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1 Œ¥³μ·¨ ²Ó´Ò° Ê´¨¢¥·¸¨É¥É, Šμ·´¥·-�·Ê±, Š ´ ¤ 
2 �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

3 ƒμ³¥²Ó¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ¨³. ”. ‘±μ·¨´Ò, ƒμ³¥²Ó, �¥²μ·Ê¸¸¨Ö

� ¸¸³μÉ·¥´Ò · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± ¶·μÍ¥¸¸Ê ¡ ¡ -· ¸¸¥Ö´¨Ö ¢ · ³± Ì ‘É ´-
¤ ·É´μ° ³μ¤¥²¨ ´  Ê·μ¢´¥ μ¤´μ° ¶¥É²¨. “ÎÉ¥´Ò ± ± ¢¨·ÉÊ ²Ó´Ò¥ ¶μ¶· ¢±¨, É ± ¨
¶μ¶· ¢±¨ ´  ¨§²ÊÎ¥´¨¥ ·¥ ²Ó´μ£μ ËμÉμ´ . ‚ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¶·¨ Ô´¥·£¨¨, ¨¸-
¶μ²Ó§Ê¥³μ° ´  Ê¸É ´μ¢±¥ Belle II (Ÿ¶μ´¨Ö).

The Standard Model radiative corrections to the Bhabha scattering process are con-
sidered within one-loop approximation. Virtual corrections as well as corrections by real
photon emission are evaluated. The calculation was performed at Belle II (Japan) energy.

PACS: 12.15.Lk; 13.40 Ks; 13.66.-a
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�·μÍ¥¸¸Ò  ´´¨£¨²ÖÍ¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò ¢ ¶ ·Ê Ë¥·³¨μ´μ¢
¨£· ÕÉ ËÊ´¤ ³¥´É ²Ó´ÊÕ ·μ²Ó ¶·¨ ¨§ÊÎ¥´¨¨ ¶·¨·μ¤Ò ³¨±·μ³¨· , ´ Î¨´ Ö ¸μ
¸É ´μ¢²¥´¨Ö Š�„ ¨ ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨, ±μ£¤  ‘É ´¤ ·É´ Ö ³μ¤¥²Ó Ô²¥±-
É·μ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (‘Œ) μ¡·¥²  ¸É ÉÊ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ¤É¢¥·¦-
¤¥´´μ° É¥μ·¨¨. �·μÍ¥¸¸ Ô²¥±É·μ´-¶μ§¨É·μ´´μ°  ´´¨£¨²ÖÍ¨¨ μÉ´Õ¤Ó ´¥ ¨¸-
Î¥·¶ ² ¸¢μ° ¶μÉ¥´Í¨ ² ¨ ¶μ ´ ¸ÉμÖÐ¨° ¤¥´Ó. “¸¶¥Ï´μ ¶·μ¤μ²¦ ÕÉ ¸¢μÕ
· ¡μÉÊ Ê¸É ´μ¢±¨ VEPP (�μ¢μ¸¨¡¨·¸±) ¨ BEPC-II (�¥±¨´, Š¨É °), ´ Í¥²¥´-
´Ò¥ ´  ¨§ÊÎ¥´¨¥ ³¥§μ´´μ° Ë¨§¨±¨. ˆ´É¥·¥¸´  ¶·μ£· ³³  ¤²Ö ¶·μ¨§¢μ¤¸É¢ 
B-³¥§μ´μ¢ Belle II (KEK, Ÿ¶μ´¨Ö), μ¤´μ° ¨§ £² ¢´ÒÌ Í¥²¥° ±μÉμ·μ° ¡Ê¤¥É
μ¶·¥¤¥²¥´¨¥ ¢ ¦´¥°Ï¥£μ ¶ · ³¥É·  ‘Œ Å ¸¨´Ê¸  Ê£²  ‚ °´¡¥·£  sin θW ¢
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± ´ ²¥ e−e+ → μ−μ+ ¶·¨ Ô´¥·£¨¨ ´¨¦¥ Z-·¥§μ´ ´¸  (¤²Ö Belle II ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ (¸. Í. ³.) e− ¨ e+ Ô´¥·£¨Ö ·¥ ±Í¨¨

√
s = m(Υ4S) = 10,577 ƒÔ‚).

‚ · ¡μÉ¥ Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ±μ²² °¤¥·μ¢ ´μ¢μ£μ ¶μ±μ²¥´¨Ö
ILC/CLIC/FCC ¢μ§³μ¦´  É ±¦¥ Ô²¥±É·μ´-Ô²¥±É·μ´´ Ö (³¥²²¥·μ¢¸± Ö) ³μ¤ ,
±μÉμ· Ö, ± ± ¨ ¶·¨ ¡μ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢ Ô±¸¶¥·¨³¥´É¥ E-158 (SLAC) ¨
¢ ¶² ´¨·Ê¥³μ³ Ô±¸¶¥·¨³¥´É¥ MOLLER (JLab), ³μ¦¥É ¡ÒÉÓ Î·¥§¢ÒÎ °´μ ¨´-
É¥·¥¸´  ± ± ¤²Ö ¶·¥Í¨§¨μ´´ÒÌ É¥¸Éμ¢ ¨ ¨§³¥·¥´¨° ‘Œ, É ± ¨ ¤²Ö ¶μ¨¸±μ¢
´μ¢μ° Ë¨§¨±¨ (�”) [1].

ŒÒ ¸É ¢¨³ ¸¢μ¥° Í¥²ÓÕ ¶μ²ÊÎ¥´¨¥  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì Ëμ·³Ê², ¨³¥ÕÐ¨Ì
¶·μ¸Éμ° ±μ³¶ ±É´Ò° ¢¨¤, ´μ É¥³ ´¥ ³¥´¥¥ ´ ¤¥¦´μ · ¡μÉ ÕÐ¨Ì (ÔÉμ ¤μ± -
§Ò¢ ¥É¸Ö Ê¸¶¥Ï´Ò³ ¸· ¢´¥´¨¥³ ¸ ÉμÎ´Ò³¨ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ³¥-
Éμ¤ ³¨ ±μ³¶ÓÕÉ¥·´μ°  ²£¥¡·Ò FeynArts/FormCalc [2]) ¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥
Z-·¥§μ´ ´¸ .

1. �����‚‘Š�… ��ˆ�‹ˆ†…�ˆ…

�·μÍ¥¸¸ · ¸¸¥Ö´¨Ö 	 ¡  ¢ · ³± Ì ‘Œ § ¶¨¸Ò¢ ¥É¸Ö Ëμ·³Ê²μ°

e−(p1) + e+(p2) → e−(p3) + e+(p4) (1)

¨ ´  ¡μ·´μ¢¸±μ³ Ê·μ¢´¥ μ¶¨¸Ò¢ ¥É¸Ö ¤¨ £· ³³ ³¨, ¶·¥¤¸É ¢²¥´´Ò³¨ ´ 
·¨¸. 1. —¥ÉÒ·¥Ì¨³¶Ê²Ó¸Ò ´ Î ²Ó´ÒÌ Î ¸É¨Í (p1 ¨ p2) ¨ ±μ´¥Î´ÒÌ Î ¸É¨Í (p3

¨ p4) μ¡· §ÊÕÉ ¸É ´¤ ·É´Ò° ´ ¡μ· ²μ·¥´Í-¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ Œ ´-
¤¥²ÓÏÉ ³ : s = q2

s = (p1 + p2)2, t = q2
t = (p1 − p3)2, u = (p2 − p3)2. „ ²¥¥,

¥¸²¨ μ¸μ¡μ ´¥ μ£μ¢ ·¨¢ ¥É¸Ö, ¶·¨¢μ¤ÖÉ¸Ö Éμ²Ó±μ ·¥§Ê²ÓÉ ÉÒ, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨¥ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¶·¨¡²¨¦¥´¨Õ: s,−t,−u � m2, £¤¥ m Å ³ ¸¸ 
Ô²¥±É·μ´ . „¨ £· ³³ ³ ´  ·¨¸. 1 ¸μμÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨¥  ³¶²¨ÉÊ¤Ò:

Ma
t = e2Q2

eDa(qt) [ū(p3)γμΓau(p1)] [ū(−p2)γμΓau(−p4)] , (2)

Ma
s = −e2Q2

eDa(qs) [ū(−p2)γμΓau(p1)] [ū(p3)γμΓau(−p4)] , (3)

±μÉμ·Ò¥ ¢ ¸Ê³³¥ ¤ ÕÉ ¶μ²´ÊÕ  ³¶²¨ÉÊ¤Ê ¶·μÍ¥¸¸  ¢ ¡μ·´μ¢¸±μ³ ¶·¨¡²¨¦¥-
´¨¨: Ma

0 = Ma
t + Ma

s . ‡¤¥¸Ó ³Ò ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö:

Da(q) =
1

q2 − m2
a

, Γa = va − aaγ5, a = γ, Z, (4)

vγ = −Qe, aγ = 0, vZ =
I3
e − 2Qes

2
W

2sW cW
, aZ =

I3
e

2sW cW
. (5)

‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¸¥Î¥´¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

dσ0

dC13
=

πα2

2s

∑
rr′

∑
a,b=γ,Z

Πab
rr′Saab

rr′ , Πab
rr′ = Da(qr)D∗

b (qr′), (6)
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�¨¸. 1. 	μ·´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥

£¤¥ ¨´¤¥±¸ r = s, t μ¶·¥¤¥²Ö¥É ± ´ ² ·¥ ±Í¨¨, C13 = cos θ13,   θ13 Å Ê£μ²
· ¸¸¥Ö´¨Ö, É. ¥. Ê£μ² ³¥¦¤Ê ¢¥±Éμ· ³¨ p1 ¨ p3 ¢ ¸. Í. ³. ‚¥²¨Î¨´Ò Sabc

rr′ ¨³¥ÕÉ
¸²¥¤ÊÕÐ¨° ¢¨¤:

Sabc
tt = Sp

[
γμΓaU1Γc+γνU3

]
Sp

[
γμΓbU4Γc+γνU2

]
,

Sabc
ts = −Sp

[
γμΓaU1Γc+γνU2γμΓbU4Γc+γνU3

]
,

Sabc
st = −Sp

[
γμΓaU1Γc+γνU3γμΓbU4Γc+γνU2

]
,

Sabc
ss = Sp

[
γμΓaU1Γc+γνU2

]
Sp

[
γμΓbU4Γc+γνU3

]
,

(7)

£¤¥ Ui Å ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨:

U1 ≡ u(p1) ū(p1) =
1
2

(1 + λ1γ5) (p̂1 + m),

U2 ≡ u(−p2) ū(−p2) =
1
2

(1 − λ2γ5) (p̂2 − m),

U3 ≡ u(p3) ū(p3) = p̂3 + m,

U4 ≡ u(−p4) ū(−p4) = p̂4 − m.

‘²¥¤Ò γ-³ É·¨Í (7) ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ±μ³¡¨´ Í¨¨ ¶μ²Ö·¨§ Í¨° ´ Î ²Ó-
´ÒÌ Î ¸É¨Í λ1,2

P±
1 = λ1 ± λ2, P±

2 = 1 ± λ1λ2

¨ ±μ³¡¨´ Í¨¨ ±μ´¸É ´É ¸¢Ö§¨

fabc
± = gac

V gbc
V ± gac

A gbc
A , gabc

± = gac
V gbc

A ± gac
A gbc

V ,

gab
V = vavb + aaab, gab

A = vaab + aavb

¢ ¢¨¤¥

1
2
Sabc

tt = P−
2 fabc

+ u2 + P+
2 fabc

− s2 − P−
1 gabc

+ u2 + P+
1 gabc

− s2,

1
2
Sabc

ts =
1
2
Sabc

st = P−
2 fabc

+ u2 − P−
1 gabc

+ u2, (8)

1
2
Sabc

ss = P−
2

(
fabc
+ u2 + fabc

− t2
)
− P−

1

(
gabc
+ u2 − gabc

− t2
)
.
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‚¢¥¤¥³ μÉ´μ¸¨É¥²Ó´Ò¥ ¶μ¶· ¢±¨ δ±:

δC
+ =

σC
LL + σC

LR + σC
RL + σC

RR

σ0
LL + σ0

LR + σ0
RL + σ0

RR

=
σC

00

σ0
00

, (9)

δC
− =

(σC
LL + σC

LR) − (σC
RL + σC

RR)
(σ0

LL + σ0
LR) − (σ0

RL + σ0
RR)

=
σC

L0 − σC
R0

σ0
L0 − σ0

R0

, (10)

£¤¥ ´¨¦´¨¥ ¨´¤¥±¸Ò {λ1λ2} § ¤ ÕÉ ¶μ²Ö·¨§ Í¨Õ ´ Î ²Ó´ÒÌ Î ¸É¨Í,   ¢¥·Ì-
´¨° ¨´¤¥±¸ C § ¤ ¥É É¨¶ ¢±² ¤ .

2. ��„ˆ�–ˆ���›… �����‚Šˆ

� ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ¸μ¸ÉμÖÉ ¨§ ¢±² ¤μ¢ ´¥¸±μ²Ó±¨Ì É¨¶μ¢, É ±¨Ì ± ±
¡μ§μ´´Ò¥ ¸μ¡¸É¢¥´´Ò¥ Ô´¥·£¨¨ (·¨¸. 2), ¶μ¶· ¢±¨ ± ¢¥·Ï¨´ ³ (·¨¸. 3), μ¡-
³¥´ ¤¢Ê³Ö ¢¨·ÉÊ ²Ó´Ò³¨ ¡μ§μ´ ³¨ (·¨¸. 4),   É ±¦¥ ¶μ¶· ¢±¨ ´  ¨§²ÊÎ¥´¨¥
·¥ ²Ó´μ£μ ËμÉμ´  (·¨¸. 5).

�¨¸. 2. 	μ§μ´´Ò¥ ¸μ¡¸É¢¥´´Ò¥ Ô´¥·£¨¨

�¨¸. 3. ‚¥·Ï¨´´Ò¥ ¶μ¶· ¢±¨

�¨¸. 4. „¢ÊÌ¡μ§μ´´Ò¥ ¶μ¶· ¢±¨ (¡μ±¸Ò)
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�¨¸. 5. �μ¶· ¢±¨ ´  ¨§²ÊÎ¥´¨¥ ·¥ ²Ó´μ£μ ËμÉμ´ 

	μ§μ´´Ò¥ ¸μ¡¸É¢¥´´Ò¥ Ô´¥·£¨¨ (¸³. ·¨¸. 2) ³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¢ ¢¨¤¥,
μÎ¥´Ó ¶μÌμ¦¥³ ´  ¡μ·´:

dσBSE

dC13
=

πα2

s

∑
rr′

∑
a,b,c=γ,Z

Πabc
rr′ Sabc

rr′ , (11)

£¤¥ ¶μ¶¥·¥Î´ Ö Î ¸ÉÓ μ¶¥· Éμ·  ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ Σ̂ab
T (r) ¢Ìμ¤¨É ¢ ¸²¥¤Ê-

ÕÐÊÕ ±μ³¡¨´ Í¨Õ:

Πabc
rr′ = −Da(qr) Σ̂ab

T (r) Db(qr) D∗
c (qr′). (12)

‚¥·Ï¨´´Ò¥ ¶μ¶· ¢±¨ (¸³. ·¨¸. 3) ¸μ¤¥·¦ É Ê¦¥ ¤¢  ¡μ·´μ¶μ¤μ¡´ÒÌ ¢±² ¤ ,
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³μ¤¨Ë¨± Í¨Ö³ μ¤´μ° ¨²¨ ¤·Ê£μ° ¢¥·Ï¨´Ò ¢ ¡μ·´μ¢¸±μ°
¤¨ £· ³³¥ (¸³. ·¨¸. 1):

dσVer

dC13
=

πα2

s

∑
rr′

∑
a,b=γ,Z

Πab
k

(
SFaab

rr′ + SaFab
rr′

)
, (13)

£¤¥ ¸Ê³³¨·μ¢ ´¨¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶μ ± ´ ² ³ r, r′ = s, t,   ¸²¥¤Ò γ-³ É·¨Í
Sabc

rr′ ¸μ¢¶ ¤ ÕÉ ¸ ¡μ·´μ¢¸±¨³¨ (8), Éμ²Ó±μ ¸ § ³¥´μ° É·¨¢¨ ²Ó´ÒÌ ¢¥·Ï¨´ va

¨ aa ´  ¶¥·¥´μ·³¨·μ¢ ´´Ò¥ ¢¥·Ï¨´´Ò¥ Ëμ·³Ë ±Éμ·Ò:

va → vFa , aa → aFa , a = γ, Z, (14)

£¤¥

vFγ =
α

4π

(
vγΛγ

1 + ((vZ )
2

+ (aZ)
2
)ΛZ

2 +
3

4s2
W

ΛW
3

)
, (15)

aFγ =
α

4π

(
aγΛγ

1 + 2vZaZΛZ
2 +

3
4s2

W

ΛW
3

)
, (16)
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vFZ =
α

4π

(
vZΛγ

1 + vZ((vZ )
2
+ 3(aZ)

2
)ΛZ

2 +
1

8s3
W cW

ΛW
2 − 3cW

4s3
W

ΛW
3

)
, (17)

aFZ =
α

4π

(
aZΛγ

1 + aZ(3(vZ)
2
+ (aZ)

2
)ΛZ

2 +
1

8s3
W cW

ΛW
2 − 3cW

4s3
W

ΛW
3

)
. (18)

‚¥²¨Î¨´Ò Λi Ìμ·μÏμ ¨§¢¥¸É´Ò [3]. „¢ÊÌ¡μ§μ´´Ò¥ μ¡³¥´Ò (¤¨ £· ³³Ò É¨¶ 
ÖÐ¨± (¡μ±¸)) (¸³. ·¨¸. 4) ¸μ¤¥·¦ É μ¡³¥´ · §´Ò³¨ ¡μ§μ´ ³¨:

MBox = Mγγ
t + MγZ

t + MZγ
t + MZZ

t + MWW
t + (t → s). (19)

�¡μ§´ Î¨³ ¶·Ö³Ò¥ ¡μ±¸Ò ± ± Mab
r,D,   ¡μ±¸Ò ¸ ¶¥·¥±·¥Ð¥´´Ò³¨ ¡μ§μ´´Ò³¨

¶·μ¶ £ Éμ· ³¨ ± ± Mab
r,C ¨ Éμ£¤  § ¶¨Ï¥³:

MBox =
∑
a,b

(
Mab

t,D + Mab
t,C + Mab

s,D + Mab
s,C

)
. (20)

‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ¨³¥¥É ¢¨¤

dσBox

dC13
=

1
24πs

Re
∑

c=γ,Z

MBox (Mc
0)

+
.

� ¸¸³μÉ·¨³ ¤²Ö ¶·¨³¥·  μ¤¨´ ¨§ ¢±² ¤μ¢, ¢μ§´¨± ÕÐ¨° ¶·¨ ¶¥·¥³´μ¦¥´¨¨
¸² £ ¥³ÒÌ ¢ MBox (Mc

0)
+:

Mab
t,D (Mc

t)
+ = 4πα3

∫
dk

iπ2
Da(k)Db(qt − k)D∗

c (qt)×

× Sp
[
γβΓbS(p1 − k)γμUa

1 Γc+γνU3

]
×

× Sp
[
γμΓaS(−p2 − k)γβΓbU4γνU c

2

]
. (21)

�¤´¨³ ¨§ ¸ ³ÒÌ ¸²μ¦´ÒÌ ¢±² ¤μ¢ É ±μ£μ É¨¶  ¡Ê¤¥É ¸²ÊÎ ° μ¡³¥´  ¤¢Ê³Ö
ËμÉμ´ ³¨ (γγ-¡μ±¸). ‚ ´ Ï¥³ ¶μ¤Ìμ¤¥ μ´ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Mγγ
t,D (Mc

t)
+ =

8πα3

t
D∗

c (qt) (P3x1 + P4y1),

x1 = (Lt − Ls) (S1 (Ls − Lt) − 2tu) + 2u2

(
Ls (Ls − 2Lλ) − 4

3
π2

)
, (22)

y1 = 2s2

(
L2

t − 2Ls (Lt − Lλ) +
4
3
π2

)
,
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£¤¥ Ls ≡ ln (s/m2), Lt ≡ ln (−t/m2), Lλ ≡ ln (λ2/m2), S1 ≡ s2 + u2 ¨
¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ±μ³¡¨´ Í¨¨ ¸¶¨· ²Ó´μ¸É¥° ¨ ¢¥·Ï¨´:

P3 ≡ P−
1 gγγc

+ − P−
2 fγγc

+ , P4 ≡ P+
2 fγγc

− , P5 ≡ P−
2 fγγc

− . (23)

‚¨¤´μ, ÎÉμ ¡μ±¸Ò ¸ ËμÉμ´ ³¨ ¸É· ¤ ÕÉ μÉ ¨´Ë· ±· ¸´μ° · ¸Ìμ¤¨³μ¸É¨,
±μÉμ· Ö ·¥£Ê²Ö·¨§Ê¥É¸Ö Ë¨±É¨¢´μ° ³ ¸¸μ° ËμÉμ´  λ. ‘μ±· Ð¥´¨¥ ÔÉμ° ´¥-
Ë¨§¨Î¥¸±μ° ¢¥²¨Î¨´Ò ¶·μ¨¸Ìμ¤¨É ¢ ¸Ê³³¥ ¸ ¢±² ¤μ³ ¨§²ÊÎ¥´¨Ö ·¥ ²Ó´μ£μ
ËμÉμ´  (¸³. ·¨¸. 5). �¡ÒÎ´μ ¢ÒÎ¨¸²ÖÕÉ ¢±² ¤ ³Ö£±μ£μ ËμÉμ´  (¸ Ô´¥·£¨¥° ω,
É ±μ° ÎÉμ λ < ω < ΔE, £¤¥ ΔE � √

s Å ¶μ·μ£ ³Ö£±μ¸É¨), Éμ£¤  ³ É·¨Î´Ò°
Ô²¥³¥´É Ë ±Éμ·¨§Ê¥É¸Ö:

Mγ |k→0 ∼ eα(k)
(

pα
1

(kp1)
− pα

2

(kp2)
− pα

3

(kp3)
+

pα
4

(kp4)

)
Ma

0 . (24)

ˆ ¸¥Î¥´¨¥ ¨§²ÊÎ¥´¨Ö ³Ö£±μ£μ ·¥ ²Ó´μ£μ ËμÉμ´  μ¡·¥É ¥É ¢¨¤

dσsoft

dC13
= δsoft

dσ0

dC13
, (25)

£¤¥

δsoft = − α

4π2

∫
λ<ω<ΔE

d3k
ω

(
p1

(kp1)
− p2

(kp2)
− p3

(kp3)
+

p4

(kp4)

)2

=

=
2α

π

(
2 ln

2ΔE

λ

(
ln

st

m2u
− 1

)
+

+ Ls −
1
2
L2

s −
π2

3
+ Li2

(
− t

u

)
− Li2

(
−u

t

))
. (26)

‘μ±· Ð¥´¨¥ ¨´Ë· ±· ¸´ÒÌ ¢±² ¤μ¢ ¢ ¸Ê³³¥ ¢¨·ÉÊ ²Ó´ÒÌ (¢±²ÕÎ Ö ¡μ±¸Ò) ¨
³Ö£±¨Ì ¶μ¶· ¢μ± (¶·¨ ΔE = 0,01

√
s) ¶μ± § ´μ ´  ·¨¸. 6.

ˆ§²ÊÎ¥´¨¥ ¦¥¸É±μ£μ ËμÉμ´  ¸ Ô´¥·£¨¥° ω > ΔE ¶·μ¢μ¤¨É¸Ö ¶μ ¸²¥¤Ê-
ÕÐ¥° ÉμÎ´μ° Ëμ·³Ê²¥ (±¨´¥³ É¨±Ê ¨ ¨¸¶μ²Ó§μ¢ ´´Ò¥ μ¡μ§´ Î¥´¨Ö ³μ¦´μ
¢¨¤¥ÉÓ ´  ·¨¸. 7):

dσR

dC13
=

α3

4πs

ωmax∫
ΔE

ω dω

1∫
−1

dCk1 ×
2π∫
0

dφk
|p3| θexp

E4 |f ′ (E3)|
∑

|Mγ |2 , (27)

£¤¥ θexp § ¤ ¥É ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ μ£· ´¨Î¥´¨Ö ¨ ÎÊ¢¸É¢¨-
É¥²Ó´μ¸ÉÓ ¶·¨¡μ·μ¢ (¥¸²¨, ´ ¶·¨³¥·, ´ ±² ¤Ò¢ ÉÓ μ£· ´¨Î¥´¨¥ ´  Ê£μ² ¢Ò²¥É 
¶μ§¨É·μ´  θ24, Éμ ³μ¦´μ ¶·¨´ÖÉÓ θexp = Θ (π − θcut

24 − θ24)Θ (θ24 − θcut
24 )),
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�¨¸. 6. ‘μ±· Ð¥´¨¥ ¨´Ë· ±· ¸´μ° · ¸Ìμ¤¨³μ¸É¨

�¨¸. 7. Š¨´¥³ É¨±  ·¥ ²Ó´μ£μ ËμÉμ´ 

�¨¸. 8. �μ²´Ò° ¢±² ¤ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±

  ¨´É¥£·¨·μ¢ ´¨¥ ¶μ Ô´¥·£¨¨ ËμÉμ´  ω ¡Ê¤¥É ¨¤É¨ ¤μ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦-
´μ° Ô´¥·£¨¨:

ωmax =
√

s

2
− 2m2

√
s

. (28)
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” ±Éμ· |f ′ (E3)| ¢ (27) ¢μ§´¨± ¥É ¨§-§  ¡¥·¥¦´μ£μ μ¡· Ð¥´¨Ö ¸ δ-ËÊ´±Í¨¥°,
μ¡¥¸¶¥Î¨¢ ÕÐ¥° ¸μÌ· ´¥´¨¥ Ô´¥·£¨¨. �μ²´Ò° ¢±² ¤ ¢ μÉ´μ¸¨É¥²Ó´Ò¥ ¶μ-
¶· ¢±¨ (¢±²ÕÎ Ö ¨§²ÊÎ¥´¨¥ ¦¥¸É±μ£μ ·¥ ²Ó´μ£μ ËμÉμ´  (27)) ¶·¨¢¥¤¥´
´  ·¨¸. 8.

3. ‘��‚�…�ˆ… ‘ „�“ƒˆŒˆ ‚›—ˆ‘‹…�ˆŸŒˆ

ŒÒ ¶·μ¢¥²¨ ¸· ¢´¥´¨¥ ´ Ï¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸ ·¥§Ê²Ó-
É É ³¨  ¢Éμ³ É¨§¨·μ¢ ´´μ° ¸¨¸É¥³Ò  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨°
FeynArts/FormCalc [2] ¨ ¶μ± § ²¨, ÎÉμ ¸μ£² ¸¨¥ ¢ μ¡² ¸É¨ ¢¤ ²¨ μÉ Z-¡μ§μ´ 
¢¥¸Ó³  Ìμ·μÏ¥¥ (·¨¸. 9).

�¨¸. 9. ‘· ¢´¥´¨¥ ´ Ï¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸ FeynArts/FormCalc

’ ±¦¥ ³Ò ¶·μ¢¥·¨²¨ ¸μμÉ¢¥É¸É¢¨¥ ´ Ï¨Ì ·¥§Ê²ÓÉ Éμ¢ ¶μ ¢±² ¤ ³ ¨§²Ê-
Î¥´¨Ö ·¥ ²Ó´μ£μ ËμÉμ´  ¤²Ö · §´ÒÌ ¶μ²Ö·¨§ Í¨° ´ Î ²Ó´ÒÌ Î ¸É¨Í ¸ ·¥§Ê²Ó-
É É ³¨ SANC ¨ WHIZARD [4]. �·¨ Ô´¥·£¨¨ · ¸¸¥Ö´¨Ö

√
s = 500 ƒÔ‚ ³Ò

¨´É¥£·¨·μ¢ ²¨ ¶μ Ô´¥·£¨¨ ËμÉμ´  μÉ ¢¥²¨Î¨´Ò ω = 1 ƒÔ‚ ¨ ¤μ ³ ±¸¨³ ²Ó´μ
¢μ§³μ¦´μ° Ô´¥·£¨¨ ωmax. �¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.

‘· ¢´¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¶μ ¸¥Î¥´¨Õ ¦¥¸É±μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö (¢ ¶¨-
±μ¡ ·´ Ì) ¸ ·¥§Ê²ÓÉ É ³¨ £·Ê¶¶Ò SANC [4]

ƒ·Ê¶¶  00 LL RR LR RL

SANC 15,137(2) 11,454(3) 11,455(3) 20,489(5) 17,149(4)
WHIZARD 15,138(2) 11,461(2) 11,457(2) 20,488(3) 17,147(3)
� Ï ·¥§Ê²ÓÉ É 15,16 ± 0,02 11,44 ± 0,02 11,44 ± 0,02 20,47 ± 0,03 17,06 ± 0,02
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