° ¶·¨ ·¥¤Ê±Í¨¨
¡μ±¸μ¢¸±¨Ì ¤¨ £· ³³ ¸ ¨´Ë· ±· ¸´Ò³¨ · ¸Ìμ¤¨³μ¸ÉÖ³¨ ¨ ³ ¸¸μ¢Ò³¨ ¸¨´£Ê²Ö·´μ¸ÉÖ³¨. �·¥¤²μ-
¦¥´  ¸¨¸É¥³ É¨Î¥¸± Ö ¶·μÍ¥¤Ê·  μÉ¤¥²¥´¨Ö μ¡μ¨Ì É¨¶μ¢ ¸¨´£Ê²Ö·´μ¸É¥° ¢ C0-ËÊ´±Í¨¨. �μ¢Ò¥
ËÊ´±Í¨¨ JA Ö¢²ÖÕÉ¸Ö μ¶·¥¤¥²¥´´Ò³¨ ²¨´¥°´Ò³¨ ±μ³¡¨´ Í¨Ö³¨ ¸É ´¤ ·É´ÒÌ D0- ¨ C0-ËÊ´±Í¨°,
¸¢μ¡μ¤´Ò³¨ μÉ ± ±¨Ì-²¨¡μ ¸¨´£Ê²Ö·´μ¸É¥°, ¨ ¨³¥ÕÉ ±μ³¶ ±É´Ò° ¢¨¤ ¢ É¥·³¨´ Ì ²μ£ ·¨Ë³μ¢ ¨
¤¨²μ£ ·¨Ë³μ¢. �·μ¢μ¤¨É¸Ö Î¨¸²¥´´μ¥ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¸ · ¸Î¥É ³¨, ¨¸¶μ²Ó§ÊÕÐ¨³¨ ¶ ±¥É
¶·μ£· ³³ LoopTools.

In this paper we consider a special class of PassarinoÄVeltman functions, which appears during the
reduction of the box-type diagrams with the infrared divergences and mass singularities. The systematic
procedure was proposed for separation of both types of singularities to the simplest objects, C0 functions.
These new functions are the certain linear combinations of the standard D0 and C0 functions, which
are free from all types of singularities, and they have a compact expression in terms of logarithms
and dilogarithms. Numerical comparison of our results with the calculations using well-known package
LoopTools was also done.

PACS: 12.15.Lk, 12.20.Ds, 02.30.Gp, 11.10.Jj, 12.15.Mm

‚‚…„…�ˆ…

‘É ´¤ ·É´ Ö ·¥¤Ê±Í¨Ö � ¸¸ ·¨´μÄ‚¥²ÓÉ³ ´  [1] 4-ÉμÎ¥Î´ÒÌ ¤¨ £· ³³ É¨¶  box ¸
¢´ÊÉ·¥´´¥° ËμÉμ´´μ° ²¨´¨¥°, ¸μ¥¤¨´ÖÕÐ¥° ¤¢¥ ¢´¥Ï´¨¥ ²¨´¨¨ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì-
´μ¸É¨, ¶·¨¢μ¤¨É ± ¨´Ë· ±· ¸´μ-· ¸Ìμ¤ÖÐ¨³¸Ö ¨ ³ ¸¸μ¢μ-¸¨´£Ê²Ö·´Ò³ D0-ËÊ´±Í¨Ö³
(¸³., ´ ¶·¨³¥·, [2]). ’¨¶¨Î´Ò° ¶·¨³¥· É ±¨Ì ¤¨ £· ³³, ¶μÖ¢²ÖÕÐ¨Ì¸Ö ¶·¨ ¢ÒÎ¨¸²¥-
´¨¨ μ¤´μ¶¥É²¥¢ÒÌ Ô²¥±É·μ¸² ¡ÒÌ ¶μ¶· ¢μ± ± ¶·μÍ¥¸¸Ê ff → ZZ, ¶·¨¢¥¤¥´ ´  ·¨¸Ê´±¥
(É¨¶  ·¨¸. 14 ¢ [3]).

‚ ¤ ´´μ° · ¡μÉ¥ ¢¶¥·¢Ò¥ ¶·¥¤²μ¦¥´  ¸¨¸É¥³ É¨Î¥¸± Ö ¶·μÍ¥¤Ê·  μÉ¤¥²¥´¨Ö μ¡μ¨Ì
É¨¶μ¢ ¸¨´£Ê²Ö·´μ¸É¥° ¢ ¶·μ¸É¥°Ï¨¥ μ¡Ñ¥±ÉÒ Å C0-ËÊ´±Í¨¨.

�·μÍ¥¤Ê·  ¥¸É¥¸É¢¥´´μ · §¡¨¢ ¥É¸Ö ´  É·¨ ÔÉ ¶ : μÉ¤¥²¥´¨¥ ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨-
³μ¸É¥°, ¢ÒÎ¨¸²¥´¨¥ ¢¸¶μ³μ£ É¥²Ó´μ° (®´¥¢ÒÎÉ¥´´μ°¯) JA-ËÊ´±Í¨¨ ¨ μÉ¤¥²¥´¨¥ ³ ¸¸μ-
¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¥¸²¨ ÔÉμ É·¥¡Ê¥É¸Ö ¶μ¸É ¢²¥´´μ° § ¤ Î¥° (¸³., ´ ¶·¨³¥·, [4, 5]).

”μ·³ ²Ó´μ ¶μ²ÊÎ¥´¨¥ ¢Ò· ¦¥´¨Ö, ¸¢μ¡μ¤´μ£μ μÉ ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¨ ³ ¸-
¸μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¸¢μ¤¨É¸Ö ± ¤μ¡ ¢²¥´¨Õ ± É ±μ° D0-ËÊ´±Í¨¨ μ¤´μ° ¨´Ë· ±· ¸´μ-
· ¸Ìμ¤ÖÐ¥°¸Ö ¨ ´¥¸±μ²Ó±¨Ì ³ ¸¸μ¢μ-¸¨´£Ê²Ö·´ÒÌ C0-ËÊ´±Í¨°. ’ ± Ö ¸Ê³³  ´ §Ò¢ ¥É¸Ö
®¢ÒÎÉ¥´´μ°¯ JA,sub-ËÊ´±Í¨¥°.
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	μ±¸Ò ¤²Ö ffbb-¶·μÍ¥¸¸μ¢, Éμ¶μ²μ£¨¨ T2 ¨ T4

�  ¶¥·¢μ³ ÔÉ ¶¥ ¢¢μ¤¨É¸Ö ¢¸¶μ³μ£ É¥²Ó´ Ö ¨´Ë· ±· ¸´μ-±μ´¥Î´ Ö ËÊ´±Í¨Ö. �μ-
¸±μ²Ó±Ê ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ · ¸¸³ É·¨¢ ¥³μ£μ ¶·μÍ¥¸¸  ´ Ìμ¤¨É¸Ö ¶ ·  Z-¡μ§μ´μ¢,
Éμ ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ÔÉÊ ¸Ê³³Ê JZZ

A -ËÊ´±Í¨¥°. 	¥§ μ£· ´¨Î¥´¨Ö μ¡Ð-
´μ¸É¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éμ²Ó±μ JZZ

A -ËÊ´±Í¨Õ ¶·Ö³μ° (direct) ¤¨ £· ³³Ò, ±μÉμ· Ö
μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

iπ2JZZ
A (Q2, T 2; me, MZ) = μ4−n

∫
dnq

2(q + p1)p4

d1d2d3d4
, (1)

£¤¥

Q2 = (p1 + p2)2, T 2 = (p2 + p3)2,

d1 = (q + p1)2 − iε, d2 = (q + p1 + p2)2 + m2
e − iε, (2)

d3 = (q + p1 + p2 + p3)2 + m2
e − iε, d4 = q2 + m2

e − iε.

�·¨³¥´ÖÖ ¸É ´¤ ·É´ÊÕ ·¥¤Ê±Í¨Õ � ¸¸ ·¨´μÄ‚¥²ÓÉ³ ´ , ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ¨³¥¥É
³¥¸Éμ ÉμÎ´μ¥ ¶μ ³ ¸¸ ³ ¸μμÉ´μÏ¥´¨¥

JZZ
A (Q2, T 2; me, MZ)=(T 2+m2

e)D0(−m2
e,−m2

e,−M2
Z,−M2

Z, Q2, T 2; me, 0, me, me)+

+ C0(−m2
e,−M2

Z
, T 2, 0, me, me) − C0(−m2

e,−m2
e, Q

2, me, 0, me), (3)

¨§ ±μÉμ·μ£μ ¨ ¨¸±²ÕÎ ¥É¸Ö ¨´Ë· ±· ¸´μ-· ¸Ìμ¤ÖÐ Ö¸Ö D0-ËÊ´±Í¨Ö Î¥·¥§ ¶·μ¸É¥°ÏÊÕ
¨´Ë· ±· ¸´μ-· ¸Ìμ¤ÖÐÊÕ¸Ö C0(−m2

e,−m2
e, Q

2, me, 0, me) ¨ ¤¢¥ ¨´Ë· ±· ¸´μ-±μ´¥Î´ÒÌ,
´μ ³ ¸¸μ¢μ-¸¨´£Ê²Ö·´ÒÌ ËÊ´±Í¨¨ JZZ

A (Q2, T 2; me, MZ) ¨ C0(−m2
e,−M2

Z, T 2; 0, me, me).
�  ¢Éμ·μ³ ÔÉ ¶¥ ËÊ´±Í¨Ö JZZ

A (Q2, T 2; me, MZ) ¢ÒÎ¨¸²Ö¥É¸Ö ÉμÎ´μ ¶μ ³ ¸¸ ³ ¢ É¥·-
³¨´ Ì ¤¨²μ£ ·¨Ë³μ¢.

�  É·¥ÉÓ¥³ ÔÉ ¶¥ ´ Ìμ¤¨É¸Ö ¥¥ ¶·¥¤¥² ¶·¨ ³ ¸¸¥ me → 0. ’ ±¨³ μ¡· §μ³, ³ ¸¸μ¢ Ö
¸¨´£Ê²Ö·´μ¸ÉÓ ¶·μÖ¢²Ö¥É¸Ö ¢ Ö¢´μ³ ¢¨¤¥ ¶μ¤  ·£Ê³¥´Éμ³ ²μ£ ·¨Ë³¨Î¥¸±μ° ËÊ´±Í¨¨, ¶μ-
¸²¥ Î¥£μ ¥¥ ²¥£±μ ¸±μ³¶¥´¸¨·μ¢ ÉÓ ¸ ¶μ³μÐÓÕ ±μ³¡¨´ Í¨¨ ¸ ¥Ð¥ μ¤´μ° C0-ËÊ´±Í¨¥°,
±μÉμ· Ö ´ Ìμ¤¨É¸Ö ¨§ Ë¨§¨Î¥¸±μ£μ ¸¢μ°¸É¢  μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥° ¢ ¶μ²-
´μ° Ô²¥±É·μ¸² ¡μ° Î ¸É¨ μ¤´μ¶¥É²¥¢μ° ¶μ¶· ¢±¨ (É. ¥. ¶μ¸²¥ μÉ¤¥²¥´¨Ö ¥¥ ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´μ° Š�„-Î ¸É¨).
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‚ ´ Ï¥³ ¸²ÊÎ ¥ JZZ
A,sub μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

JZZ
A,sub(Q

2, T 2; MZ) = JZZ
A (Q2, T 2; me, MZ)−

−
(

2
M2

Z + T 2

Q2
+ 1

)
C0(−m2

e,−M2
Z
, T 2; 0, me, me). (4)

‚ÒÎ¨¸²¥´¨Ö § ¢¥·Ï ÕÉ¸Ö ¶·¨¢¥¤¥´¨¥³ ¶μ¤μ¡´ÒÌ Î²¥´μ¢ ¨ ´ ¡²Õ¤¥´¨¥³ Ë ±É  Ö¢´μ£μ
¸μ±· Ð¥´¨Ö ¢±² ¤μ¢, ¸μ¤¥·¦ Ð¨Ì ln (m2

e).
‚ · §¤. 1 ¶·¨¢μ¤¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨¨ JZZ

A ¡¥§ ¶·¥´¥¡·¥¦¥´¨Ö ³ ¸¸μ° me, ´ -
Ìμ¤¨É¸Ö ¥¥ ¶·¥¤¥² ¶·¨ me → 0 ¨ § ¢¥·Ï ¥É¸Ö ¶μ¸É·μ¥´¨¥ JZZ

A,sub. ‚ · §¤. 2 ¡¥§ ¢Ò¢μ¤ 

¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¤²Ö  ´ ²μ£¨Î´ÒÌ ËÊ´±Í¨° JZA
A , JZA

A,sub ¨ JAA
A , JAA

A,sub.

1. ‚›—ˆ‘‹…�ˆ… JZZ
A -”“�Š–ˆˆ

1.1. ‡ ¶¨¸Ó ¢ ¢¨¤¥ É·μ°´μ£μ ¨´É¥£· ² . ‚ μ¶·¥¤¥²¥´¨¨ (1) ¸¤¥² ¥³ ¸¤¢¨£ q → q′ =
q + p1, Éμ£¤  ³Ò ¶μ²ÊÎ¨³

iπ2JZZ
A (Q2, T 2; me, MZ) = μ4−n

∫
dnq′

2q′p4

d1d2d3d4
, (5)

¨, ¸μμÉ¢¥É¸É¢¥´´μ,

d1 = q′2 − iε, d2 = (q′ + p2)2 + m2
e − iε,

(6)
d3 = (q′ + p2 + p3)2 + m2

e − iε, d4 = (q′ − p1)2 + m2
e − iε.

‘ ¶μ³μÐÓÕ ¸É ´¤ ·É´μ° ¶ · ³¥É·¨§ Í¨¨ ”¥°´³ ´  ¶·¨ ¢¢¥¤¥´¨¨ ¶¥·¥³¥´´ÒÌ x, y, z,
± ± ¶μ± § ´μ ´  ·¨¸Ê´±¥, ³μ¦´μ ¶¥·¥°É¨ ± (3 + n)-±· É´μ³Ê ¨´É¥£· ²Ê (¶μ x, y, z, q′),
¶·¨Î¥³ ¢μ ¢´ÊÉ·¥´´¥³ ¨´É¥£· ²¥ ¶μ q′ ¡Ê¤¥É ¨¤É¨ ¨´É¥£·¨·μ¢ ´¨¥ ¤·μ¡¨ ¸μ §´ ³¥´ É¥²¥³
¸²¥¤ÊÕÐ¥£μ ¢¨¤ :

D =
[
d1(1 − z) + d2z(1 − y) + d3zyx + d4zy(1 − x)

]4
. (7)

�·¨¢¥¤¥³ ¢Ò· ¦¥´¨¥ ¤²Ö D ± ¢¨¤Ê

D = q′2 − 2zq′kxy + Lz − iε. (8)

‚¥²¨Î¨´  L ¨ ¢¥±Éμ· kxy É ±μ¢Ò1:

L = (T 2 + m2
e)xy,

(9)
kxy = −p2 + (p1 + p2)y − (p1 + p2 + p3)xy.

1‡¤¥¸Ó ¢³¥¸Éμ T 2 ¡Ê¤¥É ¸ÉμÖÉÓ U2 ¢ crossed-ËÊ´±Í¨¨ JZZ
A .
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’ ± ± ± −iε Å ¡¥¸±μ´¥Î´μ ³ ² Ö ¤μ¡ ¢± , Éμ ³μ¦´μ § ³¥´¨ÉÓ ¥¥ ´  −iεz ¨ ¶¥·¥μ¶·¥¤¥-
²¨ÉÓ L ¨ D:

L = (T 2 + m2
e)xy − iε,

(10)
D = q′2 − 2zq′kxy + Lz.

„ ²¥¥ ¢μ¸¶μ²Ó§Ê¥³¸Ö ¨§¢¥¸É´μ° Ëμ·³Ê²μ° ¨´É¥£·¨·μ¢ ´¨Ö ¢ n-³¥·´μ³ ¶·μ¸É· ´¸É¢¥:∫
dnq

qμ

(q2 − 2qp + m2)α
= iπn/2 Γ(α − n/2)

Γ(α)
(
m2 − p2)n/2−αpμ. (11)

‚ ´ Ï¥³ ¸²ÊÎ ¥ m2 = Lz, p = zkxy, α = n = 4. �μÔÉμ³Ê

∫
d4q′

q′μ (p4)μ(
q′2 − 2zq′kxy + Lz

)4 = iπ2 Γ(2)
Γ(4)

(
Lz − z2k2

xy

)−2
z(kxy)μ(p4)μ. (12)

�μ¤¸É ¢²ÖÖ ÔÉμÉ ·¥§Ê²ÓÉ É ¢ μ¶·¥¤¥²¥´¨¥ JZZ
A , ³Ò ¶μ²ÊÎ ¥³ ¥£μ ¶·¥¤¸É ¢²¥´¨¥ ¢ ¢¨¤¥

É·μ°´μ£μ ¨´É¥£· ² :

JZZ
A =

1∫
0

dx

1∫
0

y dyNxy

1∫
0

dz
z

(L − zk2
xy)2

, (13)

£¤¥

Nxy = 2kxyp4 = −2M2
Zxy + Ny,

(14)

Ny = Q2(1 − y) + M2
Z + T 2 + m2

e,

¨

k2
xy = (kxy)2 = −M2

Zx2y2 + Nyxy − Q2
y,

(15)

Q2
y = Q2y(1 − y) + m2

e.

1.2. ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ z. ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ z, £¤¥ ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥
¨³¥¥É ¢¨¤:

I3(x, y, z) =
z

(L − zk2
xy)2

, (16)

¶·μ¢μ¤¨É¸Ö ¶·μ¸Éμ

1∫
0

dz I3(x, y, z) =
Nxy

(−k2
xy)

1∫
0

dz

[
1

(L − zk2
xy)

− L

(L − zk2
xy)2

]
=

=
Nxy

(k2
xy)2

[
ln (L − k2

xy) − ln L +
k2

xy

L − k2
xy

]
. (17)
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1.3. ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ x. �μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¢Ê±· É´μ£μ ¨´É¥£·¨-
·μ¢ ´¨Ö ¶μ x, y (17) μ¡² ¤ ¥É ¢ ¦´Ò³ ¸¢μ°¸É¢μ³ Å μÉ¸ÊÉ¸É¢¨¥³ ¸¨´£Ê²Ö·´μ¸É¨ ¶·¨
k2

xy → 0, É. ¥. μ´μ ´¥¶·¥·Ò¢´μ ¢μ ¢¸¥° μ¡² ¸É¨ ¨§³¥´¥´¨Ö ¶¥·¥³¥´´ÒÌ x, y.
C¤¥² ¥³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ

xy = x′, y dx = dx′, (18)

¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¶¥·¥³¥´´Ò³ x, y ¶¥·¥Ìμ¤¨É ¢ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ y, x′ ¢ ¶·¥¤¥² Ì
0 � y � 1, 0 � x′ � y.

„ ²¥¥ c¤¥² ¥³ ¶¥·¥μ¡μ§´ Î¥´¨¥ x′ → x. �·¨ ÔÉμ³ ¤²Ö ¢Ò· ¦¥´¨° Nxy, k2
xy ¨ L

¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

Nxy = −2M2
Zx + Ny,

k2
xy = −M2

Zx2 + Nyx − Q2
y, (19)

L = Px − iε,

£¤¥
P = T 2 + m2

e. (20)

ŒÒ ¶μ²ÊÎ¨²¨ Éμ¦¤¥¸É¢μ, ´  ±μÉμ·μ³ μ¸´μ¢ ´μ ¢ÒÎ¨¸²¥´¨¥ ²Õ¡μ° ËÊ´±Í¨¨ JXX
A :

Nxy =
d

dx
k2

xy. (21)

Š ± ¸²¥¤¸É¢¨¥ ¨³¥¥³
Nxydx = dk2

xy, (22)

ÎÉμ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥¸É¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ Î ¸ÉÖ³:

I1(y) =

y∫
0

dUV = UV

∣∣∣∣∣
y

δ

−
y∫

δ

dV U, (23)

£¤¥ ³Ò ¢¢¥²¨ ¨´Ë¨´¨É¥§¨³ ²Ó´Ò° ¶ · ³¥É· δ, ¶μ¸±μ²Ó±Ê μ¡  Î²¥´  ¢Ò· ¦¥´¨Ö (23) ¶μ
μÉ¤¥²Ó´μ¸É¨ · ¸Ìμ¤ÖÉ¸Ö.

�Ê¸ÉÓ
L∗ = L − k2

xy, (24)

Éμ£¤ 
L∗ = M2

Z
x2 + (P − Ny)x + Q2

s − iε. (25)

� §²μ¦¨³ ±¢ ¤· É´Ò° É·¥ÌÎ²¥´ (25) ´  ¶·μ¸ÉÒ¥ ¸μ³´μ¦¨É¥²¨:

L∗ = Ax2 + Bx + C = A(x − x1)(x − x2),
(26)

x1,2 =
−B ±

√
D

2A
, D = B2 − 4AC.

ŠμÔËË¨Í¨¥´ÉÒ A, B ¨ C ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

A = M2
Z, B = Q2y − Q2 − M2

Z, C = Q2
y − iε. (27)

‚¢¥¤¥³ μ¡μ§´ Î¥´¨Ö L∗
|y = L∗(x = y, y) ¨ k2

xy |y = k2
xy(x = y, y).

�μ¸²¥ ¸²μ¦´ÒÌ ¨ £·μ³μ§¤±¨Ì ¢Ò±² ¤μ± ´ Ìμ¤¨³ ¶·¥¤¸É ¢²¥´¨¥ JZZ
A ¢ ¢¨¤¥ μ¤´μ±· É-

´μ£μ ¨´É¥£· ²  ¶μ y, £¤¥ ¨´Ë¨´¨É¥§¨³ ²Ó´Ò° ¶ · ³¥É· δ ¸μ±· Ð ¥É¸Ö.
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1.4. ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ y

JZZ
A =

1∫
0

dyI1(y), (28)

£¤¥

I1(y) = − 1
k2

xy |y

(
ln L∗

|y − ln (Py)
)
− 1

2C

{
ln C + ln L∗

|y − 2 ln (Py)+

+
B√
D

[
ln

(x1x2 − yx2

x1x2

)
− ln

(x1x2 − yx1

x1x2

)]}
. (29)

�·¥¤¶·¨³¥³ ´¥¸±μ²Ó±μ ¢¸¶μ³μ£ É¥²Ó´ÒÌ Ï £μ¢:
• � §²μ¦¨³ ´  ³´μ¦¨É¥²¨ · Í¨μ´ ²Ó´ÊÕ ¤·μ¡Ó 1/C:

C = −Q2(y − yQ1)(y − yQ2),

1
C

= − 1√
DQ

(
1

y − yQ1

− 1
y − yQ2

)
, (30)

yQ1,2 =
Q2 ±

√
DQ

2Q2
, DQ = Q2[Q2 + 4(m2

e − iε)].

’¥¶¥·Ó ¸ ÊÎ¥Éμ³ · §²μ¦¥´¨Ö (30) ³μ¦´μ ´ ¶¨¸ ÉÓ  ´ ²¨É¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö
¢¥²¨Î¨´Ò I1(y):

I1(y) = − 1
k2

xy|y

(
ln L∗

|y − ln L|y

)
+

1
2
√

DQ

(
1

y − yQ1

− 1
y − yQ2

)
Ip(y), (31)

£¤¥

Ip(y) = ln C + ln L∗
|y − 2 ln (Py)+

+
B√
D

[
ln

(
2C + y(B +

√
D)

C

)
− ln

(
2C + y(B −

√
D)

C

)]
. (32)

• �´ ²μ£¨Î´μ · ¸±² ¤Ò¢ ¥³ ´  ³´μ¦¨É¥²¨ k2
xy |y ¨ L∗

|y , ÎÉμ¡Ò ²μ£ ·¨Ë³Ò μÉ ÔÉ¨Ì
¢Ò· ¦¥´¨° · ¸Ð¥¶¨²¨¸Ó ´  ¡μ²¥¥ ¶·μ¸ÉÒ¥:

k2
xy|y = M2

Zy(1 − y) + T 2y − m2
e(1 − y) = −M2

Z(y − yk1)(y − yk2),

yk1,2 =
T 2 + m2

e + M2
Z
∓
√

Dk

2M2
Z

, Dk = (T 2 + m2
e + M2

Z
)2 − 4m2

eM
2
Z
, (33)

1
k2

xy|y
=

1√
Dk

(
1

y − yk1

− 1
y − yk2

)
,

¨

L∗
|y = −M2

Zy(1 − y) + m2
e − iε = (m2

e − iε)
(

1 − y

yL1

)(
1 − y

yL2

)
,

(34)

yL1,2 =
M2

Z
±
√

DL

2M2
Z

, DL = M4
Z
− 4M2

Z
(m2

e − iε).
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C ¶μ¤ ²μ£ ·¨Ë³μ³ Éμ¦¥ · ¸±² ¤Ò¢ ¥³ ´  ³´μ¦¨É¥²¨  ´ ²μ£¨Î´μ (30). ‚ ¨Éμ£¥ ¶¥·-
¢μ¥ ¸² £ ¥³μ¥ ¶μ¤Ò´É¥£· ²Ó´μ£μ ¢Ò· ¦¥´¨Ö (31) ¢³¥¸É¥ ¸ ¶¥·¢μ° ¸É·μ±μ° (32) ³μ¦´μ
§ ¶¨¸ ÉÓ ± ± ¸Ê³³Ê ËÊ´±Í¨°, ±μÉμ·Ò¥ ¶μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ y ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
²μ£ ·¨Ë³Ò ¨ ¤¨²μ£ ·¨Ë³Ò.

• ‡ ³¥´  ¶¥·¥³¥´´ÒÌ ¢ μ¤´μ±· É´μ³ ¨´É¥£· ²¥.
— ¸ÉÓ ¢Ò· ¦¥´¨Ö (31) ¸ Ip(y), μ¶·¥¤¥²¥´´μ° ¢Éμ·μ° ¸É·μ±μ° (32), ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨

¶μ y É·¥¡Ê¥É ¡μ²¥¥ ¸²μ¦´μ° § ³¥´Ò ¶¥·¥³¥´´ÒÌ. � §μ¡Ó¥³ ¥¥ ´  ¸Ê³³Ê ¤¢ÊÌ ¢±² ¤μ¢,
¶·¨ ÔÉμ³ ¶μ¤¸É ¢¨³ ¢ ¶·¥Ë ±Éμ· B/

√
D ¢Ò· ¦¥´¨¥ ¤²Ö B ¨§ (27):

I ′(y) =
1

2
√

DQ

(
1

y − yQ1

− 1
y − yQ2

)
Q2(y − 1) − M2

Z√
D

×

×
[
ln

(
2C + y(B +

√
D)

C

)
− ln

(
2C + y(B −

√
D)

C

)]
=

1
2
√

DQ

[I ′1(y) + I ′2(y)] . (35)

�μ¸²¥ ¸μ±· Ð¥´¨Ö μ¡Ð¥° Î ¸É¨ Ê I ′1(y1) ¨ I ′2(y2) ¨³¥¥³

I ′1(y) = − Q2yQ2 + M2
Z

(y − yQ1)
√

D

[
ln

(
2C + y(B +

√
D)

C

)
− ln

(
2C + y(B −

√
D)

C

)]
, (36)

¨

I ′2(y) = +
Q2yQ1 + M2

Z

(y − yQ2)
√

D

[
ln

(
2C + y(B +

√
D)

C

)
− ln

(
2C + y(B −

√
D)

C

)]
. (37)

� ¶μ³´¨³, ÎÉμ ¢ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢Ìμ¤ÖÉ yQ1 , yQ2 Å ±μ·´¨ ±¢ ¤· É¨Î´μ£μ ¶μ²¨´μ³ 
C, (30).

• �¥·¥Ìμ¤ ± ¶¥·¥³¥´´Ò³ y1 = y − yQ1 ¨ y2 = y − yQ2 .
�¥·¥°¤¥³ ¢ ¶¥·¢μ° Î ¸É¨ μ¤´μ±· É´μ£μ ¨´É¥£· ²  (36) ± ¶¥·¥³¥´´μ° y1 = y − yQ1 ,  

¢μ ¢Éμ·μ° Î ¸É¨, (37), Å ± ¶¥·¥³¥´´μ° y2 = y − yQ2 . ˆ¸¶μ²Ó§Ê¥³ ¸¢μ°¸É¢ 

C = −y1(Q2y1 +
√

DQ) = −y2(Q2y2 −
√

DQ). (38)

�μ²ÊÎ ¥³ ¥¸É¥¸É¢¥´´μ¥ · §¡¨¥´¨¥ ´  ¤¢  ±² ¸¸  ¨´É¥£· ²μ¢: ¶μ²¨´μ³ D ¢ ¶¥·¢μ° Î ¸É¨
¢Ò· ¦¥´¨Ö ¶μ¸²¥ ¸¤¢¨£  y → y1 ¶¥·¥Ìμ¤¨É ¢ ¶μ²¨´μ³ D1,   ¢μ ¢Éμ·μ° Î ¸É¨ ¢Ò· ¦¥´¨Ö
¶μ¸²¥ ¸¤¢¨£  y → y2 Å ¢ ¶μ²¨´μ³ D2. ‚ ¶μ¸²¥¤ÊÕÐ¨Ì ¢Ò· ¦¥´¨ÖÌ É ±¦¥ ¶μ¤¸É ¢²¥´ 
¢¥²¨Î¨´  B ¨§ (27):

I ′1(y1) = +
Q2yQ2 + M2

Z

y1

√
D1

×

×
[
− ln

(
y1(Q2y1 +

√
DQ) − (m2

e − iε) + (y1 + yQ1)(M
2
Z −

√
D1)

y1(Q2y1 +
√

DQ)

)
+

+ ln

(
y1(Q2y1 +

√
DQ) − (m2

e − iε) + (y1 + yQ1)(M
2
Z +

√
D1)

y1(Q2y1 +
√

DQ)

)]
=

=
−Q2yQ2 − M2

Z

y1

√
D1

[
+ ln

n−
1

d1
− ln

n+
1

d1

]
, (39)
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I ′2(y2) = −Q2yQ1 + M2
Z

y2

√
D2

×

×
[
− ln

(
y2(Q2y2 −

√
DQ) − (m2

e − iε) + (y2 + yQ2)(M
2
Z −

√
D2)

y2(Q2y2 −
√

DQ)

)
+

+ ln

(
y2(Q2y2 −

√
DQ) − (m2

e − iε) + (y2 + yQ2)(M
2
Z

+
√

D2)
y2(Q2y2 −

√
DQ)

)]
=

=
Q2yQ1 + M2

Z

y2

√
D2

[
+ ln

n−
2

d2
− ln

n+
2

d2

]
. (40)

• �¥·¥Ìμ¤ μÉ ¶¥·¥³¥´´ÒÌ y1,2 ± ¶¥·¥³¥´´Ò³ t1,2.
„²Ö ¶¥·¥Ìμ¤  ± ¶¥·¥³¥´´Ò³ ti ¤¥² ¥³ ËÊ´¤ ³¥´É ²Ó´ÊÕ § ³¥´Ê:√

Di =
√

Aiy2
i − 2Biyi + C2

i = Ci + yiti, (41)

¢Ò¡¨· Ö Ci = +
√

C2
i , É. ¥. Ci > 0.

‡¤¥¸Ó ¨ ¤ ²¥¥:

A1,2 = Q4 + 4Q2M2
Z
,

B1 = AyQ2 − Q2M2
Z, B2 = AyQ1 − Q2M2

Z, (42)

C1 = −Q2yQ2 − M2
Z
, C2 = +Q2yQ1 + M2

Z
.

’μ£¤ , ± ± ¸²¥¤¸É¢¨¥, ¶μ²ÊÎ ¥³:

yi = 2
Bi + Citi
Ai − t2i

,
√

Di =
Ni

A − t2i
, (43)

£¤¥ ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥

AiCi + 2Biti + Cit
2
i = Ni. (44)

�·¥¤¥²Ò ¨§³¥´¥´¨Ö ¶¥·¥³¥´´μ° ti μ¶·¥¤¥²ÖÉ¸Ö ¨§ μ¡· É´μ£μ Ê¸²μ¢¨Ö

ti =
√

D1 − Ci

yi
, (45)

  Ö±μ¡¨ ´ ¶¥·¥Ìμ¤  · ¢¥´

dyi

dti
= 2

Ni

(A − ti)2
. (46)

—¨¸²¨É¥²¨ ¨ §´ ³¥´ É¥²¨ ²μ£ ·¨Ë³μ¢ n−
i ¢ ¢Ò· ¦¥´¨ÖÌ (39), (40) ¶·¨´¨³ ÕÉ ¸²¥¤Ê-

ÕÐ¨° ¢¨¤:

n−
1 = y1(Q2y1 +

√
DQ) − (m2

e − iε) + (y1 + yQ1)(M
2
Z
−

√
D2) =

=
4yQ2(Q

2 + M2
Z
)(

√
DQt1 + Q2(Q2 + 2M2

Z
))(t1 − t−,1

2 )(t1 − t−,2
2 )

(A1 − t21)2
,
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n+
1 = y1(Q2y1 +

√
DQ) − (m2

e − iε) + (y1 + yQ1)(M
2
Z

+
√

D2) =

= −2yQ1(t1 − Q2)(B1 + C1t1)(t1 − t+,1
1 )(t1 − t+,2

1 )
(A1 − t21)2

, (47)

d1 = y1(Q2y1 +
√

DQ) = −
2(t1 − Q2)(B1 + C1t1)(

√
DQt1 + Q2(Q2 + 2M2

Z
))

(A1 − t21)2
,

n−
2 = y2(Q2y2 −

√
DQ) − (m2

e − iε) + (y2 + yQ2)(M
2
Z −

√
D2) =

=
2yQ2(t2 + Q2)(B2 + C2t2)(t2 − t−,1

2 )(t2 − t−,2
2 )

(A2 − t22)2
,

n+
2 = y2(Q2y2 −

√
DQ) − (m2

e − iε) + (y2 + yQ2)(M
2
Z

+
√

D2) =

=
4yQ1(Q

2 + M2
Z)(

√
DQt2 + Q2(Q2 + 2M2

Z))(t2 − t+,1
2 )(t2 − t+,2

2 )
(A2 − t22)2

, (48)

d2 = y2(Q2y2 −
√

DQ) =
2(t2 + Q2)(B2 + C2t2)(

√
DQt2 + Q2(Q2 + 2M2

Z
))

(A2 − t22)2
.

‡¤¥¸Ó ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö ¤²Ö ±μ·´¥° ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±¢ ¤· É´ÒÌ Î²¥´μ¢ ¢ ¶¥·¥³¥´-
´ÒÌ t1,2:

t+,1,2
1 =

−Q2yQ1 − M2
Z ± M2

Z

√
De

yQ1

,

t−,1,2
1 =

Q2(Q2 + 3M2
Z
)yQ2 + M4

Z
± M4

Z

√
De

yQ2(Q2 + M2
Z
)

,

(49)

t+,1,2
2 =

−Q2(Q2 + 3M2
Z)yQ1 − M4

Z ± M4
Z

√
De

yQ1(Q2 + M2
Z)

,

t−,1,2
2 =

Q2yQ2 + M2
Z
± M2

Z

√
De

yQ2

,

£¤¥

De = 1 − 4m2
e

M2
Z

. (50)

‚ ¨¸Ìμ¤´μ³ ¢Ò· ¦¥´¨¨ ± ± Ë ±Éμ· ¨³¥¥³ dyi/yi

√
Di. …¸²¨ ÊÎ¥¸ÉÓ (43)Ä(46), Éμ ÔÉμÉ

Ë ±Éμ· ¶¥·¥Ìμ¤¨É ¢ dti/(Bi + Citi). ‚¥²¨Î¨´Ò I ′1 ¨ I ′2 ¶·¨´¨³ ÕÉ ¢¨¤

I ′1(t1) =
C1

B1 + C1t1

{
+ ln

[
2yQ2(Q

2 + M2
Z
)(t1 − t−,1

1 )(t1 − t−,2
1 )

(C1t1 + B2)(Q2 − t1)

]
−

− ln

[
yQ1(t1 − t+,1

1 )(t1 − t+,2
1 )√

DQt1 + Q2(Q2 + 2M2
Z)

]}
, (51)
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I ′2(t2) =
C2

B2 + C2t2

{
+ ln

[
yQ2(t2 − t−,1

2 )(t2 − t−,2
2 )√

DQt2 + Q2(Q2 + 2M2
Z)

]
−

− ln

[
2yQ1(Q

2 + M2
Z
)(t2 − t+,1

2 )(t2 − t+,2
2 )

(C2t2 + B2)(t2 + Q2)

]}
. (52)

• �¥·¥Ìμ¤ μÉ ti ± y.
„²Ö ¤ ²Ó´¥°Ï¥£μ ¨´É¥£·¨·μ¢ ´¨Ö ´¥μ¡Ìμ¤¨³  ´μ¢ Ö § ³¥´ , Ê¡¨· ¥³ ti ¶μ Ëμ·³Ê²¥

ti = Δtiy + ti,min, (53)

¨²¨

Bi + Citi = Ci (ti,max − ti,min) y + Bi + Citi,min, (54)

¶·¨

t1,max =
M2

Z

√
De − C1

1 − yQ1

,

t1,min = −
√

(Q2 + M2
Z)2 − 4(m2

e − iε)M2
Z − C1

yQ1

, (55)

dt1 = t1,max − t1,min.

’μ£¤  ¶μ²ÊÎ ¥³

dti
Bi + Citi

=
dy

Ci (y − ydi)
, (56)

£¤¥

ydi = −Bi + Citi,min

CiΔti

, Δti = ti,max − ti,min. (57)

‚ ·¥§Ê²ÓÉ É¥ ¶·¨³¥´¥´¨Ö § ³¥´Ò ti → y ¢ (53) ¶¥·¥Ìμ¤¨³ ± ¢Ò· ¦¥´¨Õ

I ′1(y) =
1

y − yd1

{
+ ln

[
2yQ2(Q

2 + M2
Z)(Δt1y + t1,min − t−,1

1 )(Δt1y + t1,min − t−,2
1 )

(C1Δt1y + t1,min + B2)(Q2 − (Δt1y + t1,min))

]
−

− ln

[
yQ1(Δt1y + t1,min − t+,1

1 )(Δt1y + t1,min − t+,2
2 )√

DQΔt1y + t1,min + Q2(Q2 + 2M2
Z
)

]}
, (58)

=
1

y − yd1

{
−l(yd1) +

yl13∑
yl=yl11

l(yl) −
yl16∑

yl=yl14

l(yl)

}
, (59)
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£¤¥

yl11 =
t−,1
1 − t1,min

Δt1

, yl12 =
t−,2
1 − t1,min

Δt1

,

yl13 = −
√

DQt1,min + Q2(Q2 + 2M2
Z)√

DQΔt1

, yl14 =
t+,1
1 − t1,min

Δt1

, (60)

yl15 =
t+,2
1 − t1,min

Δt1

, yl16 =
Q2 − t1,min

Δt1

,

l(yl) = ln
(

1 − 1
yl

)
.

�É³¥É¨³ ´¥É·¨¢¨ ²Ó´Ò° ¶¥·¥Ìμ¤ μÉ (58) ± (59) Å · ¸Ð¥¶²¥´¨¥ ²μ£ ·¨Ë³μ¢ ¡¥§ ¶μÖ¢²¥-
´¨Ö η-ËÊ´±Í¨¨ ‚¥²ÓÉ³ ´  ¨ Éμ¦¤¥¸É¢¥´´μ¥ μ¡´Ê²¥´¨¥ ¶μ¸ÉμÖ´´μ° Î ¸É¨ ²μ£ ·¨Ë³μ¢,

ln

(
2yQ2(Q

2 + M2
Z)(t1,min − t−,1

1 )(t1,min − t−,2
1 )

(Q2 − t1,min)(B1 + C1t1,min)

)
−

− ln

(
yQ1(t1,min − t+,1

1 )(t1,min − t+,2
1 )

DQt1,min + Q2(Q2 + 2M2
Z
)

)
= 0. (61)

�É¨ ¸¢μ°¸É¢  ´¥ ¡Ò²¨ ¤μ± § ´Ò  ´ ²¨É¨Î¥¸±¨,   Éμ²Ó±μ ¶μ¤É¢¥·¦¤¥´Ò Î¨¸²¥´´μ ´  ±μ³-
¶ÓÕÉ¥·¥ ¢ ¸²ÊÎ ¥ · ¸¸³ É·¨¢ ¥³μ° ±¨´¥³ É¨±¨  ´´¨£¨²ÖÍ¨μ´´μ£μ ¶·μÍ¥¸¸ .

�´ ²μ£¨Î´μ ¶·¥μ¡· §Ê¥³ I ′2(y):

I ′2(y) =
1

y − yd2

{
+ ln

[
yQ2(Δt2y + t2,min − t−,1

2 )(Δt2y + t2,min − t−,2
2 )√

DQΔt2y + t2,min + Q2(Q2 + 2M2
Z
)

]
−

− ln

[
2yQ1(Q

2 + M2
Z
)(Δt2y + t2,min − t+,1

2 )(Δt2y + t2,min − t+,2
2 )

(C2Δt2y + t2,min + B2)(Δt2y + t2,min + Q2)

]}
=

=
1

y − yd2

{
l(yd2) −

yl23∑
yl=yl21

l(yl) +
yl26∑

yl=yl24

l(yl)

}
, (62)

£¤¥ ´ ¡μ· ¶¥·¥³¥´´ÒÌ yl2 . . . ¶μ²ÊÎ ¥É¸Ö § ³¥´μ° ¨´¤¥±¸  1 ´  2 §  ¨¸±²ÕÎ¥´¨¥³

yl26 =
−Q2 − t2,min

Δt2

, (63)
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£¤¥ ¶·μ¨¸Ìμ¤¨É μ¶·¥¤¥²¥´´ Ö § ³¥´  §´ ±μ¢. �μ¸ÉμÖ´´ Ö Î ¸ÉÓ ²μ£ ·¨Ë³μ¢,

+ ln

⎛
⎝yQ2

(
t2,min − t−,1

2

) (
t2,min − t−,2

2

)
√

DQt2,min + Q2 (Q2 + 2M2
Z)

⎞
⎠−

− ln

(
2yQ1(Q

2 + M2
Z
)(t2,min − t+,1

2 )(t2,min − t+,2
2 )

(t2,min + Q2) (C2t2,min + B2)

)
, (64)

μ¡´Ê²Ö¥É¸Ö ¨ ¢ ÔÉμ³ ¸²ÊÎ ¥.
� ±μ´¥Í, ³Ò £μÉμ¢Ò ¢Ò¶¨¸ ÉÓ μ±μ´Î É¥²Ó´Ò° μÉ¢¥É. �¶·¥¤¥²¨³ ®³ ¸É¥·-¨´É¥£· ²¯:

M (yd, yl) =

1∫
0

dy

(y − yd)
l(yl) =

= ln
(

1 − yd

yl

)
l(yd) − Li2

(
1 − yd

yl − yd

)
+ Li2

(
−yd

yl − yd

)
. (65)

�¥§Ê²ÓÉ É ¨´É¥£·¨·μ¢ ´¨Ö ¶μ y ¶·¨³¥É ¢¨¤

JZZ
A = − 1√

Dk

(
+

[
− ln

(
P

m2
e

)
l(yk1) − Li2

(
1

yk1

)
+

∑
y=yL1,yL2

M(y, yk1)

]
−[yk1 → yk2 ]

)
+

+
1

2
√

DQ

(
+

[
−2 ln

(
P

m2
e

)
l(yQ1)+

1
2
l2(yQ1)−2Li2

(
1

yQ1

)
+

∑
y=yL1,yL2,yQ2

M (y, yQ1)

]
−

− [yQ1 ↔ yQ2 ] +

[
−1

2
l2(yd1) +

yl13∑
y=yl11

M (y, yd1) −
yl16∑

y=yl14

M (y, yd1)

]
−

− [yd1 → yd2 , l1j → l2j ]

)
. (66)

1.5. ”Ê´±Í¨Ö JZZ
A,lim. ‚Ò· ¦¥´¨e (66) §´ Î¨É¥²Ó´μ Ê¶·μÐ ¥É¸Ö ¢ ¶·¥¤¥²¥ me → 0.

�μ¸²¥ ¨¤¥μ²μ£¨Î¥¸±¨ ¶·μ¸ÉÒÌ, ÌμÉÖ ¨ μÎ¥´Ó £·μ³μ§¤±¨Ì ¢Ò±² ¤μ± ¶μ²ÊÎ ¥É¸Ö ¤μ¢μ²Ó´μ
±μ·μÉ±¨° μÉ¢¥É

JZZ
A,lim =

{
2

Q2
ln

(
−Q2

m2
e

)
+

1
T 2 + M2

Z

ln
(

T 2 + M2
Z

m2
e

) [
ln

(
T 2

M2
Z

)
+ iπ

]}
+

+
1

T 2 + M2
Z

{[
ln

(
1 +

M2
Z

T 2

)
− ln

(
T 2

M2
Z

)]
iπ +

1
2

ln
(

(T 2 + M2
Z
)2M2

Z

(T 2)3

)
ln

(
T 2

M2
Z

)
+

+
5
6
π2 − 2Li2

(
−M2

Z

T 2

)}
+

2
Q2

[
π2 − ln

(
T 2

M2
Z

)
iπ

]
. (67)
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1.6. ”Ê´±Í¨Ö JZZ
A,sub. ‚ÒÎÉ¥´´ Ö JZZ

A -ËÊ´±Í¨Ö, μ¶·¥¤¥²Ö¥³ Ö ¢Ò· ¦¥´¨¥³ (4), ¨³¥¥É
±μ³¶ ±É´Ò° ¢¨¤:

JZZ
A,sub =

2
Q2

{
1
2

ln2

(
T 2

M2
Z

)
− ln

(
− (T 2 + M2

Z)2

Q2T 2

) [
ln

(
T 2

M2
Z

)
+ iπ

]
+

+ 2Li2

(
−M2

Z

T 2

)
+

π2

6

}
. (68)

�É³¥É¨³, ÎÉμ ¶μ¤¸É ´μ¢±  Ö¢´μ£μ ¢¨¤  ËÊ´±Í¨¨ C0(−m2
e,−M2

Z, T 2; 0, me, me) ¢ (4) ¶·¨-
¢μ¤¨É ´¥ Éμ²Ó±μ ± ¸μ±· Ð¥´¨Õ ln

(
m2

e

)
, ´μ ¨ ± ¡μ²¥¥ ±μ·μÉ±μ³Ê μÉ¢¥ÉÊ.

�·¨¢¥¤¥³ Î¨¸²¥´´μ¥ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ´ Ï¨Ì · ¸Î¥Éμ¢ ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´-
´Ò³¨ ¶ ±¥Éμ³ LoopTools [6], ¸ ¶μ³μÐÓÕ ±μÉμ·μ£μ ¢ÒÎ¨¸²Ö²μ¸Ó ¢Ò· ¦¥´¨¥, ¸²¥¤ÊÕÐ¥¥
¨§ (3) ¨ (4):

JZZ
A,sub(Q

2, T 2; MZ) = (T 2 + m2
e)D0(m2

e, m
2
e, M

2
Z
, M2

Z
,−Q2, −T 2; me, mγ , me, me)−

− C0(m2
e, M

2
Z,−T 2, 0, me, me) + C0(m2

e, m
2
e,−Q2, me, mγ , me)+

+
(

2
M2

Z + T 2

Q2
+ 1

)
C0(m2

e, M
2
Z
,−T 2; 0, me, me). (69)

�É³¥É¨³ · §´¨ÍÊ ¢ §´ ± Ì  ·£Ê³¥´Éμ¢ C0- ¨ D0-ËÊ´±Í¨° ¨ §´ ±μ¢ ¶¥·¥¤ ¸ ³¨³¨
C0-ËÊ´±Í¨Ö³¨, ¸¢Ö§ ´´ÊÕ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §´ÒÌ ³¥É·¨± ¤¢Ê³Ö ¶·μ£· ³³ ³¨.

‚ É ¡². 1 ¶·¨¢¥¤¥´μ ¸· ¢´¥´¨¥ ¢¥Ð¥¸É¢¥´´ÒÌ ¨ ³´¨³ÒÌ Î ¸É¥° ËÊ´±Í¨¨ JZZ
A,sub ¶·¨

¤¢ÊÌ §´ Î¥´¨ÖÌ ¶¥·¥³¥´´μ° s ¨ É·¥Ì cos θ ¶·¨ mγ = 10−40, me = 10−10, MZ = 91,1867
(¢¸¥ · §³¥·´Ò¥ ¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´Ò ¢ ƒÔ‚). �¥·¢ Ö ¸É·μ±  Å LoopTools, ¢Éμ· Ö
¸É·μ±  Å ´ ¸ÉμÖÐ Ö · ¡μÉ .

’ ¡²¨Í  1

cos θ s = 4 · 104 s = 105

Ä0,999 Ä9,1779326944043EÄ5, 5,01365750241311EÄ5 Ä8,3481907627769EÄ5, 9,56822492987005EÄ6
Ä9,1779326943961EÄ5, 5,01365750241524EÄ5 Ä8,3481907627712EÄ5, 9,56822492986940EÄ6

0 Ä8,1947632677557EÄ5, 2,66195083157199EÄ5 Ä7,5949691284465EÄ5,Ä1,71354446353227EÄ5
Ä8,1947632677483EÄ5, 2,66195083157431EÄ5 Ä7,5949691284414EÄ5,Ä1,71354446353217EÄ5

0,999 Ä6,3846067135480EÄ5, 7,09185809002590EÄ7 Ä3,5699920258466EÄ5,Ä6,06505583369081EÄ5
Ä6,3846067135421EÄ5, 7,09185809028460EÄ7 Ä3,5699920258452EÄ5,Ä6,06505583368993EÄ5

Š ± ¢¨¤´μ ¨§ É ¡². 1, ¨³¥¥É¸Ö ¸μ£² ¸¨¥ ¢ ¶·¥¤¥² Ì 11Ä12 §´ ±μ¢ ¤²Ö ¢¥Ð¥¸É¢¥´´μ°
Î ¸É¨ ¨ 10Ä13 §´ ±μ¢ ¤²Ö ³´¨³μ° Î ¸É¨, ÎÉμ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó-
´Ò³, ¥¸²¨ ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥ ÉμÉ Ë ±É, ÎÉμ LoopTools ¨¸¶μ²Ó§Ê¥É ÉμÎ´Ò¥ ¶μ ³ ¸¸ ³
£·μ³μ§¤±¨¥ Ëμ·³Ê²Ò [7] ¶·¨ Ô±¸É·¥³ ²Ó´μ ³ ²ÒÌ §´ Î¥´¨ÖÌ ³ ¸¸ mγ ¨ me, ¶·¨Î¥³ ´¥-
¨§¡¥¦´μ ¶·μ¨¸Ìμ¤¨É ¡μ²ÓÏ Ö ¶μÉ¥·Ö ÉμÎ´μ¸É¨ ¢ÒÎ¨¸²¥´¨°, Éμ£¤  ± ± ¢ ´ Ï¥³ ¸²ÊÎ ¥
· ¡μÉ ¥É Ëμ·³Ê²  ¤²¨´μ° ¢ μ¤´Ê ¸É·μÎ±Ê. �μ¤Î¥·±´¥³ ¢ ÔÉμ° ¸¢Ö§¨ ¥Ð¥ · § μ¸´μ¢´ÊÕ
Í¥²Ó · ¡μÉÒ Å ¶μ²ÊÎ¥´¨¥ Ö¢´μ ´¥§ ¢¨¸ÖÐ¥£μ μÉ mγ ¨ me ¨ ± Éμ³Ê ¦¥ ±μ³¶ ±É´μ£μ ·¥-
§Ê²ÓÉ É  (68), ÌμÉÖ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ LoopTools Ìμ·μÏμ ¸¶· ¢²Ö¥É¸Ö ¸ ÔÉμ° § ¤ Î¥°
Î¨¸²¥´´μ, ÌμÉÖ ¨ ¢ ¸μÉ´¨ · § ³¥¤²¥´´¥¥.
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2. „�“ƒˆ… ”“�Š–ˆˆ JXX
A

‹¨ÏÓ ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨¨ JZZ
A μ¶¨¸ ´μ ¢ ÔÉμ° ¸É ÉÓ¥ ¶μ¤·μ¡´μ, ¤²Ö ¤¢ÊÌ ¤·Ê£¨Ì

ËÊ´±Í¨° ÔÉμ£μ É¨¶  ³Ò ¶·¨¢¥¤¥³ Éμ²Ó±μ μ±μ´Î É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ.

2.1. ”Ê´±Í¨Ö JZA
A . �É  ËÊ´±Í¨Ö ¶μÖ¢²Ö¥É¸Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ μ¤´μ¶¥É²¥¢ÒÌ Ô²¥±-

É·μ¸² ¡ÒÌ ¶μ¶· ¢μ± ± ¶·μÍ¥¸¸Ê ff → ZA, ¸³ [5], ¢ ¤¨ £· ³³ Ì Éμ£μ ¦¥ É¨¶ , ÎÉμ ¨
´  ·¨¸Ê´±¥. JZA

A -ËÊ´±Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³, ¶μ¤μ¡´Ò³ (1), ¨ ¸¢Ö§ ´  ¸ D0- ¨
C0-¸μμÉ´μÏ¥´¨¥³, ¶μ¤μ¡´Ò³ (1):

JZA
A (Q2, T 2; me, MZ) = (T 2 + m2

e)D0(−m2
e,−m2

e, 0,−M2
Z, Q2, T 2; me, 0, me, me)+

+ C0(−m2
e, 0, T 2, 0, me, me) − C0(−m2

e,−m2
e, Q

2, me, 0, me). (70)

‘¶· ¢¥¤²¨¢Ò É ±¦¥ ¶·¥¤¸É ¢²¥´¨Ö (13) ¨ (17), μ¤´ ±μ ¢ (19) ¢¥²¨Î¨´Ê Ny ¸²¥¤Ê¥É § ³¥-
´¨ÉÓ ´ 

Ny = Q2(1 − y) + M2
Zy + T 2 + m2

e, (71)

ÎÉμ ¶·¨¢μ¤¨É ± É¥Ì´¨Î¥¸±μ° ³μ¤¨Ë¨± Í¨¨ ¢Ò±² ¤μ±, ´μ ´¥ ¶μ ¸ÊÐ¥¸É¢Ê.
�±μ´Î É¥²Ó´Ò° μÉ¢¥É ¤²Ö ËÊ´±Í¨¨ JZA

A ¶μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ y ¨³¥¥É ¡μ²¥¥
±μ³¶ ±É´Ò° ¢¨¤, Î¥³ (66):

JZA
A = +

1
P

(
ln

(
P

m2
e

) [
ln2

(
1 − m2

e

P

)
− ln2

(
−m2

e

P

)
+ Li2

(
P

m2
e

)])
+

+
1√
DQ

(
+

[
−2 ln

(
P

m2
e

)
l(yQ1)+

1
2
l2(yQ1)−2Li2

(
1

yQ1

)
+M (yQ2 , yQ1)

]
−[yQ1 ↔ yQ2 ]+

+

[
−1

2
l2(yd1) + 2M (yl11 , yd1) −M (yl12 , yd1) − 2M (yl13 , yd1) + M (yl14 , yd1)

]
+

+

[
+

1
2
l2(yd1) + 2M (yl21 , yd2) + M (yl22 , yd2) − 2M (yl23 , yd2) −M (yl24 , yd2)

])
. (72)

‡¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´Ò μ¶·¥¤¥²¥´¨Ö (65) ¨ ¶μ¸²¥¤´¥¥ · ¢¥´¸É¢μ (60); ¢¥²¨Î¨´Ò DQ, yQ1,2

μ¶·¥¤¥²¥´Ò ¢ (30),   yd1,2 ¨ y(k,q,d,l)1j Å ¤·Ê£¨¥ ±μ·´¨ ²¨´¥°´ÒÌ ¨²¨ ±¢ ¤· É´ÒÌ Ê· ¢-
´¥´¨°:

yd1 = −B1 + C1t
min
1

C1dt1

, yl11 = − tmin
1 − A

dt1

,

yl12 = − tmin
1 + M2

Z − Q2

dt1

, yl13 = − tmin
1 + A

dt1

,

yl13 = −
√

DQtmin
1 + AQ2√
DQdt1
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Å ¨ § ¢¨¸ÖÐ¨¥ μÉ ÔÉ¨Ì ±μ·´¥° ¢Ò· ¦¥´¨Ö ¨ ±μ·´¨ ¢ ¶¥·¥³¥´´μ° t1:

B1 = A(Q2 − AyQ1), C1 = −Q2yQ2 − M2
Z
yQ1 ,

tmax
1 =

M2
Z
De − C1

1 − yQ1

, tmin
1 = −

√
(Q2)2 − 4M2

Z(m2
e − iε) − C1

−yQ1

, (73)

dt1 = tmax
1 − tmin

1 .

� ¡μ· ¶¥·¥³¥´´ÒÌ C2, t2 . . . ¨ yl2 . . . ¶μ²ÊÎ ¥É¸Ö § ³¥´μ° ¨´¤¥±¸  1 ´  2 §  ¨¸±²ÕÎ¥´¨¥³

C2 = +Q2yQ1 + M2
ZyQ2 , (74)

£¤¥ ³¥´Ö¥É¸Ö §´ ± (C1,2 ¤μ²¦´Ò ¡ÒÉÓ ¶μ²μ¦¨É¥²Ó´Ò).
�¡Ð¨¥ ¢¥²¨Î¨´Ò

A = Q2 + M2
Z, (75)

¨ De Å ± ± ¨ ¢ (50).
2.2. ”Ê´±Í¨Ö JZA

A,lim. ‚ ¶·¥¤¥²¥ me → 0 ËÊ´±Í¨Ö JZA
A §´ Î¨É¥²Ó´μ Ê¶·μÐ ¥É¸Ö:

JZA
A,lim =

1
T 2

[
1
2

ln2

(
T 2

m2
e

)
+ 2ζ(2)

]
+

+
1

Q2

{
1
2

ln2

(
M2

Z

m2
e

)
+

[
2 ln

(
T 2

M2
Z

)
+ ln

(
− Q2

M2
Z

)
+ iπ

]
ln

(
M2

Z

m2
e

)
+

+
3
2
π2 −

[
2 ln

(
T 2

M2
Z

)
+ ln

(
−M2

Z

Q2

)]
iπ−

− 2 ln
(

T 2

M2
Z

)
ln

(
−M2

Z

Q2

)
+ Li2

(
Q2 + M2

Z − iε

M2
Z

)
− Li2

(
Q2 + M2

Z − iε

Q2

)}
. (76)

2.3. ”Ê´±Í¨Ö JZA
A,sub. ‚ÒÎÉ¥´´ Ö JZA

A -ËÊ´±Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

JZA
A,sub(Q

2, T 2; MZ) = −JZA
A (Q2, T 2; me, MZ)+

+
1

Q2

[
(T 2 + M2

Z)C0(−M2
Z,−m2

e, T
2; me, me, 0)+

+ (Q2 + T 2)C0(0,−m2
e, T

2; me, me, 0) + (Q2 + M2
Z
)C0(0,−M2

Z
, Q2; me, me, me)

]
. (77)

‚ ·¥§Ê²ÓÉ É¥ ¤²¨´´ÒÌ ¢ÒÎ¨¸²¥´¨° ¡Ò² ¶μ²ÊÎ¥´ É ±¦¥ ¤μ¸É ÉμÎ´μ ±μ³¶ ±É´Ò° μÉ¢¥É:

JZA
A,sub = − 1

Q2

{
2 ln

(
−Q2

T 2 + M2
Z

) [
ln

(
T 2

M2
Z

)
+ iπ

]
−

− 1
2

ln2

(
− Q2

M2
Z

)
+ Li2

(
Q2 + M2

Z − iε

M2
Z

)
−

− Li2

(
Q2 + M2

Z − iε

Q2

)
− Li2

(
− T 2

M2
Z

− iε

)
− Li2

(
− T 2

M2
Z

+ iε

)}
. (78)



”Ê´±Í¨¨ JA ¢ ·¥¤Ê±Í¨¨ � ¸¸ ·¨´μÄ‚¥²ÓÉ³ ´  69

‚Ò· ¦¥´¨¥ É¨¶  (69), ±μÉμ·μ¥ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

JZA
A,sub(Q

2, T 2; MZ) = −
[
(T 2 + m2

e)D0(m2
e, m

2
e, 0, M2

Z
,−Q2,−P ; me, mγ , me, me)−

− C0(m2
e, m

2
e,−Q2; me, mγ , me) + C0(m2

e, 0,−T 2; 0, me, me)
]
−

− 1
Q2

[
(T 2 + M2

Z)C0(−M2
Z,−m2

e, T
2; me, me, 0) + (Q2 + T 2)C0(0,−m2

e, T
2; me, me, 0)+

+ (Q2 + M2
Z
)C0(0,−M2

Z
, Q2; me, me, me)

]
, (79)

¡Ò²μ ¢ÒÎ¨¸²¥´μ ¶ ±¥Éμ³ LoopTools, ¨ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö ¢¥Ð¥¸É¢¥´´ÒÌ ¨ ³´¨³ÒÌ
Î ¸É¥° ËÊ´±Í¨¨ JZA

A,sub ¶·¨¢¥¤¥´Ò ¢ É ¡². 2 ¶·¨ É¥Ì ¦¥ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢, ÎÉμ ¨ ¢
É ¡². 1. �¥·¢ Ö ¸É·μ±  Å LoopTools, ¢Éμ· Ö ¸É·μ±  Å ´ ¸ÉμÖÐ Ö · ¡μÉ .

’ ¡²¨Í  2

cos θ s = 4 · 104 s = 105

Ä0,999 Ä1,2787726929778EÄ8, 6,22256474707476EÄ8 Ä2,8674320909170EÄ9, 2,88102919507768EÄ8
Ä1,2787727059117EÄ8, 6,22256474555672EÄ8 Ä2,8674321134773EÄ9, 2,88102919481843EÄ8

0 Ä2,9174547510660EÄ5, 7,92127876055845EÄ5 Ä9,2325711394541EÄ6, 3,85331158705139EÄ5
Ä2,9174547510821EÄ5, 7,92127876055687EÄ5 Ä9,2325711394813EÄ6, 3,85331158705107EÄ5

0,999 Ä6,0585940767654EÄ4, 2,46444301639778EÄ4 Ä3,4674596728988EÄ4, 1,55924109795349EÄ4
Ä6,0585940773005EÄ4, 2,46444301639799EÄ4 Ä3,4674596729793EÄ4, 1,55924109795360EÄ4

Š ± ¢¨¤´μ ¨§ É ¡². 1, ¸μ£² ¸¨¥ ¤¢ÊÌ ¢ÒÎ¨¸²¥´¨° É ±¦¥ ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ,
μ¸μ¡¥´´μ ¸ ÊÎ¥Éμ³ ¡μ²¥¥ ¸¨´£Ê²Ö·´μ£μ Ì · ±É¥·  ËÊ´±Í¨¨ JZA

A .

2.4. ”Ê´±Í¨Ö JAA
A . �É  ËÊ´±Í¨Ö ¶μÖ¢²Ö¥É¸Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ μ¤´μ¶¥É²¥¢ÒÌ Ô²¥±-

É·μ¸² ¡ÒÌ ¶μ¶· ¢μ± ± ¶·μÍ¥¸¸Ê ff → AA ¢ ¤¨ £· ³³ Ì Éμ£μ ¦¥ É¨¶ , ÎÉμ ¨ ´  ·¨¸Ê´±¥,
¸³. É ±¦¥ [8]. “ ´¥¥ ´¥É ¢ ± Î¥¸É¢¥  ·£Ê³¥´É  ³ ¸¸Ò MZ. JAA

A -ËÊ´±Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö
É¨¶¨Î´Ò³ ¢Ò· ¦¥´¨¥³

JAA
A (Q2, T 2; me) = (T 2 + m2

e)D0(−m2
e,−m2

e, 0, 0, Q2, T 2; me, 0, me, me)+

+ C0(−m2
e, 0, T 2, 0, me, me) − C0(−m2

e,−m2
e, Q

2, me, 0, me). (80)

‘¶· ¢¥¤²¨¢Ò É ±¦¥ ¶·¥¤¸É ¢²¥´¨Ö (13) ¨ (17); ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´Ò Ny ¨ kxy · ¢´Ò

Ny = Q2(1 − y) + T 2 + m2
e,

(81)

k2
xy = Nyx − Q2

y,

ÎÉμ ¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´μ³Ê Ê¶·μÐ¥´¨Õ ¢Ò±² ¤μ±.
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‡¤¥¸Ó ¶·¨¢μ¤¨É¸Ö ÉμÎ´μ¥, ´¥¢ÒÎÉ¥´´μ¥, ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥ Ê¦¥ ¤μ¸É ÉμÎ´μ ±μ³-
¶ ±É´μ:

JAA
A (Q2, T 2; me) =

1
T 2

[
ln

(
T 2

m2
e

)
ln

(
1 − T 2

m2
e

)
+ Li2

(
T 2

m2
e

)]
+

+
1√
DQ

[
2 ln

(
T 2

m2
e

)
ln

(
−yQ1

yQ2

)
− Li2

(
1

yQ1

)
+ Li2

(
1

yQ2

)]
, (82)

£¤¥ yQ1,2 μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (30).
‚Ò· ¦¥´¨¥ (80) ¡Ò²μ ¢ÒÎ¨¸²¥´μ ¶ ±¥Éμ³ LoopTools, ¨ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö ¢¥Ð¥-

¸É¢¥´´ÒÌ ¨ ³´¨³ÒÌ Î ¸É¥° ËÊ´±Í¨¨ JAA
A ¶·¨¢¥¤¥´Ò ¢ É ¡². 3 ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢

mγ = 10−40, me = 1, s = 10, 104, ¢¸¥ ¢¥²¨Î¨´Ò ¢ ƒÔ‚. �¥·¢ Ö ¸É·μ±  Å LoopTools,
¢Éμ· Ö ¸É·μ±  Å ´ ¸ÉμÖÐ Ö · ¡μÉ .

’ ¡²¨Í  3

cos θ s = 10 s = 104

Ä0,999 Ä0,5879746887795445, 1,01082015997387194 Ä8,3186383783472EÄ3, 2,8938412134060EÄ3
Ä0,5879746887795445, 1,01082015997387194 Ä8,3186383783472EÄ3, 2,8938412134060EÄ3

0 Ä6,4246327440281EÄ2, 0,51951841757579184 Ä3,7039458586786EÄ3, 2,4586139700230EÄ3
Ä6,4246327440281EÄ2, 0,51951841757579184 Ä3,7039458586786EÄ3, 2,4586139700230EÄ3

0,999 1,7970553152674388,Ä0,92983187907679556 0,7331455946952883,Ä1,7680717375768EÄ3
1,7970553152674387,Ä0,92983187907679556 0,7331455946952884,Ä1,7680717375768EÄ3

Š ± ¢¨¤´μ ¨§ É ¡²¨ÍÒ, ¤¢  ¢ÒÎ¨¸²¥´¨Ö ¸μ£² ¸ÊÕÉ¸Ö ¢¶²μÉÓ ¤μ ¶μ¸²¥¤´¥£μ ¶·¨¢¥¤¥´-
´μ£μ §´ ±  (¢ ·¥¤±¨Ì ¸²ÊÎ ÖÌ ¤μ ¶·¥¤¶μ¸²¥¤´¥£μ).

‡�Š‹�—…�ˆ…

‚ μÉ²¨Î¨¥ μÉ Ê´¨¢¥·¸ ²Ó´ÒÌ ËÊ´±Í¨° � ¸¸ ·¨´μÄ‚¥²ÓÉ³ ´ , ±² ¸¸ · ¸¸³μÉ·¥´´ÒÌ
¢ ÔÉμ° · ¡μÉ¥ ËÊ´±Í¨° μÎ¥´Ó ¡μ£ É; ÌμÉÖ ¢¸¥ μ´¨ Å ²¨´¥°´Ò¥ ±μ³¡¨´ Í¨¨ D0- ¨ C0-
ËÊ´±Í¨°, ¨Ì Ö¢´Ò° ¢¨¤ § ¢¨¸¨É μÉ ±μ´±·¥É´μ£μ ± ´ ²  ¢Ò¡· ´´μ£μ ¶·μÍ¥¸¸ . �É  ´¥Ê´¨-
¢¥·¸ ²Ó´μ¸ÉÓ Å ´¥¸μ³´¥´´Ò° ´¥¤μ¸É Éμ± · ¸¸³μÉ·¥´´μ£μ ±² ¸¸ .

�¤´ ±μ μ´¨ μ¡² ¤ ÕÉ ·Ö¤μ³ μÎ¥¢¨¤´ÒÌ ¤μ¸Éμ¨´¸É¢:
1) ±μ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ (68) ¨ (78) ±μ³¶ ±É´Ò ¨ Ö¢´μ ¤¥³μ´¸É·¨·ÊÕÉ ²¥¦ ÐÊÕ ¢

μ¸´μ¢¥ Ë¨§¨±Ê;
2) ®¢ÒÎÉ¥´´Ò¥¯ JA,sub-ËÊ´±Í¨¨ Ö¢´μ ´¥ ¸μ¤¥·¦ É ³ ¸¸μ¢ÒÌ ²μ£ ·¨Ë³¨Î¥¸±¨Ì ¸¨´£Ê-

²Ö·´μ¸É¥° (·¥§Ê²ÓÉ ÉÒ 1 ¨ 2 ¸±·ÒÉÒ ¢´ÊÉ·¨ ¶ ±¥É  LoopTools);
3) ¨Ì ±μ³¶ ±É´μ¸ÉÓ ¶·¨¢μ¤¨É ± ¨Ì ¸É ¡¨²Ó´μ³Ê ¨ ¸¢¥·Ì¡Ò¸É·μ³Ê ¢ÒÎ¨¸²¥´¨Õ ¢ ±μ³-

¶ÓÕÉ¥·´ÒÌ ¶·μ£· ³³ Ì;
4) ¤²Ö ¨Ì  ´ ²¨É¨Î¥¸±μ£μ ¢ÒÎ¨¸²¥´¨Ö ´ °¤¥´ Ê´¨¢¥·¸ ²Ó´Ò° ³¥Éμ¤.
�·¨¢¥¤¥´´Ò¥ ¢ ÔÉμ° · ¡μÉ¥ JA,sub-ËÊ´±Í¨¨ Ê¦¥ ´ Ï²¨ ¸¢μ¥ ¶·¨³¥´¥´¨¥ ¤²Ö Î¨¸²¥´-

´ÒÌ · ¸Î¥Éμ¢ ¶·¨ ¨³¶²¥³¥´É Í¨¨ ·Ö¤  ¶·μÍ¥¸¸μ¢ ¢ ¸·¥¤Ê SANC (¸³. · ¡μÉÒ [3] ¨ [5]).
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