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ˆ§³¥·¥´¨¥ ´¥ § ¢¨¸ÖÐ¨Ì μÉ ¤¥É ²¥° ¤¨´ ³¨±¨ ¶·μÍ¥¸¸  μ¸μ¡¥´´μ¸É¥° ¢ Ô´¥·£¥É¨Î¥¸±μ³ · ¸¶·¥-
¤¥²¥´¨¨ ¥¤¨´¨Î´μ£μ ²¥¶Éμ´  ¢ ± ¸± ¤´μ³ ¶·μÍ¥¸¸¥ e+e− → D+D− → DDW+W− → DD(qq̄)μν
¶μ§¢μ²¨É ´ ¤¥¦´μ μ¶·¥¤¥²¨ÉÓ ³ ¸¸Ò ± ´¤¨¤ É  ´  ·μ²Ó Î ¸É¨ÍÒ É¥³´μ° ³ É¥·¨¨ D ¨ ¥¥ § ·Ö¦¥´-
´ÒÌ ¶ ·É´¥·μ¢ D± ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  ²¨´¥°´μ³ ±μ²² °¤¥·¥ ILC/CLIC.

The measuring of model independent singularities in the energy distribution of single lepton in the
cascade process e+e− → D+D− → DDW+W− → DD(qq̄)μν will allow one to reliably determine
the mass of a candidate for dark matter D and its charged partners D± in future experiments at linear
collider ILC/CLIC.

PACS: 14.80.-j; 14.80.Ly; 12.60.-i; 12.60.Jv

‚μ ³´μ£¨Ì ³μ¤¥²ÖÌ É¥³´ Ö ³ É¥·¨Ö ¸μ¸Éμ¨É ¨§ Î ¸É¨Í, ¶μÌμ¦¨Ì ´  Î ¸É¨ÍÒ ¨§ ‘É ´-
¤ ·É´μ° ³μ¤¥²¨. ‘É ¡¨²Ó´μ¸ÉÓ ÔÉ¨Ì Î ¸É¨Í μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸μÌ· ´¥´¨¥³ ´μ¢μ£μ ¤¨¸±·¥É-
´μ£μ ±¢ ´Éμ¢μ£μ Î¨¸² , ´ §Ò¢ ¥³μ£μ ´¨¦¥ D-Î¥É´μ¸ÉÓÕ. ‚¸¥ ¨§¢¥¸É´Ò¥ ´Ò´¥ Î ¸É¨ÍÒ
D-Î¥É´Ò, Éμ£¤  Î ¸É¨ÍÒ É¥³´μ° ³ É¥·¨¨ D-´¥Î¥É´Ò. ŒÒ · ¸¸³ É·¨¢ ¥³ ³μ¤¥²¨, ¢ ±μ-
Éμ·ÒÌ ¶μ³¨³μ ´¥°É· ²Ó´μ° D-´¥Î¥É´μ° Î ¸É¨ÍÒ D ³ ¸¸μ° MD ¸ÊÐ¥¸É¢ÊÕÉ § ·Ö¦¥´´Ò¥
D-´¥Î¥É´Ò¥ Î ¸É¨ÍÒ D± ³ ¸¸μ° M± > MD ¨, ¡ÒÉÓ ³μ¦¥É, ¥Ð¥ μ¤´  ´¥°É· ²Ó´ Ö D-
´¥Î¥É´ Ö Î ¸É¨Í  DA ³ ¸¸μ° MA > MD. ‚ ÔÉ¨Ì ³μ¤¥²ÖÌ ¸¶¨´Ò ¢¸¥Ì D-Î ¸É¨Í sD

μ¤¨´ ±μ¢Ò, sD = 0 ¨²¨ 1/2, D-Î ¸É¨ÍÒ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¸ ¨§¢¥¸É´Ò³¨ ´Ò´¥ Î ¸É¨Í ³¨
Éμ²Ó±μ Î¥·¥§ ± ²¨¡·μ¢μÎ´Ò¥ W - ¨ Z-¡μ§μ´Ò, ËμÉμ´ ¨ ¡μ§μ´ •¨££¸ , ±μ´¸É ´ÉÒ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¸ ± ²¨¡·μ¢μÎ´Ò³¨ ¡μ§μ´ ³¨ Å μ¡ÒÎ´Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨.

�μ¨¸± É ±¨Ì ± ´¤¨¤ Éμ¢ ´  ·μ²Ó Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ ¨ ¤·Ê£¨Ì D-´¥Î¥É´ÒÌ Î ¸É¨Í
¨ ¨§³¥·¥´¨¥ ¨Ì ³ ¸¸ Å ¢ ¦´ Ö ¶·μ¡²¥³  ¢ Ê¸±μ·¨É¥²Ó´μ° Ë¨§¨±¥. �  LHC É·Ê¤´μ
μ¦¨¤ ÉÓ Ìμ·μÏ¥° ÉμÎ´μ¸É¨ ¶·¨ É ±μ³ ¨§³¥·¥´¨¨. ILC/CLIC ¤ ¥É ÔÉÊ ¢μ§³μ¦´μ¸ÉÓ ¤²Ö
Ï¨·μ±μ£μ ±² ¸¸  ³μ¤¥²¥°. ‘²¥¤ÊÖ [1], ³Ò · ¸¸³μÉ·¨³ μ¸´μ¢´μ° ¶·μÍ¥¸¸ ·μ¦¤¥´¨Ö É ±¨Ì
Î ¸É¨Í ¢ ¸Éμ²±´μ¢¥´¨ÖÌ e+e− ¢ ²¨´¥°´μ³ ±μ²² °¤¥·¥ ILC/CLIC:

e+e− → D+D−. (1)
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— ¸É¨ÍÒ D± ¡Ò¸É·μ · ¸¶ ¤ ÕÉ¸Ö1 ´  D ¨ W±, ¨´μ£¤  ´  D, W± ¨ Z. � ¡²Õ¤¥´¨Õ
¶μ¤²¥¦ É ¶·μ¤Ê±ÉÒ · ¸¶ ¤  W ¨ Z Å ¶ ·Ò ¸É·Ê° (¤¨-¤¦¥ÉÒ), ¶·¥¤¸É ¢²ÖÕÐ¨¥ qq̄-¶ ·Ò
¨²¨ ¤¨²¥¶Éμ´Ò �ν (¤²Ö μ¶·¥¤¥²¥´´μ¸É¨ ³Ò ¡Ê¤¥³ £μ¢μ·¨ÉÓ μ ³Õμ´ Ì). ‘¥Î¥´¨¥ ÔÉμ£μ
¶·μÍ¥¸¸  ¸μ¸É ¢²Ö¥É §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ ¶μ²´μ£μ ¸¥Î¥´¨Ö e+e−- ´´¨£¨²ÖÍ¨¨ ¢ ILC, £¤¥
¥£μ ³μ¦´μ ´ ¤¥¦´μ ´ ¡²Õ¤ ÉÓ ¨ ¨¸¸²¥¤μ¢ ÉÓ.

ƒ· ´¨Î´Ò¥ ÉμÎ±¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° ¤¨²¥¶Éμ´μ¢ ¨²¨ ¤¨-¤¦¥Éμ¢, ¶·¥¤-
¸É ¢²ÖÕÐ¨Ì W , ³μ¦´μ ¡Ò²μ ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö μ¶·¥¤¥²¥´¨Ö ³ ¸¸ M± ¨ MD [2]
(¸³. É ±¦¥ [3, 4]). „²Ö ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ  ±±Ê· É´μ ¨§³¥·¨ÉÓ ¢¥·Ì´ÕÕ ¨ ´¨¦´ÕÕ £· -
´¨ÍÒ ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨°. Š ¸μ¦ ²¥´¨Õ, ¨§-§  ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ ¨§³¥·¥´¨¨ Ô´¥·£¨°
μÉ¤¥²Ó´ÒÌ ¸É·Ê° ´¨¦´ÖÖ £· ´¨Í  μÍ¥´¨¢ ¥É¸Ö ¶²μÌμ, ¨  ±±Ê· É´Ò¥ ¨§³¥·¥´¨Ö ¢ ¤¨-¤¦¥É
³μ¤¥ ´¥¢μ§³μ¦´Ò. ‚ ²¥¶Éμ´´μ° ³μ¤¥ ´ ¡²Õ¤ ¥³Ò³ Ö¢²Ö¥É¸Ö ²¨ÏÓ § ·Ö¦¥´´Ò° ²¥¶Éμ´,
¶μÔÉμ³Ê ¨¸¶μ²Ó§μ¢ ´¨¥ ±¨´¥³ É¨Î¥¸±μ£μ ³¥Éμ¤  £· ´¨Í ´¥¢μ§³μ¦´μ. �¥¤ ¢´μ ¢ÒÖ¸´¨-
²μ¸Ó, ÎÉμ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ²¥¶Éμ´  � = μ, e ¢ ± ¸± ¤¥

e+e− → D+D− → W+DW−D → (�+ν)(qq̄)DD (2)

¶μ³¨³μ ¢¥·Ì´¥° £· ´¨ÍÒ · ¸¶·¥¤¥²¥´¨Ö ¸μ¤¥·¦¨É Ìμ·μÏμ ¢Ò¤¥²Ö¥³Ò¥ μ¸μ¡Ò¥ ÉμÎ±¨,
¨§³¥·¥´¨¥ ¶μ²μ¦¥´¨° ±μÉμ·ÒÌ ¶μ§¢μ²¨É μ¶·¥¤¥²¨ÉÓ ³ ¸¸Ò M± ¨ MD [1]. �¨¦¥ ¢Ò-
Î¨¸²¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¶·¥¤¥²¥´¨Ö ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ, ÎÉμ ÔÉ¨ μ¸μ¡Ò¥ ÉμÎ±¨
¤μ¸É ÉμÎ´μ Î¥É±μ ¢Ò¤¥²ÖÕÉ¸Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±·¨¢ÒÌ.

‚ ¸. Í. ¨. ¤²Ö e+e− (² ¡μ· Éμ·´ Ö ¸¨¸É¥³  ¤²Ö ±μ²² °¤¥· ) Ô´¥·£¨¨, γ-Ë ±Éμ·Ò ¨
¸±μ·μ¸É¨ D±, ·μ¤¨¢Ï¨Ì¸Ö ¢ ·¥ ±Í¨¨ e+e− → D+D−, É ±μ¢Ò:

E± = E =
√

s

2
, γ+ =

E

M+
, β+ =

√
1 −

M2
+

E2
. (3)

…¸²¨ Î ¸É¨Í  DA ´¥ ¸ÊÐ¥¸É¢Ê¥É ¨²¨ MA > M± > MD, Éμ ¥¤¨´¸É¢¥´´Ò° ¢μ§³μ¦´Ò°
· ¸¶ ¤ D± ¥¸ÉÓ D± → DW±, É ± ÎÉμ ³Ò ¨³¥¥³ ¤¥²μ ¸ ¶·μÍ¥¸¸μ³

e+e− → D+D− → DDW+W−. (4)

� ¡²Õ¤ ¥³Ò¥ ¸μ¸ÉμÖ´¨Ö ¸μ¤¥·¦ É ¶·μ¤Ê±ÉÒ · ¸¶ ¤  μ¡μ¨Ì W ¨ ¡μ²ÓÏÊÕ ¶μÉ¥·Ö´´ÊÕ
¶μ¶¥·¥Î´ÊÕ Ô´¥·£¨Õ ET , Ê´μ¸¨³ÊÕ ´¥¢¨¤¨³Ò³¨ ¨ ¸É ¡¨²Ó´Ò³¨ D. �É¨ ¶·¨§´ ±¨ ¶μ-
§¢μ²ÖÕÉ ¸ Ê¢¥·¥´´μ¸ÉÓÕ ¢Ò¤¥²¨ÉÓ É ±¨¥ ¸μ¸ÉμÖ´¨Ö ¸·¥¤¨ ¢μ§³μ¦´ÒÌ ¶·μ¤Ê±Éμ¢ e+e−-
¸Éμ²±´μ¢¥´¨Ö. ˆÌ ´ ¡²Õ¤¥´¨¥ ¡Ê¤¥É ´ ¤¥¦´Ò³ ¸¨£´ ²μ³ ·μ¦¤¥´¨Ö ± ´¤¨¤ Éμ¢ ´  Î -
¸É¨ÍÒ É¥³´μ° ³ É¥·¨¨. ‚ ´ Ï¥° § ¤ Î¥ ³Ò ¶·¥¤² £ ¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ±μ´¥Î´Ò¥ ¸μ¸Éμ-
Ö´¨Ö (2), 2 ¸É·Ê¨+³Õμ´ (Ô²¥±É·μ´). ’ ±¨¥ ¸μ¡ÒÉ¨Ö ¸μ¸É ¢²ÖÕÉ μ±μ²μ 30 % ¶μ²´μ£μ
Î¨¸²  ¸μ¡ÒÉ¨° ·¥ ±Í¨¨.

1W ³μ¦¥É ¡ÒÉÓ ·¥ ²Ó´Ò³ (on-shell) ¨²¨ ¢μ§¡Ê¦¤¥´´Ò³ (off-shell). �μ¤ off-shell W ∗ ¶μ´¨³ ¥É¸Ö ¸μ¸ÉμÖ´¨¥
¤¨²¥¶Éμ´  �ν ¨²¨ ¤¨-¤¦¥É  ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ W ¨ ÔËË¥±É¨¢´μ° ³ ¸¸μ° M∗ < MW .
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�·¨ M±−MD > MW ¢ · ¸¶ ¤¥ D± ·μ¦¤ ¥É¸Ö ·¥ ²Ó´Ò° W -¡μ§μ´ (on-shell), μÉ´μ¸¨-
É¥²Ó´Ò¥ ¢¥·μÖÉ´μ¸É¨ · §²¨Î´ÒÌ ¥£μ ± ´ ²μ¢ · ¸¶ ¤  Ìμ·μÏμ ¨§¢¥¸É´Ò [4]. �ËË¥±É¨¢´ Ö
³ ¸¸  ¶μ²ÊÎ ÕÐ¥°¸Ö qq̄- ¨²¨ �ν-¶ ·Ò ¥¸ÉÓ MW .

‚ ¸¨¸É¥³¥ ¶μ±μÖ D± ¶·μ¨¸Ìμ¤¨É ¤¢ÊÌÎ ¸É¨Î´Ò° · ¸¶ ¤ D± → DW±, §¤¥¸Ó Ô´¥·£¨Ö
¨ ¨³¶Ê²Ó¸ W ¢ÒÎ¨¸²ÖÕÉ¸Ö É ±:

Er
W =

M2
+ + M2

W − M2
D

2M+
, pr

W =
Δ(M2

+, M2
W , M2

D)
2M+

,

£¤¥ Δ(s, s1, s2) =
√

s2 + s2
1 + s2

2 − 2ss1 − 2ss2 − 2s1s2.

(5)

�¡μ§´ Î Ö Î¥·¥§ θ Ê£μ² ¢Ò²¥É  W+ ¢ ÔÉμ° ¸¨¸É¥³¥ ¶μ μÉ´μÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ
¤¢¨¦¥´¨Ö D+ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ¨ c = cos θ, ³Ò ¶μ²ÊÎ ¥³ Ô´¥·£¨Õ W+ ¢ ² ¡μ· -
Éμ·´μ° ¸¨¸É¥³¥: EL

W = γ+(Er
W +cβ+pr

W ). ’ ±¨³ μ¡· §μ³, Ô´¥·£¨Ö ¶ ·Ò �ν ¨²¨ ¤¨-¤¦¥É ,
¶μ²ÊÎ¨¢Ï¨Ì¸Ö ¨§ · ¸¶ ¤  W , μ¶·¥¤¥²Ö¥É¸Ö ¢ ¶·¥¤¥² Ì ¨´É¥·¢ ²  [3]

E > EL, up
W = γ+(Er

W + β+pr
W ) � EL

W � EL,d
W = γ+(Er

W − β+pr
W ). (6)

„²Ö ¸± ²Ö·´ÒÌ D-Î ¸É¨Í (sD = 0) ¢¸¥ ´ ¶· ¢²¥´¨Ö ¢Ò²¥É  W ¢ ¸¨¸É¥³¥ ¶μ±μÖ D+

· ¢´μ¢¥·μÖÉ´Ò, ¶μÔÉμ³Ê ¶μ²ÊÎ¨¢Ï¥¥¸Ö · ¸¶·¥¤¥²¥´¨¥ μ¤´μ·μ¤´μ ¶μ Ô´¥·£¨¨, dN(E) ∝
dc ∝ dE. „²Ö ¸¶¨´μ·´ÒÌ D-Î ¸É¨Í (sD = 1/2) ÉμÉ ¦¥ ¢Ò¢μ¤ ¶μ²ÊÎ ¥É¸Ö ¶μ¸²¥ Ê¸·¥¤´¥-
´¨Ö ¶μ Ê£² ³ ¢Ò²¥É  ¨ ¸¶¨´ ³ [1].

�¥·¥°¤¥³ É¥¶¥·Ó ± ¢ÒÎ¨¸²¥´¨Õ Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ³Õμ´μ¢ ¨§ ± ¸± ¤ 
D+ → DW+ → Dμ+ν. ‚ ¸¨¸É¥³¥ ¶μ±μÖ W Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ ³Õμ´  · ¢´Ò MW /2
(³Ò ¶·¥´¥¡·¥£ ¥³ ³ ¸¸μ° ³Õμ´ ). ‚ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ γ-Ë ±Éμ· ¨ ¸±μ·μ¸ÉÓ W · ¢´Ò

γWL = EL
W /MW ¨ βWL ≡

√
1 − γ−2

WL. Š ± ¨ ¢ÒÏ¥, μ¡μ§´ Î Ö Î¥·¥§ θ1 Ê£μ² ¢Ò²¥É  μ ¶μ

μÉ´μÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö W ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ¨ c1 = cos θ1, ´ Ìμ¤¨³,
ÎÉμ ¶·¨ ¤ ´´μ³ §´ Î¥´¨¨ EL

W Ô´¥·£¨Ö ³Õμ´  ¥¸ÉÓ

EL
μ = EL

W (1 + c1βWL)/2. (7)

�μ¤¸É ¢²ÖÖ (6) ¢ (7), ¶μ²ÊÎ ¥³

EL
μ =

γ

2

⎛
⎝Er

W + pr
W βc + c1

√
(Er

W + pr
W βc)2 − M2

W

γ2

⎞
⎠ = F (c, c1).

’ ±¨³ μ¡· §μ³, ¶·¨ § ¤ ´´μ° Ô´¥·£¨¨ EL
μ Ê£²Ò θ ¨ θ1 § ¢¨¸ÖÉ ¤·Ê£ μÉ ¤·Ê£ . �·¨ Ë¨±¸¨-

·μ¢ ´´μ° c1 ¢¥²¨Î¨´  c ³¥´Ö¥É¸Ö μÉ cmin(EL
μ ) ¤μ 1 (·¨¸. 1), £¤¥

cmin(EL
μ ) =

4EL2

μ + M2
W − 4γEL

μ Er
W

4βpr
W γEL

μ

.

ƒ· ´¨ÍÒ ¨§³¥´¥´¨Ö Ô´¥·£¨¨ EWL
μ(±) (7) μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

EWL
μ(±) =

EL
W (1 ± βWL)

2
=

(
EL

W ±
√

(EL
W )2 − M2

W

)
2

, EL
μ− =

M2
W

4EL
μ+

. (8)
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�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ cmin(E
L
μ )

�μ¸²¥¤´¥¥ ¸μμÉ´μÏ¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¶·¨ Ê³¥´ÓÏ¥´¨¨ EL
W £· ´¨ÍÒ ¨´É¥·¢ ² 

¸¦¨³ ÕÉ¸Ö. �μÔÉμ³Ê Ô´¥·£¨¨ ³Õμ´μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ¢ ¶·¥¤¥² Ì ¨´É¥·¢ ² 

EL
μ+ � Eμ � EL

μ−, £¤¥ EL
μ± =

1
2

(
EL, up

W ±
√

(EL, up
W )2 − M2

W

)
. (9)

�μ²´ Ö ¶²μÉ´μ¸ÉÓ ¸μ¸ÉμÖ´¨° ¢´ÊÉ·¨ ¨´É¥·¢ ²  (9) ³μ´μÉμ´´μ ¢μ§· ¸É ¥É μÉ ¢´¥Ï´¨Ì

£· ´¨Í ¤μ Ô´¥·£¨°, μÉ¢¥Î ÕÐ¨Ì EL,d
W :

Eμ(s±) =
1
2

(
EL,d

W ±
√

(EL,d
W )2 − M2

W

)
. (10)

‚ ÔÉ¨Ì ÉμÎ± Ì § ¢¨¸¨³μ¸ÉÓ dN/dEL
μ ¨¸¶ÒÉÒ¢ ¥É ·¥§±¨¥ ¨§²μ³Ò. ˆ³¥´´μ ¨Ì ¶μ²μ¦¥´¨Ö

Ö¢²ÖÕÉ¸Ö ¨¸ÉμÎ´¨±μ³ ¨´Ëμ·³ Í¨¨ μ ³ ¸¸ Ì D-Î ¸É¨Í.
—Éμ¡Ò ¢ÒÖ¸´¨ÉÓ, ´ ¸±μ²Ó±μ ·¥§±¨³¨ Ö¢²ÖÕÉ¸Ö ÔÉ¨ ¨§²μ³Ò, ¤μ¸É ÉμÎ´μ ¢ÒÎ¨¸²¨ÉÓ

· ¸¶·¥¤¥²¥´¨¥ dN/dEL
μ ¢ ¶·μ¸É¥°Ï¥° ³μ¤¥²¨ ¨§μÉ·μ¶´μ£μ ¢Ò²¥É  ³Õμ´  ¢ ¸¨¸É¥³¥ ¶μ-

±μÖ W (Ê£μ² ¢Ò²¥É  μ ¢ ÔÉμ° ¸¨¸É¥³¥ ´¥ § ¢¨¸¨É μÉ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö W+ μÉ-
´μ¸¨É¥²Ó´μ D+). ‡ ¢¨¸¨³μ¸ÉÓ dN/dEL

μ μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥£·¨·μ¢ ´¨¥³ ¢±² ¤μ¢ ¢¸¥Ì
¤μ¶Ê¸É¨³ÒÌ EL

W ¶μ c ¨ c1:

dN

dE
(E) =

∫∫
δ(EL

μ − F (c, c1)) dc dc1 ≡
1∫

cmin(EL
μ )

1
pL

W (c)
dc. (11)

�μ·³¨·μ¢ ´´μ¥ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ³Õμ´μ¢ ¶μ± § ´μ ´  ·¨¸. 2. �μ³¨³μ
±· ¥¢ · ¸¶·¥¤¥²¥´¨Ö EL

μ± (9) ´  £· Ë¨±¥ μÉÎ¥É²¨¢μ ¢Ò¤¥²Ö¥É¸Ö ®¶μ²μÎ± ¯, μÉ¢¥Î ÕÐ Ö

´ ¨³¥´ÓÏ¥³Ê §´ Î¥´¨Õ EL,d
W ¢ ¶·¥¤¥² Ì (10).

�·¨ M± − MD < MW ¢ · ¸¶ ¤¥ D± ·μ¦¤ ¥É¸Ö off-shell W -¡μ§μ´, μÉ´μ¸¨É¥²Ó´Ò¥
¢¥·μÖÉ´μ¸É¨ · §²¨Î´ÒÌ ¥£μ ± ´ ²μ¢ · ¸¶ ¤  É ±¨¥ ¦¥, ± ± ¨ Ê ·¥ ²Ó´μ£μ W [4]. �ËË¥±-
É¨¢´ Ö ³ ¸¸  ¶μ²ÊÎ ÕÐ¥°¸Ö qq̄- ¨²¨ �ν-¶ ·Ò ¥¸ÉÓ M∗ � M±−MD. �·¨ ± ¦¤μ³ §´ Î¥´¨¨
ÔËË¥±É¨¢´μ° ³ ¸¸Ò Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ ·μ¦¤¥´´μ£μ W ∗ ¢ ¸¨¸É¥³¥ ¶μ±μÖ D± μ¶·¥¤¥²Ö-
ÕÉ¸Ö É¥³¨ ¦¥ ¸μμÉ´μÏ¥´¨Ö³¨ (5),   ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ (6) ¸ § ³¥´μ° MW → M∗.
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�¨¸. 2. �μ·³¨·μ¢ ´´μ¥ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ³Õμ´μ¢ ¶·¨ E = 250 ƒÔ‚, M+ = 150 ƒÔ‚,

MD = 50 ƒÔ‚

‚ Î ¸É´μ¸É¨, ¤²Ö £· ´¨Í ¨§³¥´¥´¨Ö M∗ ±μ´¥Î´Ò¥ ÉμÎ±¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨°
¤¨-¤¦¥Éμ¢, ¶·¥¤¸É ¢²ÖÕÐ¨Ì W ∗, É ±μ¢Ò:

EL,up; d
W (M∗ = 0) = γ+(1 ± β+)

M2
± − M2

D

2M±
,

EL,up
W (M∗ = M± − MD) = EL,d

W (M∗ = M± − MD) = γ+(M± − MD).

(12)

� ¸¶·¥¤¥²¥´¨¥ ¶ · �ν ¨ ¤¨-¤¦¥Éμ¢ (qq̄) ¶μ ÔËË¥±É¨¢´μ° ³ ¸¸¥ M∗ ¤ ¥É¸Ö § ¢¨¸ÖÐ¨³
μÉ ¸¶¨´  D-Î ¸É¨Í sD ³´μ¦¨É¥²¥³ RsD dM∗2 [1]:

R0 =
p∗3

(M2
W − M∗2)2

,

R1/2 =
[
2(M2

± + M2
D − M∗2)

(M2
W − M∗2)2

− (M2
± + M2

D)M∗2 − (M2
± − M2

D)2

(M2
W − M∗2)2M2

W

]
p∗.

(13)

�·¨ ± ¦¤μ³ Î ¸É´μ³ §´ Î¥´¨¨ M∗ · ¸¶·¥¤¥²¥´¨¥ ³Õμ´μ¢ ¶μ Ô´¥·£¨¨ ¢ÒÎ¨¸²Ö¥É¸Ö É ±
¦¥, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¸²ÊÎ ¥. �¤´ ±μ É¥¶¥·Ó ´¥μ¡Ìμ¤¨³μ ¸¢¥·´ÊÉÓ ÔÉ¨ · ¸¶·¥¤¥²¥´¨Ö
¸ RsD dM∗:

dN

dE
(E) =

1
C

M+−MD∫
0

dM∗
1∫

cmin(EL
μ )

dc
RsD

pL
W (c)

. (14)

‚¨¤ ¶μ²ÊÎ¨¢Ï¥£μ¸Ö · ¸¶·¥¤¥²¥´¨Ö (·¨¸. 3) § ¢¨¸¨É μÉ ¸¶¨´  D-Î ¸É¨Í, ´μ £· ´¨ÍÒ
· ¸¶·¥¤¥²¥´¨Ö ¨ ¶μ²μ¦¥´¨¥ ¥£μ ³ ±¸¨³Ê³  μÉ ¸¶¨´  ´¥ § ¢¨¸ÖÉ. ‚´¥Ï´¨¥ £· ´¨ÍÒ
· ¸¶·¥¤¥²¥´¨Ö ¶·¨ M∗ = 0 ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(
E∗

μ(+) = γ+(1 + β+)
M2

+ − M2
D

2M+
, E∗

μ(−) = 0
)

. (15)
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�¨¸. 3. �μ·³¨·μ¢ ´´μ¥ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ³Õμ´μ¢ ¶·¨ E = 250 ƒÔ‚, M± = 120 ƒÔ‚,

MD = 50 ƒÔ‚ (off-shell W ). ‚¥·Ì´¨° ¶¨± Å ¤²Ö sD = 0, ´¨¦´¨° ¶¨± Å ¤²Ö sD = 1/2

Š ± ¨ · ´¥¥, Ê¢¥²¨Î¥´¨¥ M∗ ¶·¨¢μ¤¨É ± ¸¦ É¨Õ ¨´É¥·¢ ²  ¨§³¥´¥´¨Ö EL
μ . ˆÉ ±, ¶²μÉ-

´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö dN/dEμ ³μ´μÉμ´´μ ¢μ§· ¸É ¥É ¢¶²μÉÓ ¤μ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö
¶·¨ M∗ = M+ − MD:

EL
μs = γ+(1 + β+)(M+ − MD)/2. (16)

ˆÉ ±, ¸¨´£Ê²Ö·´Ò¥ ÉμÎ±¨ Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ³Õμ´μ¢ EL
μ+, Eμ(s±) ¨²¨ Eμs

Ìμ·μÏμ ¢Ò· ¦¥´Ò, ¨§³¥·¥´¨¥ ¨Ì ¶μ²μ¦¥´¨° ¶μ§¢μ²¨É μ¶·¥¤¥²¨ÉÓ ³ ¸¸Ò D ¨ D+.

…¸²¨ M± > MA > MD, Éμ ¶μ³¨³μ · ¸¶ ¤  D± → DW± ¢μ§³μ¦¥´ ¥Ð¥ ± ¸± ¤´Ò°
· ¸¶ ¤ D± → DAW± → DWZ. ‚¥·μÖÉ´μ¸ÉÓ ÔÉμ£μ · ¸¶ ¤  ³¥´ÓÏ¥, Î¥³ μ¸´μ¢´μ£μ · ¸-
¶ ¤ , μ¡¸Ê¦¤ ¢Ï¥£μ¸Ö ¢ÒÏ¥ (¸³. [1]). �μÎÉ¨ ¢¸¥ ´ ¡²Õ¤ ¥³Ò¥ ¸μ¸ÉμÖ´¨Ö, ¢μ§´¨± ÕÐ¨¥ ¢
É ±μ³ · ¸¶ ¤¥, ¡¥§ É·Ê¤  μÉ¤¥²ÖÕÉ¸Ö μÉ ¶·μÍ¥¸¸μ¢ (2) ¨ ¨¸±²ÕÎ ÕÉ¸Ö ¨§ ±¨´¥³ É¨Î¥¸±μ£μ
 ´ ²¨§ . �¤´ ±μ ¢ · ¸¶ ¤ Ì Z 20 % ¸²ÊÎ ¥¢ ´¥¢¨¤¨³Ò (· ¸¶ ¤Ò Z → νν̄). �μ ¢´¥Ï´¨³
¶·¨§´ ± ³ μ´¨ ´¥ μÉ²¨Î ÕÉ¸Ö μÉ ¶·μÍ¥¸¸μ¢ (2) ¨ ¤μ²¦´Ò ¡ÒÉÓ ÊÎÉ¥´Ò ¶·¨  ´ ²¨§¥.

ˆÉ ±, ÔÉ¨ ¸μ¡ÒÉ¨Ö Ê¢¥²¨Î¨¢ ÕÉ Î¨¸²μ ´ ¡²Õ¤ ¥³ÒÌ ³Õμ´μ¢ ³¥´¥¥ Î¥³ ´  20%.
�μ²ÊÎ ÕÐ¨¥¸Ö ¶·¨ ÔÉμ³ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ³Õμ´μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ¢ ÉμÎ-
´μ¸É¨ É¥³¨ ¦¥ Ëμ·³Ê² ³¨, ÎÉμ μ¡¸Ê¦¤ ²¨¸Ó ¢ÒÏ¥, ¸ ¥¸É¥¸É¢¥´´μ° § ³¥´μ° MD ´  MA.
�μ¸±μ²Ó±Ê MA > MD, ¢¥·Ì´ÖÖ £· ´¨Î´ Ö ÉμÎ±  ÔÉμ£μ ¤μ¶μ²´¨É¥²Ó´μ£μ ¢±² ¤  ´¨¦¥
¢¥·Ì´¥° £· ´¨ÍÒ ¢±² ¤ , ¤ ¢ ¥³μ£μ μ¸´μ¢´Ò³ ¶·μÍ¥¸¸μ³, ¥¥ ´ ¡²Õ¤¥´¨¥ ³μ¦¥É ¡ÒÉÓ
§ É·Ê¤´¥´μ. „·Ê£¨¥ μ¸μ¡Ò¥ ÉμÎ±¨ ³μ£ÊÉ ¤ ÉÓ ´¥¡μ²ÓÏ¨¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ μ¸μ¡¥´´μ¸É¨ ¢
· ¸¶·¥¤¥²¥´¨ÖÌ, ±μÉμ·Ò¥ ¤μ²¦´Ò ¡ÒÉÓ ÊÎÉ¥´Ò ¶·¨  ´ ²¨§¥. ‘ ³μ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ÔÉ¨Ì
¶·μÍ¥¸¸μ¢ μ¡´ ·Ê¦¨¢ ¥É¸Ö ¶μ ´ ¡²Õ¤¥´¨Õ ± ´ ²μ¢ ¸ ¨§ÊÎ ¥³Ò³¨ · ¸¶ ¤ ³¨ Z. �Éμ ¦¥
´ ¡²Õ¤¥´¨¥ ¤ ¥É £·Ê¡ÊÕ μÍ¥´±Ê μÉ´μ¸¨É¥²Ó´μ£μ ¢±² ¤  ¢¸¥Ì ÔÉ¨Ì · ¸¶ ¤μ¢ ¨, ¸μμÉ¢¥É-
¸É¢¥´´μ, ¤μ²¨ ³Õμ´μ¢, ¶μ¶ ¢Ï¨Ì ¢ ´ Ï  ´ ²¨§ ¨§ ´μ¢μ£μ ± ´ ² .

Ÿ ¡² £μ¤ ·¥´ ˆ.”. ƒ¨´§¡Ê·£Ê §  ·Ê±μ¢μ¤¸É¢μ · ¡μÉμ°. � ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´É ³¨
�””ˆ 11-02-00242- , �˜-3810.2010.2 ¨ ¶·μ£· ³³μ° �É¤¥²¥´¨Ö Ë¨§¨Î¥¸±¨Ì ´ Ê± ���
®�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥μ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°,
¸¢Ö§ ´´Ò¥ ¸ · ¡μÉ ³¨ ´  Ê¸±μ·¨É¥²Ó´μ³ ±μ³¶²¥±¸¥ –…��¯.
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