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‚ µ¡§µ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¶·¥¤¶µ¸Ò²±¨ ¶·µ¢¥¤¥´¨Ö ¨ Ë¨§¨Î¥¸±¨¥ § ¤ Î¨ Ô±¸¶¥·¨³¥´Éµ¢
¶µ ¶µ¨¸±Ê µ¸Í¨²²ÖÍ¨° νµ → νe, ντ ¢ ¶ÊÎ± Ì ¤ ²Ó´¨Ì ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²¥°. �¡¸Ê¦¤ -
ÕÉ¸Ö ´¥°É·¨´´Ò¥ ¶ÊÎ±¨, ¤¥É¥±Éµ·´ Ö É¥Ì´¨±  ¨ ³¥Éµ¤Ò ´ ¡²Õ¤¥´¨Ö µ¸Í¨²²ÖÍ¨° (·¥£¨¸É· Í¨Ö
νµ-¢Ò¡Ò¢ ´¨Ö ¨ νe-, ντ -¶µÖ¢²¥´¨Ö) ¢ ¤¥°¸É¢ÊÕÐ¥³ Ô±¸¶¥·¨³¥´É¥ Š2Š (Š…ŠÄ®Super-Kamio-
kande¯) ¨ Ô±¸¶¥·¨³¥´É Ì ¡²¨¦ °Ï¥£µ ¡Ê¤ÊÐ¥£µ MINOS (FNALÄ®Soudan¯) ¨ OPERA (–…��Ä
ƒ· ´-‘ ¸¸µ). ‚µ§³µ¦´µ¸É¨ ¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨° ¢ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ µ¡¸Ê¦¤ ÕÉ¸Ö
¢ ¸¢¥É¥ ´¥¤ ¢´¨Ì ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Éµ·´ÒÌ Ô±¸¶¥·¨³¥´É Ì CHOOZ ¨ ®� ²µ-‚¥·¤¥¯, ´ -
¡²Õ¤¥´¨Ö ¢ ¶µ¤§¥³´ÒÌ ¤¥É¥±Éµ· Ì ¡µ²ÓÏµ£µ ¤¥Ë¨Í¨É  ¸µ²´¥Î´ÒÌ ¨ νµ/νe- ´µ³ ²¨¨  É³µ¸Ë¥·-
´ÒÌ ´¥°É·¨´µ,   É ±¦¥ ¨§¡ÒÉ±  ¸µ¡ÒÉ¨° ¸ ν̄e-´¥°É·¨´µ ¢ Ô±¸¶¥·¨³¥´É¥ LSND. � ¸¸³µÉ·¥´Ò
¸Í¥´ ·¨¨ µ¸Í¨²²ÖÍ¨°, ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ ³µ¤¥²ÖÌ ¸ É·¥³Ö ¨ Î¥ÉÒ·Ó³Ö (¢±²ÕÎ Ö ¸É¥·¨²Ó´µ¥) ´¥°-
É·¨´µ, ¨ ¢µ§³µ¦´µ¸É¨ ¨Ì ¶·µ¢¥·±¨ ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ,   É ±¦¥ ¢ ¸²¥¤ÊÕÐ¥³
¶µ±µ²¥´¨¨ Ô±¸¶¥·¨³¥´Éµ¢ ´  ´¥°É·¨´´ÒÌ Ë ¡·¨± Ì.

A review is presented of motivations and physical goals for long-baseline accelerator neutrino
experiments aimed at the search for νµ → νe, ντ oscillations. Neutrino beams, relevant detectors, and
methods of neutrino oscillation detection (disappearance of νµ and appearance of νe and ντ ) in the
K2K (Š…ŠÄSuper-Kamiokande) experiment being performed and in the MINOS (FNALÄSoudan) and
OPERA (CERNÄGran-Sasso) near-future experiments are discussed. The potentialities of the long-
baseline experiments are analyzed in the light of the recent data of the CHOOZ and Palo Verde nuclear-
reactor experiments, the deˇciency of solar neutrinos, νµ/νe atmospheric-neutrino anomaly observed
in large-scale underground detectors, and an excess of ν̄e-events detected in the LNSD experiment.
Neutrino oscillation scenarios in the framework of three- and four-neutrino (including sterile) models
are considered. Feasibilities to verify these models in long-baseline neutrino experiments and in
next-generation experiments based on neutrino factory beams are discussed.

‚‚…„…�ˆ…

�¤´µ° ¨§ £² ¢´ÒÌ § ¤ Î Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í,  ¸É·µË¨§¨±¨ ¨
±µ¸³µ²µ£¨¨ Ö¢²Ö¥É¸Ö ¨§³¥·¥´¨¥ ³ ¸¸Ò ´¥°É·¨´µ Å ¢¥²¨Î¨´Ò, ±µÉµ· Ö µ¶·¥-
¤¥²Ö¥É ´¥ Éµ²Ó±µ ¸¢µ°¸É¢  ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ´µ ¨ ± ·É¨´Ê Ô¢µ²ÕÍ¨¨
‚¸¥²¥´´µ°. �µ¤É¢¥·¦¤¥´¨¥ ´¥´Ê²¥¢µ° ³ ¸¸Ò ´¥°É·¨´µ ³µ£²µ ¡Ò ¶·µÖ¸´¨ÉÓ
¸É¥¶¥´Ó ¨ ³¥Ì ´¨§³ ´¥¸µÌ· ´¥´¨Ö ²¥¶Éµ´´µ£µ Î¨¸²  ¨, ¢µ§³µ¦´µ, · §·¥Ï¨ÉÓ
¶·µ¡²¥³Ê ¸±·ÒÉµ° ³ É¥·¨¨ ¢µ ‚¸¥²¥´´µ°.
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‘ É¥µ·¥É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ¤²Ö ´Ê²¥¢µ° ³ ¸¸Ò ´¥°É·¨´µ ´¥É ËÊ´-
¤ ³¥´É ²Ó´ÒÌ ¶·¨Î¨´. �¥§³ ¸¸µ¢µ¸ÉÓ ´¥°É·¨´µ ¢ ¸É ´¤ ·É´µ° ³µ¤¥²¨ µ¡Ê-
¸²µ¢²¥´  ¨¸±²ÕÎ¨É¥²Ó´µ µ£· ´¨Î¥´´Ò³ ´ ¡µ·µ³ ¸µ¤¥·¦ Ð¨Ì¸Ö ¢ ´¥° Î ¸É¨Í.
�¤´ ±µ ¢¢¥¤¥´¨¥³ ´  Ô²¥±É·µ¸² ¡µ³ Ê·µ¢´¥ ¶· ¢µ£µ ´¥°É·¨´µ ¨ · ¸Ï¨·¥´¨¥³
Ì¨££¸µ¢¸±µ£µ ¸¥±Éµ·  ¸É ´¤ ·É´µ° ³µ¤¥²¨ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ± ²¨¡·µ¢µÎ´µ- ¨
²µ·¥´Í-¨´¢ ·¨ ´É´Ò¥ ´¥°É·¨´´Ò¥ ³ ¸¸µ¢Ò¥ Î²¥´Ò ¸µµÉ¢¥É¸É¢¥´´µ ¤¨· ±µ¢-
¸±µ£µ ¨ ³ °µ· ´µ¢¸±µ£µ É¨¶µ¢. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ £²µ¡ ²Ó´ Ö ¸¨³³¥É·¨Ö,
 ¸¸µÍ¨¨·Ê¥³ Ö ¸ ¸µÌ· ´¥´¨¥³ ²¥¶Éµ´´µ£µ Î¨¸² , ¡Ê¤¥É ´ ·ÊÏ¥´ . ‚µ ¢¸¥Ì
GUT-É¥µ·¨ÖÌ, µ¶¨¸Ò¢ ÕÐ¨Ì ¡µ²¥¥ ¶µ²´µ¥ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É ´¤ ·É´µ°
³µ¤¥²ÓÕ µ¡Ñ¥¤¨´¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨°, Î¨¸²µ ¶µ²¥° ¢µ§· ¸É ¥É ¨ ´¥°É·¨´µ
¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¶·¨µ¡·¥É ¥É ³ ¸¸Ê. ’ ±, ¢ ³µ¤¥²ÖÌ, ¶µ¸É·µ¥´´ÒÌ ´ 
£·Ê¶¶¥ SO(10), ¶· ¢Ò¥ ´¥°É·¨´µ ¨§´ Î ²Ó´µ ¢Ìµ¤ÖÉ ¢ ¸¶¨´µ·´µ¥ ¶·¥¤¸É ¢²¥-
´¨¥ £·Ê¶¶Ò,   £¥´¥· Í¨Ö ³ °µ· ´µ¢¸±µ° ³ ¸¸Ò ¸¢Ö§ ´  ¸ ´ ·ÊÏ¥´¨¥³ ± ²¨-
¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨, ±µÉµ· Ö ´¥ Ö¢²Ö¥É¸Ö ÉµÎ´µ°.

�µ ¢¸¥° ¢¨¤¨³µ¸É¨, ³ ¸¸  ´¥°É·¨´µ ¸Éµ²Ó ³ ² , ÎÉµ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨
· §²¨Î´µ£µ ·µ¤  Ô±¸¶¥·¨³¥´Éµ¢ ¶µ±  ´¥¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò ¥¥ ´ ¤¥¦´µ ¨§³¥-
·¨ÉÓ. ‘ ´Ê²¥¢Ò³ §´ Î¥´¨¥³ ´¥°É·¨´´µ° ³ ¸¸Ò ¸µ£² ¸ÊÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¢¸¥Ì
Ô±¸¶¥·¨³¥´Éµ¢, ¢ ±µÉµ·ÒÌ µ´  µ¶·¥¤¥²Ö² ¸Ó ¶·Ö³Ò³ ³¥Éµ¤µ³ ¨¸Ìµ¤Ö ¨§ ±¨´¥-
³ É¨±¨ ¸² ¡ÒÌ · ¸¶ ¤µ¢ [1, 2], ¢¥·µÖÉ´µ¸É¥° ¡¥§´¥°É·¨´´µ£µ 2β-· ¸¶ ¤  [3]
¨ · ¸¶ ¤µ¢ ÉÖ¦¥²ÒÌ ´¥°É·¨´µ [4],   É ±¦¥ ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ´¥°É·¨´´ÒÌ
¸¨£´ ²µ¢ µÉ ¸¢¥·Ì´µ¢µ° SN 1987 [5].

‘³¥Ï¨¢ ´¨¥ ³ ¸¸¨¢´ÒÌ ´¥°É·¨´µ ¤µ²¦´µ ¸ ´¥¨§¡¥¦´µ¸ÉÓÕ ¶·¨¢µ¤¨ÉÓ
± ¸ÊÐ¥¸É¢µ¢ ´¨Õ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°. ‚ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨Ì ¶µ¨¸±Ê
³µ¦´µ ¤µ¸É¨ÎÓ ¢Ò¸µ±µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ± ³ ²Ò³ §´ Î¥´¨Ö³ ³ ¸¸ ´¥°-
É·¨´µ. ˆ¤¥°´Ò¥ µ¸´µ¢Ò ¨§ÊÎ¥´¨Ö ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ¡Ò²¨ § ²µ¦¥´Ò
�. Œ. �µ´É¥±µ·¢µ. ‚ ¥£µ · ¡µÉ Ì [6] · ¸¸³ É·¨¢ ²¨¸Ó ¢µ§³µ¦´Ò¥ Ô±¸¶¥·¨-
³¥´ÉÒ ¸ ¨¸±Ê¸¸É¢¥´´Ò³¨ ¨¸ÉµÎ´¨± ³¨ ´¥°É·¨´µ (·¥ ±Éµ·Ò ¨ Ê¸±µ·¨É¥²¨),  
É ±¦¥ c ¶·¨·µ¤´Ò³¨, ¢µ§´¨± ÕÐ¨³¨ ¢ ·¥§Ê²ÓÉ É¥ ¶·µÉ¥± ÕÐ¨Ì ´  ‘µ²´Í¥
É¥·³µÖ¤¥·´ÒÌ ·¥ ±Í¨° ¨ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¸  É³µ¸Ë¥-
·µ° ‡¥³²¨.

B cµ¢·¥³¥´´Òx Ô±¸¶¥·¨³¥´Éax, ¢ ±µÉµ·ÒÌ ´¥°É·¨´´Ò¥ µ¸Í¨²²ÖÍ¨¨ ¨§Ê-
Î ÕÉ¸Ö ´  ¤¥É¥±Éµ· Ì, · ¸¶µ²µ¦¥´´ÒÌ ¢¡²¨§¨ ·¥ ±Éµ·µ¢ ¨ Ê¸±µ·¨É¥²¥°, ´¥
´ ¡²Õ¤ ÕÉ ÔÉµ£µ Ö¢²¥´¨Ö [7Ä11]. ˆ¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²Ö¥É ²¨ÏÓ Ô±¸¶¥·¨³¥´É
LSND [12]. �¥§Ê²ÓÉ ÉÒ ¦¥ ¨¸¸²¥¤µ¢ ´¨° ¢§ ¨³µ¤¥°¸É¢¨° ¶µÉµ±µ¢ ¸µ²´¥Î-
´ÒÌ [13Ä17],   ¢ µ¸µ¡¥´´µ¸É¨  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ [18Ä22] ¢ ¤¥É¥±Éµ· Ì ¸
¡µ²ÓÏµ° ÎÊ¢¸É¢¨É¥²Ó´µ° ³ ¸¸µ° ¨³¥ÕÉ ´¥µ¤´µ§´ Î´ÊÕ ¨´É¥·¶·¥É Í¨Õ. �¥-
¤ ¢´µ ¶µ²ÊÎ¥´´Ò¥ £·Ê¶¶µ° ®Super-Kamiokande¯ ¤ ´´Ò¥, ¸¢Ö§ ´´Ò¥ ¸ ´ ¡²Õ-
¤¥´¨¥³ § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨ ¶µÉµ±   É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ µÉ §¥´¨É-
´µ£µ Ê£² , ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ± ± µÉ±·ÒÉ¨¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ¸ ¶ -
· ³¥É· ³¨ sin2 2θ = 0, 8−1 ¨ ∆m2 ∼= (1, 2−8, 0) · 10−3 Ô‚2 [23]. ˆ³¥´´µ
ÔÉ  µ¡² ¸ÉÓ ¶ · ³¥É·µ¢ ³µ¦¥É ¡ÒÉÓ ¸ ¶·¥Í¨§¨µ´´µ° ÉµÎ´µ¸ÉÓÕ ¨¸¸²¥¤µ¢ ´  ¢
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Ô±¸¶¥·¨³¥´É Ì ´µ¢µ£µ ¶µ±µ²¥´¨Ö, ¨¸¶µ²Ó§ÊÕÐ¨Ì ¶ÊÎ±¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ ¨
¤¥É¥±Éµ·Ò ¸ ÎÊ¢¸É¢¨É¥²Ó´µ° ³ ¸¸µ° ¢ ´¥¸±µ²Ó±µ ±¨²µÉµ´´.

ˆ¸Éµ·¨Ö ¢µ¶·µ¸  Ëµ·³¨·µ¢ ´¨Ö ¨´É¥´¸¨¢´ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ ´¥°É·¨´-
´ÒÌ ¶ÊÎ±µ¢ ¤²Ö ¶µ¨¸±  ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ¢µ¸Ìµ¤¨É ± Ê¶µ³Ö´ÊÉÒ³ · -
¡µÉ ³ �. Œ. �µ´É¥±µ·¢µ,   É ±¦¥ Œ. ˆ. Œ ·±µ¢  [24]. ˆ¤¥¨ ¸µ§¤ ´¨Ö É ±¨Ì
¶ÊÎ±µ¢, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò ¤¥É¥±É¨·µ¢ ÉÓ¸Ö ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ µÉ Ê¸±µ-
·¨É¥²Ö ¨ ±µÉµ·Ò¥ ¢¶µ¸²¥¤¸É¢¨¨ ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥ ®¶ÊÎ±µ¢ ¤ ²Ó´¨Ì ´¥°É·¨-
´µ¯, ´ Ï²¨ · §¢¨É¨¥ ¢ ¸¢Ö§¨ ¸ ¶·¥¤²µ¦¥´¨¥³ Ô±¸¶¥·¨³¥´Éµ¢ DUMAND [25]
¨ ��’ˆ‘‘ [26]. ’ ±¦¥ ¢ ·Ö¤¥ · ¡µÉ [27Ä29] ¨¸¶µ²Ó§µ¢ ´¨¥ ¶ÊÎ±µ¢ ¤ ²Ó-
´¨Ì ´¥°É·¨´µ · ¸¸³ É·¨¢ ²µ¸Ó ¶·¨³¥´¨É¥²Ó´µ ± ¶·µ¢¥¤¥´¨Õ £¥µ²µ£¨Î¥¸±¨Ì
¨¸¸²¥¤µ¢ ´¨° ¨ ¨§ÊÎ¥´¨Õ ¸É·µ¥´¨Ö ‡¥³²¨.

‚ ±µ´Í¥ 80-Ì ££. ´ Î ²¨ ¶µÖ¢²ÖÉÓ¸Ö ¶·¥¤²µ¦¥´¨Ö µ ¶µ¸É ´µ¢±¥ ¨ ¶·µ¢¥¤¥-
´¨¨ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²¥°. ‡  ¶·µÏ¥¤-
Ï¥¥ ¢·¥³Ö Ï¨·µ±µ µ¡¸Ê¦¤ ²µ¸Ó ¡µ²¥¥ 10 ¶·µ¥±Éµ¢, ¢ ±µÉµ·ÒÌ ¨´É¥´¸¨¢´Ò¥
´¥°É·¨´´Ò¥ ¶ÊÎ±¨ µÉ Ê¸±µ·¨É¥²¥° “�Š-I, FNAL, BNL, –…�� ¨ KEK ¶·¥¤² -
£ ²µ¸Ó ´ ¶· ¢¨ÉÓ ´  · §²¨Î´Ò¥ ¤¥É¥±Éµ·Ò ¸ ¡µ²ÓÏµ° ÎÊ¢¸É¢¨É¥²Ó´µ° ³ ¸¸µ°.
�µ · §´Ò³ ¶·¨Î¨´ ³ §´ Î¨É¥²Ó´ Ö ¨Ì Î ¸ÉÓ µ¸É ² ¸Ó ´¥·¥ ²¨§µ¢ ´´µ°.

‚ ¸¢Ö§¨ ¸ § ³µ· ¦¨¢ ´¨¥³ Ê¸±µ·¨É¥²Ó´µ-´ ±µ¶¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ¢
£. �·µÉ¢¨´µ ¶¥Î ²Ó´ Ö ¸Ê¤Ó¡  ¶µ¸É¨£²  ·µ¸¸¨°¸±¨¥ ¶·µ¥±ÉÒ ®“�Š-IÄ
� °± ²¯ [30,31] ¨ ®“�Š-IÄƒ· ´-‘ ¸¸µ¯ [31,32].

ˆ§ ·Ö¤   ³¥·¨± ´¸±¨Ì ¶·µ¥±Éµ¢ [33Ä36] ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ¶µ²ÊÎ¨²
Éµ²Ó±µ Ô±¸¶¥·¨³¥´É MINOS [37]. �  2003 £. § ¶² ´¨·µ¢ ´µ ¢¢¥¤¥´¨¥ ¢ ¸É·µ°
´¥°É·¨´´µ£µ ¶ÊÎ±  NuMI µÉ £² ¢´µ£µ ¨´¦¥±Éµ·  ÉÔ¢ É·µ´  FNAL [38]. �´
¡Ê¤¥É ¨³¥ÉÓ ¸·¥¤´ÕÕ Ô´¥·£¨Õ Eν

∼= 17 ƒÔ‚ ¨ ´ ¶· ¢²ÖÉÓ¸Ö ¢ ¶µ¤§¥³´ÊÕ
Ï ÌÉÊ ®Soudan¯ (¶·µ²¥É´µ¥ · ¸¸ÉµÖ´¨¥ 732 ±³), £¤¥ ± 2004 £. ¡Ê¤¥É ¸µµ·Ê¦¥´
¤¥É¥±Éµ· MINOS.

…¢·µ¶¥°¸± Ö ¶·µ£· ³³  –…�� ¶·¥¤Ê¸³ É·¨¢ ¥É Ëµ·³¨·µ¢ ´¨¥ ´µ¢µ£µ
´¥°É·¨´´µ£µ ¶ÊÎ±  µÉ Ê¸±µ·¨É¥²Ö SPS ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° Eν

∼= 25 ƒÔ‚ [39]
¢ ´ ¶· ¢²¥´¨¨ ¶µ¤§¥³´µ° ² ¡µ· Éµ·¨¨ ƒ· ´-‘ ¸¸µ, Ê¤ ²¥´´µ° ´  · ¸¸ÉµÖ´¨¥
732 ±³ (¢µ²¥° ¸²ÊÎ Ö É ±µ¥ ¦¥, ± ± ¨ ¢  ³¥·¨± ´¸±µ³ Ô±¸¶¥·¨³¥´É¥). ‚ · ³-
± Ì ÔÉµ° ¶·µ£· ³³Ò · ¸¸³ É·¨¢ ²¸Ö ·Ö¤ ¶·µ¥±Éµ¢: OPERA [40], ICARUS [41],
NOE [42], ICANOE [43], AQUARICH [44], NICE [45]. ‘·¥¤¨ ´¨Ì ²¨ÏÓ ±µ²-
² ¡µ· Í¨Ö OPERA ¡Ê¤¥É ¶·µ¢µ¤¨ÉÓ ¨¸¸²¥¤µ¢ ´¨¥ µ¸Í¨²²ÖÍ¨° ¢ ¶ÊÎ±¥ ¤ ²Ó´¨Ì
´¥°É·¨´µ. � Î ²µ Ô±¸¶¥·¨³¥´É  § ¶² ´¨·µ¢ ´µ ´  2005 £. [46].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ Ÿ¶µ´¨¨ ¢¥¤¥É¸Ö ´ ¡µ· ¸É É¨¸É¨±¨ ´¥°É·¨´´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ¢ Ô±¸¶¥·¨³¥´É¥ Š2Š Å ¶¥·¢µ³ Ô±¸¶¥·¨³¥´É¥ ¸ ¶ÊÎ±µ³ ¤ ²Ó´¨Ì
´¥°É·¨´µ. ‘Ëµ·³¨·µ¢ ´´Ò° ´  Ê¸±µ·¨É¥²¥ Š…Š ´¥°É·¨´´Ò° ¶ÊÎµ± ¨³¥¥É
¸·¥¤´ÕÕ Ô´¥·£¨Õ Eν

∼= 1, 4 ƒÔ‚ ¨ ¶·µÌµ¤¨É ¢´ÊÉ·¨ ‡¥³²¨ · ¸¸ÉµÖ´¨¥ 250 ±³
¤µ ¤¥É¥±Éµ·  ®Super-Kamiokande¯ [47]. �¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ
µ ·¥£¨¸É· Í¨¨ ÔËË¥±É  µ¸Í¨²²ÖÍ¨° [48,49].

‚ µÉ²¨Î¨¥ µÉ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¸µ²´¥Î´Ò³¨ ¨  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ,
¨¸¸²¥¤µ¢ ´¨Ö ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ Ì · ±É¥·¨§ÊÕÉ¸Ö µÉ¸ÊÉ¸É¢¨¥³ ´¥µ¶·¥-
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¤¥²¥´´µ¸É¥° ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥, ¸µ¸É ¢¥, ´ ¶· ¢²¥´¨¨ ¨ ¢·¥³¥´´µ°
¸É·Ê±ÉÊ·¥ ¶ÊÎ± . ‚ ¦´µ, ÎÉµ ¢¸¥ ¤ ²Ó´¨¥ ¤¥É¥±Éµ·Ò (®Super-Kamiokande¯,
MINOS ¨ OPERA) ¸¶µ¸µ¡´Ò ·¥£¨¸É·¨·µ¢ ÉÓ ¨ ¸µ¡ÒÉ¨Ö ¸ ´¥°É·¨´µ  É³µ-
¸Ë¥·´µ£µ ¶·µ¨¸Ìµ¦¤¥´¨Ö. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¶µ§¢µ²ÖÉ ¶·µ¢¥¸É¨
É·¥Ì ·µ³ Éµ¢Ò°  ´ ²¨§ ¨ ´ ¤¥¦´µ µ¶·¥¤¥²¨ÉÓ É¨¶ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°
(νµ → νe, νµ → ντ , νµ → νster),   É ±¦¥ ¨§ÊÎ¨ÉÓ µ¡² ¸ÉÓ ¨Ì ¶ · ³¥É·µ¢, ¥¸²¨
∆m2 ∼ 10−3 Ô‚2.

�¡¸Ê¦¤¥´¨¥ ¶·µ¡²¥³, ¸¢Ö§ ´´ÒÌ ¸ ¨¸¸²¥¤µ¢ ´¨¥³ ´¥°É·¨´´ÒÌ µ¸Í¨²²Ö-
Í¨° ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ, Ö¢²Ö¥É¸Ö µ¸´µ¢´µ° § ¤ Î¥°
´ ¸ÉµÖÐ¥£µ µ¡§µ· . — ¸É¨Î´µ ÔÉµÉ ±·Ê£ ¢µ¶·µ¸µ¢ µ¡¸Ê¦¤ ²¸Ö ¢ ´ Ï¥³ ¶·¥-
¤Ò¤ÊÐ¥³ µ¡§µ·¥ [50]. �¤´ ±µ ¶µ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ ®Super-Kamiokande¯,
¢¢¥¤¥´¨¥ ¢ Ô±¸¶²Ê É Í¨Õ Ê¸É ´µ¢±¨ Š2Š, · §¢¨É¨¥  ³¥·¨± ´¸±µ£µ ¶·µ¥±É 
MINOS ¨ ¶¥·¸¶¥±É¨¢Ò ¥¢·µ¶¥°¸±µ£µ ¶·µ¥±É  –…��Äƒ· ´-‘ ¸¸µ É·¥¡ÊÕÉ µÉ-
¤¥²Ó´µ£µ · ¸¸³µÉ·¥´¨Ö.

1. ”��Œ�‹ˆ‡Œ ��ˆ‘��ˆŸ ˆ ˆ‘‘‹…„�‚��ˆŸ
�…‰’�ˆ��›• �‘–ˆ‹‹Ÿ–ˆ‰

�¥°É·¨´´Ò¥ µ¸Í¨²²ÖÍ¨¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶¥·¨µ¤¨Î¥¸±¨° ¶·µÍ¥¸¸
¶µ²´µ£µ ¨²¨ Î ¸É¨Î´µ£µ ¨§³¥´¥´¨Ö  ·µ³ É  ¤¢¨¦ÊÐ¥£µ¸Ö ¢ ¢ ±ÊÊ³¥ ¨²¨ ¢¥-
Ð¥¸É¢¥ ´¥°É·¨´´µ£µ ¶ÊÎ± . � ¡²Õ¤¥´¨¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ¢µ§³µ¦´µ,
¥¸²¨ ´¥°É·¨´µ ¨³¥¥É ³ ¸¸Ê ¨ ·¥ ²¨§Ê¥É¸Ö £¨¶µÉ¥§  ¸³¥Ï¨¢ ´¨Ö. ‚ ÔÉµ³
¸²ÊÎ ¥ ²¥¢Ò¥ ±µ³¶µ´¥´ÉÒ ´¥°É·¨´´ÒÌ ¶µ²¥° να = νe, νµ, ντ , Ö¢²ÖÕÐ¨¥¸Ö
¸µ¡¸É¢¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ² £· ´¦¨ ´  ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ´¥ Éµ¦¤¥-
¸É¢¥´´Ò ¸µ¡¸É¢¥´´Ò³ ³ ¸¸µ¢Ò³ ¸µ¸ÉµÖ´¨Ö³ ´¥°É·¨´µ νi (¤¨· ±µ¢¸±µ£µ ¨²¨
³ °µ· ´µ¢¸±µ£µ É¨¶a),   ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨

να =
∑

i

Uαiνi, (1)

£¤¥ Uαi ¥¸ÉÓ Ê´¨É ·´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö.
ˆ¸¸²¥¤µ¢ ´¨¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° µ¸´µ¢ ´µ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ´¥°-

É·¨´´ÒÌ ¶ÊÎ±µ¢, µ¡· §µ¢ ´´ÒÌ ¢ · §²¨Î´ÒÌ ¶·µÍ¥¸¸ Ì ¸² ¡µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö (β-· ¸¶ ¤Ò Ö¤¥·, · ¸¶ ¤Ò ¶¨µ´µ¢ ¨ ¤·.) ¨ ¨³¥ÕÐ¨Ì ¢ ³µ³¥´É ¢·¥³¥´¨
t = 0 µ¶·¥¤¥²¥´´Ò°  ·µ³ É να.

‚ ±ÊÊ³´Ò¥ µ¸Í¨²²ÖÍ¨¨. ‚ Ô±¸¶¥·¨³¥´É Ì µ¡ÒÎ´µ  ´ ²¨§¨·ÊÕÉ ·¥Ï¥-
´¨¥ § ¤ Î¨ ¢ ±ÊÊ³´ÒÌ µ¸Í¨²²ÖÍ¨° ´¥°É·¨´µ ¤¢ÊÌ  ·µ³ Éµ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥
³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö Uαi ¨³¥¥É ¶·µ¸Éµ° ¢¨¤

U =
(

cos θ sin θ
− sin θ cos θ

)
(2)
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¨ ¸µ¤¥·¦¨É Éµ²Ó±µ µ¤¨´ ¸¢µ¡µ¤´Ò° ¶ · ³¥É· Å Ê£µ² ¸³¥Ï¨¢ ´¨Ö θ. �ÉµÉ
Ê£µ² (¢¥·´¥¥, sin2 2θ), ´ ·Ö¤Ê ¸ ¤·Ê£¨³ ¶ · ³¥É·µ³ µ¸Í¨²²ÖÍ¨° Å ∆m2,
µ¶·¥¤¥²Ö¥É¸Ö ³¥Éµ¤µ³ χ2 ¶·¨  ´ ²¨§¥ ¢¥·µÖÉ´µ¸É¨ ´ ¡²Õ¤¥´¨Ö µ¸Í¨²²ÖÍ¨° ¢
¶ÊÎ±¥ ´¥°É·¨´µ ¸ Ô´¥·£¨¥° Eν ´  · ¸¸ÉµÖ´¨¨ L

P (να → νβ) =
1
2

sin2 2θ

(
1 − cos

∆m2L

2Eν

)
= sin2 2θ sin2 ∆m2L

4Eν
, (3)

¨§³¥·¥´´µ° ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ÊÎ¥Éµ³ ¸É É¨¸É¨Î¥¸±¨Ì ¨ ¸¨¸É¥³ É¨Î¥¸±¨Ì
µÏ¨¡µ±.

�¥·¥Ìµ¤Ö ¢ (3) µÉ ¸¨¸É¥³Ò ¥¤¨´¨Í � = c = 1 ± · §³¥·´µ¸É¨, Ê¤µ¡´µ° ¶·¨
· ¸Î¥É Ì µ¸Í¨²²ÖÍ¨µ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢, ±µ£¤  ∆m2 ¨§³¥·Ö¥É¸Ö ¢ Ô‚2, L Å
¢ ³, Eν Å ¢ ŒÔ‚, ¶µ²ÊÎ ¥³

P (να → νβ) =
1
2

sin2 2θ

(
1 − cos 2, 54

∆m2L

Eν

)
=

= sin2 2θ sin2

(
1, 27

∆m2L

Eν

)
. (4)

ˆ§ ¢Ò· ¦¥´¨° (3), (4) ¸²¥¤Ê¥É ´¥¸±µ²Ó±µ ¢ ¦´ÒÌ ¢Ò¢µ¤µ¢:
1) ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¶µ¨¸±Ê µ¸Í¨²²ÖÍ¨° µ¶·¥¤¥²Ö¥É¸Ö ´¥ ³ ¸¸  ´¥°-

É·¨´µ,   ¢¥²¨Î¨´ 
∆m2

ij = m2
i − m2

j ;

2) ¤²Ö ´ ¡²Õ¤¥´¨Ö µ¸Í¨²²ÖÍ¨° ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ÌµÉÖ ¡Ò ¤²Ö µ¤´µ°
· §´µ¸É¨ ±¢ ¤· Éµ¢ ´¥°É·¨´´ÒÌ ³ ¸¸ ¢Ò¶µ²´Ö²µ¸Ó Ê¸²µ¢¨¥

∆m2
ij � Eν/L; (5)

3)  ³¶²¨ÉÊ¤  µ¸Í¨²²ÖÍ¨µ´´µ£µ ¶¥·¥Ìµ¤  µ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É·µ³
sin2 2θ,   µ¸Í¨²²¨·ÊÕÐ Ö Î ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¸¢Ö§ ´  ¸ ¢¥²¨Î¨´µ° ∆m2L/Eν ;

4) ¢¥·µÖÉ´µ¸ÉÓ µ¸Í¨²²ÖÍ¨° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê³³Ê ¶¥·¨µ¤¨Î¥¸±¨Ì
ËÊ´±Í¨°, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ³µ¦´µ ¢¢¥¸É¨ ¢¥²¨Î¨´Ê

Lvac = 4π
Eν

∆m2
ij

, (6)

´ §Ò¢ ¥³ÊÕ ¢ ±ÊÊ³´µ° ¤²¨´µ° µ¸Í¨²²ÖÍ¨°, ±µÉµ· Ö ¤²Ö ± ¦¤µ° ¶ ·Ò ³ ¸¸
(mi, mj) µÉ· ¦ ¥É ¶¥·¨µ¤¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¸¨£´ ²  ¢ ¤¥É¥±Éµ·¥ µÉ · ¸-
¸ÉµÖ´¨Ö L. „²Ö ·¥£¨¸É· Í¨¨ ¢ ±ÊÊ³´ÒÌ µ¸Í¨²²ÖÍ¨° ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò

Lvac � L. (7)

ˆ§ Ê¸²µ¢¨Ö ´ ¡²Õ¤¥´¨Ö µ¸Í¨²²ÖÍ¨° ´¥°É·¨´µ (7) ¸²¥¤Ê¥É, ÎÉµ ¤²Ö ¶·µ¢¥-
¤¥´¨Ö Ê¸±µ·¨É¥²Ó´µ£µ Ô±¸¶¥·¨³¥´É  ¸ ¶ÊÎ±µ³ ´¥°É·¨´µ ¸µ ¸·¥¤´¥° Ô´¥·£¨¥°
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〈Eν〉 ≈ 10 ƒÔ‚, ´ Í¥²¥´´µ£µ ´  ¨§ÊÎ¥´¨¥  É³µ¸Ë¥·´µ°  ´µ³ ²¨¨ ¸ ¶·¥¤¶µ-
² £ ¥³Ò³ §´ Î¥´¨¥³ ∆m2 ≈ 10−2−10−3 Ô‚2, ¶·µ²¥É´µe · ¸¸ÉµÖ´¨e ¤µ²¦´o
¸µ¸É ¢²ÖÉÓ L ≈ 1000 ±³. �¥°É·¨´´Ò¥ ¶ÊÎ±¨, ´ ¶· ¢²Ö¥³Ò¥ ´  ¤¥É¥±Éµ·Ò ´ 
É ±¨¥ · ¸¸ÉµÖ´¨Ö, ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥ ®¤ ²Ó´¨Ì¯,   Ô±¸¶¥·¨³¥´ÉÒ Å ®¤ ²Ó-
´µ¡ §µ¢ÒÌ¯ (long-baseline). �±¸¶¥·¨³¥´ÉÒ ¸ ¤¥É¥±Éµ·µ³, Ê¸É ´µ¢²¥´´Ò³ ´ 
¡²¨§±µ³ · ¸¸ÉµÖ´¨¨ µÉ Ê¸±µ·¨É¥²Ö (L ≈ 1 ±³), ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥ ®±µ·µÉ±µ-
¡ §µ¢ÒÌ¯ (short-baseline). �´¨ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ∆m2 = 1−10 Ô‚2.

‚ ²Õ¡µ³ Ô±¸¶¥·¨³¥´É¥ ¢¥²¨Î¨´Ò L ¨ Eν ¢ ¡µ²ÓÏ¥° ¨²¨ ³¥´ÓÏ¥° ¸É¥¶¥´¨
· §³ÒÉÒ, ¶µÔÉµ³Ê ·¥ ²Ó´µ ¨§³¥·Ö¥É¸Ö ´¥ ¢¥²¨Î¨´  (4),   ¸·¥¤´ÖÖ ¢¥·µÖÉ´µ¸ÉÓ

〈P (να → νβ)〉 =

=
1
2

sin2 2θ

[
1 − cos

(
2, 54

(
L

Eν

)
0

∆m2

)
exp (−2σ2(∆m2)2)

]
, (8)

£¤¥ σ Å ¸É ´¤ ·É´µ¥ µÉ±²µ´¥´¨¥ ¢ · ¸¶·¥¤¥²¥´¨¨ ƒ Ê¸¸  ¢¥²¨Î¨´Ò L/Eν c
Í¥´É· ²Ó´Ò³ §´ Î¥´¨¥³ (L/Eν)0. ˆ§ (8) ¸²¥¤Ê¥É, ÎÉµ ¤²Ö ¡µ²ÓÏ¨Ì ∆m2

sin2 2θ ∼= 2〈P (να → νβ)〉 (9)

¨ ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥¸É ¥É § ¢¨¸¥ÉÓ µÉ L,   ¤²Ö sin2 2θ ∼= 1

∆m2 =
1

1, 27

(
Eν

L

)
0

√
〈P (να → νβ)〉. (10)

‚ Ô±¸¶¥·¨³¥´É¥ ³µ¦´µ ¨¸¸²¥¤µ¢ ÉÓ ¶ · ³¥É·Ò µ¸Í¨²²ÖÍ¨° ¢¶²µÉÓ ¤µ
§´ Î¥´¨°

(sin2 2θ)min = 〈P (να → νβ)〉, (11)

(∆m2)min = nπ/2, 54
(

L

Eν

)
0

. (12)

�¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ µ¡² ¸É¥° ¤µ¶Ê¸É¨³ÒÌ ¶ -
· ³¥É·µ¢ µ¸Í¨²²ÖÍ¨° (sin2 2θ, ∆m2), ¸µ£² ¸ÊÕÐ¨Ì¸Ö (µ¡ÒÎ´µ ´  Ê·µ¢´¥ ¤µ-
¸Éµ¢¥·´µ¸É¨ 90 %) ¸ ¨§³¥·¥´´Ò³ §´ Î¥´¨¥³ ¢¥·µÖÉ´µ¸É¨ (8). ƒ· ´¨Í  µ¡² ¸É¨
· §·¥Ï¥´´ÒÌ ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨° ¸µµÉ¢¥É¸É¢Ê¥É ´ ¨²ÊÎÏ¥³Ê µ¶¨¸ ´¨Õ
¸¶¥±É·  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°, ¶·¨ ±µÉµ·µ³ ¢¥²¨Î¨´ 
χ2(sin2 2θ, ∆m2) ¨³¥¥É ³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö ± ¦¤µ£µ Ë¨É¨·Ê¥³µ£µ ¶ -
· ³¥É· . � ¨¡µ²¥¥ ¢ ¦´Ò¥ µ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò µ¸Í¨²²ÖÍ¨°, ¶µ²ÊÎ¥´-
´Ò¥ ¢ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ ¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´É Ì, ¶µ± § ´Ò ´  ·¨¸. 1 [51].

‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¸³¥Ï¨¢ ´¨Ö ¶·µ¨§¢µ²Ó´µ£µ Î¨¸²  ³ ¸¸¨¢´ÒÌ ´¥°É·¨´µ
(¢±²ÕÎ Ö ¸É¥·¨²Ó´Ò¥) ¢¥·µÖÉ´µ¸ÉÓ µ¸Í¨²²ÖÍ¨° ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  [52] ¸²¥-
¤ÊÕÐ¨³ µ¡· §µ³:



1262 �Ÿ��‚ ‚. �.

�¨¸. 1. ƒ· ´¨ÍÒ µ¡² ¸É¥° ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨°, ¶µ²ÊÎ¥´´ÒÌ ¢ · §²¨Î´ÒÌ Ô±¸¶¥·¨-
³¥´É Ì,   É ±¦¥ ¤µ¸É¨¦¨³ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì ¡²¨¦ °Ï¥£µ ¡Ê¤ÊÐ¥£µ. ˆ¸±²ÕÎ¥´´ Ö
µ¡² ¸ÉÓ · ¸¶µ²µ¦¥´  ¸¶· ¢  µÉ ±·¨¢ÒÌ [51]
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P (
(−)
να →

(−)
νβ) =

∑
j

|Uαj|2 |Uβj|2 +

+ 2
∑
κ>j

Re [UαjU
∗
βjU

∗
ακUβκ] cos

∆m2
ijL

2p
± 1

2
Dαβ , (13)

Dαβ = P (να → νβ) − P (ν̄α → ν̄β) Å (14)

¢¥²¨Î¨´   ¸¨³³¥É·¨¨. �±¸¶¥·¨³¥´É ²Ó´µ¥ ´ ¡²Õ¤¥´¨¥ Dµe �=0 ¨²¨ Dµτ �= 0
¡Ê¤¥É Ê± § ´¨¥³ ´  CP -´ ·ÊÏ¥´¨¥, ¢µ§´¨± ÕÐ¥¥ ¨§-§  ±µ³¶²¥±¸´µ° T -´ ·Ê-
Ï ÕÐ¥° Ë §Ò ¢ ³ É·¨Í¥ ¸³¥Ï¨¢ ´¨Ö. ’ ± Ö Ë §  µÉ¸ÊÉ¸É¢Ê¥É Éµ²Ó±µ ¢ ¤¢ÊÌ-
 ·µ³ Éµ¢µ° ¸Ì¥³¥. �Í¥´¨ÉÓ ¢¥²¨Î¨´Ê CP -´ ·ÊÏ¥´¨Ö µÎ¥´Ó ¸²µ¦´µ, É ± ± ±
µ´  § ¢¨¸¨É µÉ ´¥¨§¢¥¸É´ÒÌ ¶ · ³¥É·µ¢ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¨ ¤²Ö ¥¥ ´ ¡²Õ-
¤¥´¨Ö ´¥µ¡Ìµ¤¨³ É·¥Ì ·µ³ Éµ¢Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ’ ±
± ± CP -´ ·ÊÏ¥´¨¥ ¢µ§´¨± ¥É ¨§-§  ¨´É¥·Ë¥·¥´Í¨¨ ³¥¦¤Ê ∆m2

32 ¨ ∆m2
21, Éµ

¤²Ö ´ ¡²Õ¤¥´¨Ö ¡µ²ÓÏ¥£µ ÔËË¥±É  Ô±¸¶¥·¨³¥´É ¤µ²¦¥´ ¡ÒÉÓ ÎÊ¢¸É¢¨É¥²¥´ ±
³¥´ÓÏ¥³Ê ¨§ ¤¢ÊÌ ∆m2.

‚ (13) ¶¥·¢µ¥ ¤¨ £µ´ ²Ó´µ¥ ¸² £ ¥³µ¥ ´¥ § ¢¨¸¨É µÉ ¢·¥³¥´¨ ¨ ¤ ¥É ¸·¥¤-
´ÕÕ ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥Ìµ¤  〈P (να → νβ)〉,   ¢·¥³¥´´ Ö § ¢¨¸¨³µ¸ÉÓ ¢¥·µ-
ÖÉ´µ¸É¨ ³µ¤Ê²¨·Ê¥É¸Ö § ¢¨¸ÖÐ¨³ µÉ · ¸¸ÉµÖ´¨Ö ¶·µ²¥É  ´¥°É·¨´µ ¢Éµ·Ò³
¸² £ ¥³Ò³.

Šµ£¤  · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ ±ÊÊ³´Ò¥ µ¸Í¨²²ÖÍ¨¨ É·¥Ì É¨¶µ¢ ´¥°É·¨´µ (νe,
νµ, ντ ), ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö Uαi ³µ¦¥É ¡ÒÉÓ ¶ · ³¥É·¨§µ¢ ´   ´ ²µ£¨Î´µ
³ É·¨Í¥ Šµ¡ ÖÏ¨ÄŒ ¸± ¢  ¤²Ö ±¢ ·±µ¢µ£µ ¸¥±Éµ·  ¸É ´¤ ·É´µ° ³µ¤¥²¨ [53]:

Uαi = Uαi(θ12, θ23, θ13, δ) =

=


 C1 −S1C3 −S1S3

S1C2 C1C2C3 − S2S3 eiδ C1C2S3 + S2C3 eiδ

S1C2 C1S2C3 + C2S3 eiδ C1S2S3 − C2C3 eiδ


 , (15)

£¤¥ Ci = cos θi, Si = sin θi, i = 1, 2, 3. ’ ±¨³ µ¡· §µ³, ¶·¨ ¸³¥Ï¨¢ ´¨¨
É·¥Ì É¨¶µ¢ ´¥°É·¨´µ ¨³¥ÕÉ¸Ö É·¨ Ê£²  ¸³¥Ï¨¢ ´¨Ö (θ12, θ23, θ13) ¨ µ¤´ 
CP -´ ·ÊÏ ÕÐ Ö Ë §  δ. “£²Ò ¸³¥Ï¨¢ ´¨Ö θij µ¶·¥¤¥²ÖÕÉ É·¨ µ·Éµ£µ´ ²Ó-
´ÒÌ ¢· Ð¥´¨Ö, ±µÉµ·Ò¥ µ¸ÊÐ¥¸É¢²ÖÕÉ ¶¥·¥Ìµ¤Ò ³¥¦¤Ê  ·µ³ Éµ¢Ò³¨ ¨ ³ ¸¸µ-
¢Ò³¨ ¡ §¨¸ ³¨. Š·µ³¥ Éµ£µ, ¨§ É·¥Ì ¢µ§³µ¦´ÒÌ §´ Î¥´¨° ∆m2

12, ∆m2
23, ∆m2

13

´¥§ ¢¨¸¨³Ò³¨ Ö¢²ÖÕÉ¸Ö Éµ²Ó±µ ¤¢  §´ Î¥´¨Ö. ’ ±¨³ µ¡· §µ³, ¢ Ëµ·³ ²¨§³¥
É·¥Ì ·µ³ Éµ¢ÒÌ µ¸Í¨²²ÖÍ¨° ¶·¨¸ÊÉ¸É¢ÊÕÉ 6 ´¥§ ¢¨¸¨³ÒÌ ¶ · ³¥É·µ¢. �Î¥´Ó
¶·¨¢²¥± É¥²Ó´µ ¶·µ¢µ¤¨ÉÓ  ´ ²¨§ ¨ Ë¨É¨·µ¢ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢
ÔÉµ³ 6-¶ · ³¥É·¨Î¥¸±µ³ ¶·µ¸É· ´¸É¢¥ (∆m2

12, ∆m2
23, θ12, θ23, θ13, δ), ¸ É¥³

ÎÉµ¡Ò · §²¨Î¨ÉÓ ¢¸¥ ¶ · ³¥É·Ò ¸³¥Ï¨¢ ´¨Ö. �¤´ ±µ ÔÉµ É·Ê¤´ Ö ¨ ¶· ±É¨Î¥-
¸±¨ ´¥·¥ ²¨§Ê¥³ Ö § ¤ Î . �µÔÉµ³Ê ¶·¨  ´ ²¨§¥ µ¡ÒÎ´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö · §´µ£µ
·µ¤  Ê¶·µÐ¥´¨Ö.
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’ ±, ¥¸²¨ θ23 = θ13 = 0, Éµ ³Ò ¢µ§¢· Ð ¥³¸Ö ± ¤¢ÊÌ ·µ³ Éµ¢Ò³ µ¸Í¨²-
²ÖÍ¨Ö³ νµ → νe, ¥¸²¨ θ12 = θ13 = 0, Éµ ± νe → ντ ,   ¥¸²¨ θ12 = θ23 = 0,
Éµ ± νµ → ντ -µ¸Í¨²²ÖÍ¨Ö³. „·Ê£ Ö ¢µ§³µ¦´µ¸ÉÓ Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ ¸¢µ¡µ¤-
´ÒÌ ¶ · ³¥É·µ¢ ¨ É¥³ ¸ ³Ò³ Ê¶·µ¸É¨ÉÓ  ´ ²¨§ µ¸Í¨²²ÖÍ¨° ¢ É·¥Ì ·µ³ Éµ¢µ³
Ëµ·³ ²¨§³¥ § ±²ÕÎ ¥É¸Ö ¢ Ê¶µ·Ö¤µÎ¨¢ ´¨¨ ´¥°É·¨´´ÒÌ ³ ¸¸. ˆ¥· ·Ì¨Ö, ±µ-
£¤  ¤¢  ¸µ¸ÉµÖ´¨Ö ν1 ¨ ν2 ¨³¥ÕÉ ¡²¨§±ÊÕ ³ ²ÊÕ ³ ¸¸Ê m1

∼= m2,   ν3 Å
¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏÊÕ m3

∼= m:

δm ≡ |m2
2 − m2

1| � |m2
3 − m2

1,2| ≡ m2, (16)

¶µ²ÊÎ¨²  ´ §¢ ´¨¥ OMSD-¶·¨¡²¨¦¥´¨Ö (one mass scale dominance) [54]. ’ -
±¨³ µ¡· §µ³, ¢ OMSD-³µ¤¥²¨ ¨³¥¥É¸Ö Éµ²Ó±µ µ¤¨´ ³ ¸¸µ¢Ò° ¶ · ³¥É· Å m2.
“£µ² θ12 (¢¢¨¤Ê ¢Ò·µ¦¤¥´´µ¸É¨ ¸µ¸ÉµÖ´¨° ν1 ¨ ν2) ¨ Ë §  δ ´¥´ ¡²Õ¤ ¥³Ò, ¨
6-¶ · ³¥É·¨Î¥¸±µ¥ ¶·µ¸É· ´¸É¢µ (∆m2

12, ∆m2
23, θ12, θ23, θ13, δ) ·¥¤ÊÍ¨·Ê¥É¸Ö

¢ ¶·µ¸É· ´¸É¢µ (m2, θ23, θ13). ‚ · ¡µÉ Ì [54] µ¶·¥¤¥²ÖÕÉ¸Ö ¢¥·µÖÉ´µ¸É¨

P (νµ → νµ) = 1 − 4U2
µ3(1 − U2

µ3) sin2 (1, 27∆m2L/Eν),

P (νµ → νe) = 4U2
µ3U

2
e3 sin2 (1, 27∆m2L/Eν), (17)

P (νµ → ντ ) = 4U2
µ3U

2
τ3 sin2 (1, 27∆m2L/Eν)

¨ ¤ ¥É¸Ö ¶·µ¸Éµ¥ £· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ É·¥Ì ·µ³ Éµ¢µ£µ ¸³¥Ï¨¢ ´¨Ö
¢ OMSD-³µ¤¥²¨. �  ·¨¸. 2 ¶µ± § ´ · ¢´µ¸Éµ·µ´´¨° É·¥Ê£µ²Ó´¨± ¥¤¨´¨Î´µ°
¢Ò¸µÉÒ, ¢ ±µÉµ·µ³ ¢¥·Ï¨´Ò ¥¸ÉÓ Î¨¸ÉÒ¥  ·µ³ Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö νe, νµ, ντ .
’Ö¦¥²µ¥ ³ ¸¸µ¢µ¥ ¸µ¸ÉµÖ´¨¥ ν3 µÉ±² ¤Ò¢ ¥É¸Ö ¢´ÊÉ·¨ É·¥Ê£µ²Ó´¨±  ¨ Ê¤µ¢²¥-
É¢µ·Ö¥É Ê¸²µ¢¨Õ Ê´¨É ·´µ¸É¨ U2

e3 +U2
µ3 +U2

τ3 = 1. ’µÎ±  ν3 ¶ · ³¥É·¨§Ê¥É¸Ö

�¨¸. 2. ƒ· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ É·¥Ì ·µ³ Éµ¢µ£µ ¸³¥Ï¨¢ ´¨Ö ¢ ³µ¤¥²¨ OMSD [54]
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¤¢Ê³Ö Ô°²¥·µ¢Ò³¨ Ê£² ³¨ Ψ = θ23 ¨ Φ = θ13,   ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨³¥ÕÉ
¢¨¤

U2
e3 = sin2 Φ,

U2
µ3 = cos2 Φ sin2 Ψ, (18)

U2
τ3 = cos2 Φ cos2 Ψ.

’ ±¨³ µ¡· §µ³, ¥¸²¨ ¸µ¸ÉµÖ´¨¥ ν3 ¸µ¢¶ ¤ ¥É ¸ µ¤´µ° ¨§  ·µ³ Éµ¢ÒÌ ¢¥·Ï¨´
νe, ντ , νµ, Éµ µ¸Í¨²²ÖÍ¨¨ µÉ¸ÊÉ¸É¢ÊÕÉ. �¸Í¨²²ÖÍ¨¨ ³¥¦¤Ê ¤¢Ê³Ö  ·µ³ É ³¨
´¥°É·¨´µ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¤¢¨¦¥´¨¥³ ¢¤µ²Ó µ¤´µ° ¨§ ¸Éµ·µ´ É·¥Ê£µ²Ó´¨± .
� ±µ´¥Í, ¥¸²¨ ν3 ²¥¦¨É ¢µ ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ É·¥Ê£µ²Ó´¨± , Éµ ¨³¥¥É ³¥¸Éµ
É·¥Ì ·µ³ Éµ¢µ¥ ¸³¥Ï¨¢ ´¨¥.

‚ ·¥ ±Éµ·´ÒÌ ¨ Ê¸±µ·¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì,   É ±¦¥ ¢ µ¶ÒÉ Ì ¸  É-
³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ ¨¸¸²¥¤Ê¥É¸Ö ¶µ¤¶·µ¸É· ´¸É¢µ ¶ · ³¥É·µ¢ (m2, U2

e3,
U2

µ3, U2
τ3), ±µÉµ·µ¥ µ¶·¥¤¥²Ö¥É¸Ö ¡µ²ÓÏ¨³¨ m2 ¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨,

¸¢Ö§ ´´Ò³¨ ¸ ν3. �±¸¶¥·¨³¥´ÉÒ ¸ ¸µ²´¥Î´Ò³¨ ´¥°É·¨´µ ÎÊ¢¸É¢¨É¥²Ó´Ò ±
¶µ¤¶·µ¸É· ´¸É¢Ê (δm2, U2

e3, U2
µ3, U2

τ3), É ± ÎÉµ ³ ² Ö ³ ¸¸  ¨ É·¨ ³ É·¨Î´ÒÌ
Ô²¥³¥´É  ¸¢Ö§ ´Ò ¸ νe.

‘²¥¤Ê¥É ¸± § ÉÓ, ÎÉµ ¥¸²¨ ·¥ ²¨§Ê¥É¸Ö É·¥Ì ·µ³ Éµ¢µ¥ ¸³¥Ï¨¢ ´¨¥, Éµ
¶·¨  ´ ²¨§¥ ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´É , ¨¸¶µ²Ó§ÊÕÐ¥£µ ¶ÊÎµ± Î¨¸Éµ£µ  ·µ-
³ É  νµ, ¢¸¥£¤  ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤¢¥ µ¡² ¸É¨ ·¥Ï¥´¨°. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ,
¨§³¥·¨¢ P (νµ → νµ), ³µ¦´µ µ¶·¥¤¥²¨ÉÓ U2

µ3. „µ¶µ²´¨É¥²Ó´µ¥ ¨§³¥·¥´¨¥
¢¥·µÖÉ´µ¸É¥° P (νµ → νe) ¨ P (νµ → ντ ) ´¨Î¥£µ ´¥ ¤ ¥É, É ± ± ± ¨§ (17)
¸²¥¤Ê¥É, ÎÉµ µ¡¥ µ´¨ § ¢¨¸ÖÉ µÉ U2

µ3. �É  ¶·µ¡²¥³  ·¥Ï ¥É¸Ö ¶·¨ ¨§³¥·¥´¨¨
¢¥·µÖÉ´µ¸É¨ P (νe → νe) ¢ ¶ÊÎ±¥ ´¥°É·¨´µ ¤·Ê£µ£µ  ·µ³ É  (νe) ¸ ¶µ±·ÒÉ¨¥³
 ´ ²µ£¨Î´µ° µ¡² ¸É¨ ¶µ L/Eν .

�¸Í¨²²ÖÍ¨¨ ´¥°É·¨´µ ¢ ¢¥Ð¥¸É¢¥. � ²¨Î¨¥ ¢¥Ð¥¸É¢  ´  ¶ÊÉ¨ ¶ÊÎ±  ´¥°-
É·¨´µ ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´¨ÉÓ ± ·É¨´Ê µ¸Í¨²²ÖÍ¨°. Š ± ¶µ± § ² ‚µ²Ó-
Ë¥´ÏÉ¥°´ ¢ [55], ¢¥Ð¥¸É¢µ, ¸µ¸ÉµÖÐ¥¥ ¨§ ±¢ ·±µ¢ ¨ ¨§ Ô²¥±É·µ´µ¢, ¶µ-· §´µ³Ê
¢²¨Ö¥É ´  · ¸¶·µ¸É· ´¥´¨¥ · §²¨Î´ÒÌ É¨¶µ¢ ´¥°É·¨´µ. �¥°É·¨´´µ-±¢ ·±µ¢µ¥
· ¸¸¥Ö´¨¥ ¶·µ¨¸Ìµ¤¨É Éµ²Ó±µ §  ¸Î¥É ´¥°É· ²Ó´ÒÌ Éµ±µ¢, ¨ ¥£µ  ³¶²¨ÉÊ¤ 
µ¤¨´ ±µ¢  ¤²Ö ¢¸¥Ì É¨¶µ¢ ´¥°É·¨´µ. ˆ´ Ö ¸¨ÉÊ Í¨Ö ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ´¥°-
É·¨´µ ´  Ô²¥±É·µ´ Ì. ‚¸¥ É¨¶Ò ´¥°É·¨´µ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ Ô²¥±É·µ´µ³
¶µ¸·¥¤¸É¢µ³ ´¥°É· ²Ó´µ£µ Éµ± , ¨ Éµ²Ó±µ ¶·µÍ¥¸¸ νee

− → νee
− ³µ¦¥É ¶·µ-

É¥± ÉÓ É ±¦¥ ¨ §  ¸Î¥É § ·Ö¦¥´´µ£µ Éµ± . ‚ · ¡µÉ Ì [56] ¡Ò²µ ¶µ± § ´µ, ÎÉµ
É ±µ° ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ
¢¥·µÖÉ´µ¸ÉÓ µ¸Í¨²²ÖÍ¨° ¢ ¢¥Ð¥¸É¢¥ µÉ²¨Î´  µÉ ¢ ±ÊÊ³´µ£µ ¸²ÊÎ Ö (3) ¨ ¤²Ö
¶µ¸ÉµÖ´´µ° ¶²µÉ´µ¸É¨ ¢¥Ð¥¸É¢  µ¶·¥¤¥²Ö¥É¸Ö ¢ ¢¨¤¥

P (νe → νβ) = sin2 2θm sin2 πL

Lm
, (19)
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£¤¥ Ê£µ² ¸³¥Ï¨¢ ´¨Ö ¢ ¢¥Ð¥¸É¢¥ θm ¸¢Ö§ ´ ¸ Ê£²µ³ ¸³¥Ï¨¢ ´¨Ö ¢ ¢ ±ÊÊ³¥ θ
¸µµÉ´µÏ¥´¨¥³

tan 2θm =
sin 2θ

cos 2θ + Lvac/L0
. (20)

‡¤¥¸Ó Lvac Å ¤²¨´  µ¸Í¨²²ÖÍ¨° ¢ ¢ ±ÊÊ³¥ (6); L0 Å ¤²¨´  ‚µ²ÓË¥´ÏÉ¥°´ ,
Ì · ±É¥·¨§ÊÕÐ Ö ¤²¨´Ê ´¥°É·¨´´µ-Ô²¥±É·µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö:

L0 =
2π√

2GFNe

, (21)

£¤¥ GF = 10−5M−2
p Å ±µ´¸É ´É  ”¥·³¨; Mp Å ³ ¸¸  ¶·µÉµ´ ; Ne =

πN0Z/A Å ¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ¢¥Ð¥¸É¢¥; N0 Å Î¨¸²µ �¢µ£ ¤·µ; Z/A Å
¸·¥¤´¥¥ µÉ´µÏ¥´¨¥ § ·Ö¤  ± ³ ¸¸¥,   Lm Å ÔËË¥±É¨¢´ Ö ¤²¨´  µ¸Í¨²²ÖÍ¨°
¢ ¢¥Ð¥¸É¢¥

Lm = Lvac[1 + (Lvac/L0)2 + (2Lvac/L0) cos 2θ]−1/2. (22)

ˆ§ ¢Ò· ¦¥´¨° (20) ¨ (22) ¢¨¤´µ, ÎÉµ θm ¨ Lm § ¢¨¸ÖÉ µÉ Ê£²  θ ¨ µÉ ¤²¨´Ò
¢ ±ÊÊ³´ÒÌ µ¸Í¨²²ÖÍ¨° Lvac ¨, ¸²¥¤µ¢ É¥²Ó´µ, µÉ ∆m2/Eν . �·¨ ¶²µÉ´µ¸É¨
Ô²¥±É·µ´µ¢ Ne → 0 θm → θ,   Lm → Lvac ¨ ¢¥·µÖÉ´µ¸ÉÓ µ¸Í¨²²ÖÍ¨° ¢
¢¥Ð¥¸É¢¥ (19) ¶¥·¥Ìµ¤¨É ¢ ¢Ò· ¦¥´¨¥ (3) ¤²Ö ¸²ÊÎ Ö ¢ ±ÊÊ³ .

‚ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ²Ó´µ¡ §µ¢ÒÌ Ô±¸¶¥·¨³¥´É Ì ¨ ¶·µ¥±É Ì ¶ÊÎ±¨ ¤ ²Ó-
´¨Ì ´¥°É·¨´µ ¶·µÌµ¤ÖÉ ¢ ‡¥³²¥ · ¸¸ÉµÖ´¨Ö 250 ±³ (Š2Š) ¨ 730 ±³ (MINOS
¨ –…��Äƒ· ´-‘ ¸¸µ). •µÉÖ ‡¥³²Ö ¨ µ¡² ¤ ¥É ´¥´Ê²¥¢µ° ¶²µÉ´µ¸ÉÓÕ Ô²¥±É·µ-
´µ¢, ´µ ¢ §¥³´ÒÌ Ê¸²µ¢¨ÖÌ ¤²¨´  ‚µ²ÓË¥´ÏÉ¥°´  L0 ≈ 3500−12000 ±³, ¨
¶µÔÉµ³Ê ¢ Ô±¸¶¥·¨³¥´É Ì ´  ¶·µ²¥É´ÒÌ ¡ § Ì L � 1000 ±³ ¢²¨Ö´¨¥ ÔËË¥±É 
³ É¥·¨¨ ´¥§´ Î¨É¥²Ó´µ ¨ µ¸Í¨²²ÖÍ¨¨ ¸¢µ¤ÖÉ¸Ö ± ¢ ±ÊÊ³´Ò³.

‚ ¢¥Ð¥¸É¢¥ ¶·¨ Ê¸²µ¢¨¨ Lvac/L0 ≈ cos 2θ µ¸Í¨²²ÖÍ¨¨ ³µ£ÊÉ Ê¸¨²¨ÉÓ¸Ö § 
¸Î¥É ·¥§µ´ ´¸´µ£µ ÔËË¥±É  Œ¨Ì¥¥¢ Ä‘³¨·´µ¢ Ä‚µ²ÓË¥´ÏÉ¥°´  (MSW) [57].
�·¨ ¢Ò¶µ²´¥´¨¨ ÔÉµ£µ Ê¸²µ¢¨Ö Ê£µ² ¸³¥Ï¨¢ ´¨Ö ¤µ¸É¨£ ¥É ³ ±¸¨³Ê³  θm ≈
π/4,   ¢¥·µÖÉ´µ¸ÉÓ (19) ¶·¨´¨³ ¥É ¢¨¤

P (νe → νµ) = sin2

(
sin 2θ

πL

Lvac

)
. (23)

�  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ÔÉµ µ¤´µ ¨§ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ÒÌ ¨ ±· ¸¨¢ÒÌ ·¥Ï¥´¨°
¶·µ¡²¥³Ò ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ. ‚ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¸ ¸µ²´¥Î´Ò³¨ ´¥°É·¨´µ
¢µ§³µ¦´µ ´ ¡²Õ¤¥´¨¥ Ö¢²¥´¨Ö ·¥£¥´¥· Í¨¨, ±µ£¤  νe, ¶·¥¢· É¨¢Ï¨¸Ó ´  ¶ÊÉ¨
¸±¢µ§Ó ‘µ²´Í¥ ¢ νµ, ¶·¨ ¶·µÌµ¦¤¥´¨¨ Î¥·¥§ ‡¥³²Õ ¢ ´µÎ´µ¥ ¢·¥³Ö Î ¸É¨Î´µ
¶·¥É¥·¶¥¢ ÕÉ µ¡· É´µ¥ ¶·¥¢· Ð¥´¨¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤µ²¦´  ´ ¡²Õ¤ ÉÓ¸Ö § -
¢¨¸¨³µ¸ÉÓ ¶µÉµ±  νe µÉ ¢·¥³¥´¨ ¸ÊÉµ± Å ÔËË¥±É ®¤¥´Ó/´µÎÓ¯. ’ ± ± ±
· ¸¸ÉµÖ´¨¥ ¨ ¸·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ ³ É¥·¨¨, ¶·µÌµ¤¨³Ò¥ ´¥°É·¨´µ ´  ¶ÊÉ¨ µÉ
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‘µ²´Í  ¤µ ‡¥³²¨, § ¢¨¸ÖÉ µÉ ¢·¥³¥´¨ £µ¤ , Éµ ¢µ§³µ¦´Ò É ±¦¥ ¸¥§µ´´Ò¥
¢ ·¨ Í¨¨ ¶µÉµ±  νe ¸ ³ ±¸¨³Ê³µ³ ¢¥¸´µ° ¨ µ¸¥´ÓÕ.

�¥§µ´ ´¸´Ò° ÔËË¥±É ³µ¦¥É É ±¦¥ ¶·µÖ¢²ÖÉÓ¸Ö ¨ ¢ ‡¥³²¥, ´µ Éµ²Ó±µ
¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¶·µ²¥É´Ò³ · ¸¸ÉµÖ´¨¥³ ´¥°É·¨´µ ¶µ·Ö¤±  ¥¥ ¤¨ ³¥É· 
(∼ L0). ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢²¨Ö´¨¥ ³ É¥·¨¨, ¶·¨¢µ¤ÖÐ¥¥ ± ·¥§µ´ ´¸-
´µ³Ê Ê¸¨²¥´¨Õ µ¸Í¨²²ÖÍ¨° ¢ ‡¥³²¥, CP -´¥¸¨³³¥É·¨Î´µ. ‚Ò¤¥²¥´¨¥ ³ -
²ÒÌ CP -´ ·ÊÏ ÕÐ¨Ì ÔËË¥±Éµ¢ ¢ ³ É¥·¨¨ ¢ ¸µ¢µ±Ê¶´µ¸É¨ ¸ ´ ¡²Õ¤¥´¨¥³
L/Eν-§ ¢¨¸¨³µ¸É¨ ¢ ¢¥·µÖÉ´µ¸É¨ µ¸Í¨²²ÖÍ¨° ¶·¨ ¶·µ¢¥¤¥´¨¨ ¤¢ÊÌ Ô±¸¶¥·¨-
³¥´Éµ¢ ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ ´  · §²¨Î´ÒÌ ¶·µ²¥É´ÒÌ ¡ § Ì ¡Ò²µ ¶·¥¤²µ¦¥´µ
¢ · ¡µÉ Ì [58]. …¸²¨ ¸¶· ¢¥¤²¨¢Ò 4-´¥°É·¨´´Ò¥ ³µ¤¥²¨ ¸µ ¸É¥·¨²Ó´Ò³ ´¥°-
É·¨´µ, Éµ ¶·¥¤¸± § ´¨Ö ¢µ§³µ¦´µ¸É¥° µ¡´ ·Ê¦¥´¨Ö ÔËË¥±Éµ¢ CP -´ ·ÊÏ¥´¨Ö
¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ ³µ¦´µ ´ °É¨ ¢ [59].

—¨¸ÉÒ° ¸¨£´ ² CP -´ ·ÊÏ¥´¨Ö ³µ¦´µ ´ ¡²Õ¤ ÉÓ ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¢ Ô±¸-
¶¥·¨³¥´É Ì ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ T -´ ·ÊÏ¥´¨Ö. ’ ±¨³ ¸¨£´ ²µ³ ¸²Ê¦¨É ¨§-
³¥·¥´¨¥ ´¥´Ê²¥¢µ° T - ¸¨³³¥É·¨¨

Tαβ = P (να → νβ) − P (νβ → να) ¨²¨

T̄αβ = P (ν̄α → ν̄β) − P (ν̄β → ν̄α).
(24)

„²Ö ¶µ¤µ¡´ÒÌ ¨¸¸²¥¤µ¢ ´¨° É·¥¡Ê¥É¸Ö ´¥°É·¨´´Ò° ¶ÊÎµ± ¸³¥Ï ´´µ£µ  ·µ-
³ É  (νµ + ν̄e ¨²¨ ν̄µ + νe), ¶µ²ÊÎ¥´¨¥ ±µÉµ·µ£µ ´¥ ¶² ´¨·Ê¥É¸Ö ¢ Ô±¸¶¥·¨-
³¥´É Ì ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ ¶¥·¢µ£µ ¶µ±µ²¥´¨Ö, ´µ o´ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´
´  ¶·µ¥±É¨·Ê¥³ÒÌ ´¥°É·¨´´ÒÌ Ë ¡·¨± Ì.

2. �Š‘�…�ˆŒ…�’› �� ��ˆ‘Š“ �‘–ˆ‹‹Ÿ–ˆ‰ �…‰’�ˆ��

‘µ¸É ¢´Ò¥ Ô²¥³¥´ÉÒ Ô±¸¶¥·¨³¥´É . ‚ µ¸´µ¢¥ ²Õ¡µ£µ Ô±¸¶¥·¨³¥´É , ¨¸-
¸²¥¤ÊÕÐ¥£µ µ¸Í¨²²ÖÍ¨¨ ´¥°É·¨´µ, ²¥¦ É É·¨ µ¸´µ¢´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥: ´¥°-
É·¨´´Ò° ¶ÊÎµ±, ¤¥É¥±Éµ·Ò ¨ · ¸Î¥ÉÒ ¸¶¥±É·  ´¥°É·¨´´µ£µ ¨¸ÉµÎ´¨±  ¤²Ö
¶·¥¤¸± § ´¨Ö ±µ²¨Î¥¸É¢  ν-¢§ ¨³µ¤¥°¸É¢¨° ¢ ¤¥É¥±Éµ· Ì.

�¥°É·¨´´Ò¥ ¶ÊÎ±¨. Ÿ¤¥·´Ò¥ ·¥ ±Éµ·Ò Ö¢²ÖÕÉ¸Ö ³µÐ´Ò³¨ ¨¸ÉµÎ´¨± ³¨
ν̄e ¸ Ô´¥·£¨Ö³¨ ¤µ 8 ŒÔ‚. ‘µ²´Í¥ £¥´¥·¨·Ê¥É ¶µÉµ±¨ νe ¸µ ¸¶¥±É·µ³ Ô´¥·£¨°,
§ ±²ÕÎ¥´´Ò³ ¢ ¨´É¥·¢ ²¥ µÉ ¤µ²¥° ¤µ 18,5 ŒÔ‚. �É³µ¸Ë¥·  ¶·¨ ¢§ ¨³µ¤¥°-
¸É¢¨¨ ¢ ´¥° Î ¸É¨Í ¶¥·¢¨Î´µ£µ ±µ¸³¨Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö ¶·µ¨§¢µ¤¨É ¶µÉµ±¨
νµ + ν̄µ ¨ νe + ν̄e Ï¨·µ±µ£µ ¸¶¥±É·  Ô´¥·£¨°.

‚ µÉ²¨Î¨¥ µÉ ¶¥·¥Î¨¸²¥´´ÒÌ ´¥°É·¨´´ÒÌ ¨¸ÉµÎ´¨±µ¢, Ê¸±µ·¨É¥²Ó´Ò¥
¶ÊÎ±¨ µ¡² ¤ ÕÉ ·Ö¤µ³ ¶·¥¨³ÊÐ¥¸É¢, ¸·¥¤¨ ±µÉµ·ÒÌ µÉ³¥É¨³ ¸²¥¤ÊÕÐ¨¥:

1. ‚µ§³µ¦´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ¶µÉµ±  ´¥°É·¨´µ µ¶·¥¤¥²¥´´µ£µ ¸µ·É 
(νµ ¨²¨ ν̄µ) ¸ Ìµ·µÏµ ¨§¢¥¸É´Ò³ (· ¸Î¥É´Ò³ ¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§³¥·¥´-
´Ò³) ¸¶¥±É·µ³ ± ± µ¸´µ¢´µ£µ ¶ÊÎ± , É ± ¨ ¶·¨³¥¸¥°. �·¨³¥¸Ó νe ¸µ¸É ¢²Ö¥É
µ¡ÒÎ´µ ³¥´¥¥ 1 %,   ¶·¨³¥¸Ó ντ Å ³¥´¥¥ 10−5.
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2. �¡¥¸¶¥Î¥´¨¥ ±µ´É·µ²Ö ¨´É¥´¸¨¢´µ¸É¨, ¢·¥³¥´´µ° ¸É·Ê±ÉÊ·Ò, ´ ¶· -
¢²¥´¨Ö ¨ ¶·µË¨²Ö ¶ÊÎ± .

3. ‚µ§³µ¦´µ¸ÉÓ ¢ ·Ó¨·µ¢ ´¨Ö Ô´¥·£¨¨ ·µ¤¨É¥²¥° ´¥°É·¨´µ (π- ¨ K-
³¥§µ´µ¢) ¨ · §²¨Î´ÒÌ ¸Ì¥³ ¨Ì ³ £´¨Éµµ¶É¨Î¥¸±µ° Ëµ±Ê¸¨·µ¢±¨. �Éµ ¶µ-
§¢µ²Ö¥É ¨³¥ÉÓ ´¥°É·¨´´Ò¥ ¶ÊÎ±¨ Ï¨·µ±µ£µ ¸¶¥±É·  (µ¡ÒÎ´µ µÉ ´¥¸±µ²Ó-
±¨Ì ¤µ ∼= 100 ƒÔ‚), ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ¶ÊÎ±¨ (¸ ³ ±¸¨³Ê³µ³ ¢ µ¡² ¸É¨
5Ä7 ƒÔ‚),   É ±¦¥ ³µ´µÌ·µ³ É¨Î¥¸±¨¥ ¶ÊÎ±¨, ´ ¸É·µ¥´´Ò¥ ´  ¢Ò¤¥²¥´´ÊÕ
µ¡² ¸ÉÓ Ô´¥·£¨°.

„¥É¥±Éµ·Ò. ‚ ¤¥É¥±Éµ· Ì ·¥£¨¸É·¨·ÊÕÉ¸Ö ¸µ¡ÒÉ¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°-
É·¨´µ Éµ£µ ¨²¨ ¨´µ£µ  ·µ³ É  ¶µ ± ´ ² ³ § ·Ö¦¥´´µ£µ (CC-¢§ ¨³µ¤¥°¸É¢¨Ö)

νl + N → l +  ¤·µ´Ò, l = e, µ, τ, (25)

¨ ´¥°É· ²Ó´µ£µ (NC-¢§ ¨³µ¤¥°¸É¢¨Ö)

νe + N → νe +  ¤·µ´Ò (26)

Éµ±µ¢.
‚ µ¸Í¨²²ÖÍ¨µ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¸ÊÐ¥¸É¢ÊeÉ É·¨ ¶µ¤Ìµ¤  ± Ê¸É ´µ¢±¥

¤¥É¥±Éµ·  µÉ´µ¸¨É¥²Ó´µ ¨¸ÉµÎ´¨±  ´¥°É·¨´µ:
1. ˆ¸¶µ²Ó§µ¢ ÉÓ µ¤¨´ ¤¥É¥±Éµ·, · ¸¶µ² £ Ö ¥£µ ´  ¨§¢¥¸É´µ³ · ¸¸ÉµÖ-

´¨¨ L. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤¥É¥±Éµ· ¤µ²¦¥´ ·¥£¨¸É·¨·µ¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°-
É·¨´µ ¶¥·¢µ´ Î ²Ó´µ£µ  ·µ³ É  νl (νµ Å ¤²Ö Ê¸±µ·¨É¥²Ó´µ£µ Ô±¸¶¥·¨³¥´É ),
·¥£¨¸É·¨·µ¢ ÉÓ ¶µÖ¢¨¢Ï¨¥¸Ö ¢ ·¥§Ê²ÓÉ É¥ µ¸Í¨²²ÖÍ¨° ´¥°É·¨´µ ¤·Ê£¨Ì  ·µ-
³ Éµ¢ (νe, ντ ),   É ±¦¥ ¨§³¥·ÖÉÓ Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ¢¸¥Ì ÔÉ¨Ì É¨¶µ¢
´¥°É·¨´µ.

2. “¸É ´ ¢²¨¢ ÉÓ ¤¥É¥±Éµ· ´  · §´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ ¨¸ÉµÎ´¨±  ¨ ¨§-
³¥·ÖÉÓ ¨§³¥´¥´¨¥ ¶µÉµ±  ´¥°É·¨´µ ´ Î ²Ó´µ£µ  ·µ³ É  νl. ‚ µÉ¸ÊÉ¸É¢¨e
µ¸Í¨²²ÖÍ¨° ¤µ²¦´  ¸µÌ· ´ÖÉÓ¸Ö § ¢¨¸¨³µ¸ÉÓ ¶µÉµ±  µÉ · ¸¸ÉµÖ´¨Ö 1/L2.

3. ˆ¸¶µ²Ó§µ¢ ÉÓ ´¥¸±µ²Ó±µ ¤¥É¥±Éµ·µ¢ (µ¡ÒÎ´µ ¤¢ ) ´  · §´ÒÌ · ¸¸ÉµÖ-
´¨ÖÌ. ‚ Ê¸±µ·¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¡²¨¦´¨° ¤¥É¥±Éµ· Ê¸É ´ ¢²¨¢ ¥É¸Ö ´ 
¢ÒÌµ¤¥ ¶ÊÎ±  ¨§ ´¥°É·¨´´µ£µ ± ´ ²  Ê¸±µ·¨É¥²Ö ¨ ±µ´É·µ²¨·Ê¥É νµ-¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢ ¨¸Ìµ¤´µ³ ¶ÊÎ±¥,   ¤ ²Ó´¨° ¤¥É¥±Éµ· Ë¨±¸¨·Ê¥É ¨§³¥´¥´¨¥ Î¨¸² 
¢§ ¨³µ¤¥°¸É¢¨° ¢¸²¥¤¸É¢¨¥ ÔËË¥±É  µ¸Í¨²²ÖÍ¨°. �¡ÒÎ´µ ¡²¨¦´¨° ¤¥É¥±Éµ·
Ö¢²Ö¥É¸Ö Ê³¥´ÓÏ¥´´Ò³  ´ ²µ£µ³ ¤ ²Ó´¥£µ. ‚ ÔÉµ³ ¸²ÊÎ ¥ µÉ´µÏ¥´¨¥ ¨§³¥-
·Ö¥³ÒÌ ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ ´¥ § ¢¨¸¨É µÉ ¸¨¸É¥³ É¨Î¥¸±¨Ì µÏ¨¡µ± ¨ µÉ
ËÊ´±Í¨¨ µÉ±²¨±  ¤¥É¥±Éµ·µ¢.

‚¸¥ Ê¸É ´µ¢±¨, ¨§ÊÎ ÕÐ¨¥ µ¸Í¨²²ÖÍ¨¨, ¤²Ö § Ð¨ÉÒ µÉ Ëµ´  ±µ¸³¨Î¥-
¸±µ£µ ¨§²ÊÎ¥´¨Ö · ¸¶µ² £ ÕÉ¸Ö ¢ £²Ê¡µ±¨Ì ¶µ¤§¥³´ÒÌ Ï ÌÉ Ì. ‚¢¨¤Ê ³ ²µ£µ
¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·¨´µ ¸ ¢¥Ð¥¸É¢µ³ (σ(ν−N) ∼= 10−38 ¸³2) É ±¨¥
¤¥É¥±Éµ·Ò (µ¸µ¡¥´´µ ¤ ²Ó´¨¥ Å ´  · ¸¸ÉµÖ´¨ÖÌ L ∼ 1000 ±³, ¢ ±µÉµ·ÒÌ ¨§-
§  · ¸Ìµ¤¨³µ¸É¨ ¶ÊÎ±  Î¨¸²µ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¶¥·¥¸Î¥É¥ ´  ¥¤¨´¨ÍÊ ³ ¸¸Ò
¤¥É¥±Éµ·  ´  5Ä6 ¶µ·Ö¤±µ¢ ³¥´ÓÏ¥, Î¥³ ¢ ¡²¨¦´¨Ì) ¤µ²¦´Ò ¨³¥ÉÓ µ£·µ³´Ò¥
³ ¸¸Ò.
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Œµ¤¥²¨·µ¢ ´¨¥ ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ ¨ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¤¥É¥±Éµ· Ì.
‚ Ô±¸¶¥·¨³¥´É Ì ¸ ¸µ²´¥Î´Ò³¨ ¨  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ ¢µ¸¸É ´µ¢²¥´¨¥
¸¶¥±É·µ¢ µ¸´µ¢ ´µ ¨¸±²ÕÎ¨É¥²Ó´µ ´  · ¸Î¥É Ì Œµ´É¥-Š ·²µ, ±µÉµ·Ò¥ ´µ-
¸ÖÉ ³µ¤¥²Ó´µ-§ ¢¨¸¨³Ò° Ì · ±É¥·. ‚ ·¥ ±Éµ·´ÒÌ µ¶ÒÉ Ì ´¥°É·¨´´Ò¥ ¸¶¥±-
É·Ò ¢µ¸¸É ´a¢²¨¢ ÕÉ¸Ö ´  µ¸´µ¢¥ ¶¥·¥¸Î¥É  ¨§³¥·¥´´ÒÌ ¸¶¥±É·µ¢ Ô²¥±É·µ´µ¢.
ˆ¸¸²¥¤µ¢ ´¨Ö ¢ ¶ÊÎ± Ì ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²Ö ´¥ ¨³¥ÕÉ ÔÉ¨Ì ´¥¤µ¸É É±µ¢.
�¥°É·¨´´Ò° ¶µÉµ± ´  ¤ ²Ó´¨° ¤¥É¥±Éµ·, ±µÉµ·Ò° ¢ ·¥§Ê²ÓÉ É¥ µ¸Í¨²²ÖÍ¨°
³µ¦¥É µÉ²¨Î ÉÓ¸Ö µÉ · ¸Î¥É´µ£µ, ¢¸¥£¤  ´µ·³¨·µ¢ ´ ´  Î¨¸²µ ¢§ ¨³µ¤¥°¸É¢¨°,
§ ·¥£¨¸É·¨·µ¢ ´´ÒÌ ¢ ¡²¨¦´¥³ ¤¥É¥±Éµ·¥.

Œµ¤¥²¨·µ¢ ´¨¥ ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ µ¡ÒÎ´µ µ¸´µ¢ ´µ ´  ¨¸¶µ²Ó§µ¢ -
´¨¨ ¸É ´¤ ·É´µ£µ ¶ ±¥É  ¶·µ£· ³³ GEANT ¨²¨ ¥£µ · §´µ¢¨¤´µ¸É¥° [60].
‚§ ¨³µ¤¥°¸É¢¨¥ ´¥°É·¨´µ ¢ ¤¥É¥±Éµ· Ì · §Ò£·Ò¢ ¥É¸Ö ¶·¨ ¶µ³µÐ¨ ¸¶¥Í¨-
 ²Ó´µ£µ £¥´¥· Éµ·  ν-¸µ¡ÒÉ¨°. ‘µ¡ÒÉ¨Ö £¥´¥·¨·ÊÕÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ô´¥·-
£¥É¨Î¥¸±¨³ ¸¶¥±É·µ³ ¶ÊÎ± , ´¥°É·¨´´Ò³ ¶µÉµ±µ³, ¶ ¤ ÕÐ¨³ ´  ¤¥É¥±Éµ·,
¨ ¸¥Î¥´¨Ö³¨ ¶·µÍ¥¸¸µ¢ ´¥°É·¨´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ±µÉµ·Ò¥ ¨§¢²¥± ÕÉ¸Ö
¨§ ³´µ¦¥¸É¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ¸¥Î¥-
´¨Ö ´¥°É·¨´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, · ¸¸Î¨É ´´Ò¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³-
´µ£µ ¶ ±¥É  NEUGEN [61]. ˆ§ ÔÉµ£µ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ ¶·¨ Ô´¥·£¨ÖÌ
Eν < 1 ƒÔ‚ µ¸´µ¢´µ° ¢±² ¤ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¢´µ¸ÖÉ ±¢ §¨Ê¶·Ê£¨¥ ¶·µ-
Í¥¸¸Ò (QEL), ¶·¨ Eν

∼= 2 ƒÔ‚ ´ ¡²Õ¤ ¥É¸Ö · ¢¥´¸É¢µ ¢±² ¤µ¢ ±¢ §¨Ê¶·Ê-
£¨Ì, µ¤´µ¶¨µ´´ÒÌ (1π) ¨ £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ·¥ ±Í¨° (DIS),   ¶·¨ Ô´¥·£¨ÖÌ
¢ÒÏ¥ 2 ƒÔ‚ ¤µ³¨´¨·ÊÕÉ DIS-¶·µÍ¥¸¸Ò. ‚¸²¥¤¸É¢¨¥ νe − νµ-Ê´¨¢¥·¸ ²Ó´µ¸É¨
¸ Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¸¶· ¢¥¤²¨¢µ · ¢¥´¸É¢µ σCC(νeN) ∼= σCC(νµN).
‚¢¨¤Ê ¡µ²ÓÏµ° ³ ¸¸Ò τ -²¥¶Éµ´  (¶µ ¸· ¢´¥´¨Õ ¸ e ¨ µ) ¸¥Î¥´¨¥ σCC(ντN)
¶µ¤ ¢²¥´µ ¨ ¢ µ¡² ¸É¨ Ô´¥·£¨° Ê¸±µ·¨É¥²Ó´ÒÌ ¶ÊÎ±µ¢ (15Ä30 ƒÔ‚) ¸µ¸É -
¢²Ö¥É (0, 2−0, 4)σCC(νµN). � ¸Î¥É´ Ö Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ σCC(ντN)
É ±¦¥ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 3. ‘¥Î¥´¨Ö NC-·¥ ±Í¨° ´¥ § ¢¨¸ÖÉ µÉ  ·µ³ É 
´¥°É·¨´µ: σNC(νeN) = σNC(νµN) = σNC(ντN). �·µ¤Ê±ÉÒ ´¥°É·¨´´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö, ¸ ÊÎ¥Éµ³ · §¢¨É¨Ö Ô²¥±É·µ³ £´¨É´ÒÌ ¨  ¤·µ´´ÒÌ ± ¸± ¤µ¢,
¶·µ¸²¥¦¨¢ ÕÉ¸Ö ¶·µ£· ³³µ° GEANT ²¨¡µ ¤µ ¨Ì ¢ÒÌµ¤  ¨§ Ê¸É ´µ¢±¨, ²¨¡µ
¤µ ¶µ²´µ° ¤¨¸¸¨¶ Í¨¨ ¨Ì Ô´¥·£¨¨.

�·µÍ¥¤Ê·  ³µ¤¥²¨·µ¢ ´¨Ö µ¸Í¨²²ÖÍ¨° ¸É·µ¨É¸Ö, ± ± ¶· ¢¨²µ, ¸²¥¤ÊÕ-
Ð¨³ µ¡· §µ³: £¥´¥·¨·ÊÕÉ¸Ö ¤¢  µ¡· §Í  ¸µ¡ÒÉ¨°. �¥·¢Ò° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
Î¨¸ÉÊÕ ¢Ò¡µ·±Ê νµ-‘‘-¢§ ¨³µ¤¥°¸É¢¨°, ¢Éµ·µ° ¨³¨É¨·Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´µ
§ ·¥£¨¸É·¨·µ¢ ´´Ò¥ ¸µ¡ÒÉ¨Ö ¸ ÊÎ¥Éµ³ ¢µ§³µ¦´ÒÌ µ¸Í¨²²ÖÍ¨° ´¥°É·¨´µ ¤¢ÊÌ
 ·µ³ Éµ¢ (νµ → νe,τ ). ‚¥¸ ¸µ¡ÒÉ¨Ö W = sin2 2θ sin2(1, 27∆m2L/Eν) · ¸-
¸Î¨ÉÒ¢ ¥É¸Ö ¤²Ö ± ¦¤µ° ¶ ·Ò (sin2 2θi, ∆m2

j ), ¨ µ´µ ¶µ¶ ¤ ¥É ¢µ ¢Éµ·µ°
µ¡· §¥Í, ¥¸²¨ ¸²ÊÎ °´ Ö ¢¥²¨Î¨´  M < W , £¤¥ 0 < M < 1. …¸²¨ ´µ·-
³¨·µ¢ ÉÓ ¢Ò¡µ·±¨ ´  µ¤¨´ ±µ¢µ¥ Î¨¸²µ ¶¥·¢µ´ Î ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¨Ì
µÉ´µÏ¥´¨¥ ¡Ê¤¥É ¨³¨É¨·µ¢ ÉÓ ¢¥²¨Î¨´Ê R = N calc/N exp. …¥ §´ Î¨³µ¥ µÉ-
±²µ´¥´¨¥ µÉ ¥¤¨´¨ÍÒ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ´ ²¨Î¨¨ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°.
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�¨¸. 3. � ¸Î¥É´Ò¥ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·¨´µ ¶µ ± ´ ²Ê § ·Ö¦¥´´µ£µ Éµ± :
 ) £²Ê¡µ±µ´¥Ê¶·Ê£¨¥ νµ-CC ¨ ντ -CC; ¡) σ(ντ -CC)/σ(νµ-CC); ¢) ±¢ §¨Ê¶·Ê£µ¥; £) µ¤-
´µ¶¨µ´´Ò¥ [36]

�¥ ±Éµ·´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ÎÊ¢¸É¢¨É¥²Ó´Ò Éµ²Ó±µ ± ¨´±²Õ§¨¢´µ³Ê ± -
´ ²Ê νe → νx. �¥§Ê²ÓÉ ÉÒ · ´´¨Ì ¨¸¸²¥¤µ¢ ´¨° ¸ ´¥°É·¨´µ µÉ ·¥ ±Éµ·µ¢
Ê± §Ò¢ ÕÉ ´  µÉ¸ÊÉ¸É¢¨¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ¢ Ï¨·µ±µ° µ¡² ¸É¨ ¶ -
· ³¥É·µ¢: sin2 2θ = 0, 1−1 ¨ ∆m2 > 2 · 10−2 [62Ä64]. �µ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ
¶µ²ÊÎ¥´Ò ´  ·¥ ±Éµ· Ì CHOOZ [7] ¨ ®� ²µ-‚¥·¤¥¯ [65].

CHOOZ ¤ ¥É ¨´É¥´¸¨¢´Ò° ¶µÉµ± ν̄e ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° 3 ŒÔ‚. ‚§ ¨-
³µ¤¥°¸É¢¨¥  ´É¨´¥°É·¨´µ ¢ ·¥ ±Í¨¨ µ¡· É´µ£µ β-· ¸¶ ¤ 

ν̄e + p → n + e+ (27)
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¤¥É¥±É¨·Ê¥É¸Ö ¶µ ¢·¥³¥´´µ° ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê ¡Ò¸É·Ò³ ¸¨£´ ²µ³ µÉ ¶µ-
§¨É·µ´  ¨ § Ì¢ Éµ³ § ³¥¤²¥´´µ£µ ´¥°É·µ´  ¸ ¨¸¶Ê¸± ´¨¥³ γ-±¢ ´Éµ¢. �É¨
¸¨£´ ²Ò ·¥£¨¸É·¨·ÊÕÉ¸Ö ¢ 5-Éµ´´µ° ³¨Ï¥´¨ ¨§ ¦¨¤±µ£µ ¸Í¨´É¨²²ÖÉµ· , µ¡µ-
£ Ð¥´´µ£µ £ ¤µ²¨´¨¥³. Œ¨Ï¥´Ó µ±·Ê¦¥´  ¢´¥Ï´¨³ µ¡Ñ¥³µ³ ´¥µ¡µ£ Ð¥´´µ£µ
¸Í¨´É¨²²ÖÉµ·  ¢¥¸µ³ ¢ 17 É ¨ ¶·µ¸³ É·¨¢ ¥É¸Ö 192 ”�“. —¨¸²µ § ·¥£¨¸É·¨-
·µ¢ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ CHOOZ ´¥°É·¨´´ÒÌ ¸µ¡ÒÉ¨° ¸µ£² ¸Ê¥É¸Ö ¸ · ¸-
Î¥É´Ò³ É¥³¶µ³ ¸Î¥É  ·¥ ±Í¨¨ (27) ¢ µÉ¸ÊÉ¸É¢¨e µ¸Í¨²²ÖÍ¨°, ÎÉµ ¤ ¥É µ£· -
´¨Î¥´¨¥ ¶µ ν̄e-¢Ò¡Ò¢ ´¨Õ ¨, ¸²¥¤µ¢ É¥²Ó´µ, Ö¢²Ö¥É¸Ö ¢¥·Ì´¨³ ¶·¥¤¥²µ³ ´ 
ν̄e → ν̄µ-µ¸Í¨²²ÖÍ¨¨: ∆m2 > 7 · 10−4 Ô‚2 ¶·¨ sin2 2θ = 1 ¨ sin2 2θ = 0, 1
¤²Ö ¡µ²ÓÏ¨Ì ∆m2 (·¨¸. 1). ‘µ£² ¸´µ ‘�’-É¥µ·¥³¥ P (ν̄e → ν̄µ) = P (νµ →
νe), ¶µÔÉµ³Ê µ£· ´¨Î¥´¨Ö CHOOZ É ±¦¥ Ö¢²ÖÕÉ¸Ö ¢¥·Ì´¨³ ¶·¥¤¥²µ³ ´ 
νµ → νe-µ¸Í¨²²ÖÍ¨¨ [7].

�±¸¶¥·¨³¥´É ®� ²µ-‚¥·¤¥¯ ¸ É·¥³Ö ·¥ ±Éµ· ³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö ´  · ¸-
¸ÉµÖ´¨¨ 800 ³ µÉ ¸¥£³¥´É¨·µ¢ ´´µ£µ ¤¥É¥±Éµ·  (¦¨¤±¨°, µ¡µ£ Ð¥´´Ò° £ ¤µ-
²¨´¨¥³ ¸Í¨´É¨²²ÖÉµ·), ¶µ¤É¢¥·¤¨² ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  CHOOZ. Šµ·-
·¥²ÖÍ¨¨ ¶µ§¨É·µ´-´¥°É·µ´´ÒÌ ¸µ¡ÒÉ¨° µÉ ·¥ ±Í¨¨ (27) ¡Ò²¨ § ¶¨¸ ´Ò § 
¶¥·¨µ¤ 200 ¤´¥°, ¢±²ÕÎ Ö 55 ¤´¥°, ±µ£¤  µ¤¨´ ¨§ É·¥Ì ·¥ ±Éµ·µ¢ ¡Ò² ¢Ò-
±²ÕÎ¥´. �¡´ ·Ê¦¥´µ, ÎÉµ ¶µÉµ±  ´É¨´¥°É·¨´µ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸± § ´¨Ö³
µÉ¸ÊÉ¸É¢¨Ö µ¸Í¨²²ÖÍ¨° ¸ 5%-° ÉµÎ´µ¸ÉÓÕ. �  Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨ 90 %
µ¸Í¨²²ÖÍ¨¨ ν̄e → ν̄x ¨¸±²ÕÎ¥´Ò ¤²Ö ³ ±¸¨³ ²Ó´µ£µ ¸³¥Ï¨¢ ´¨Ö ¨ §´ Î¥´¨°
∆m2 � 1, 12 · 10−3 Ô‚2 ¨ ¤²Ö ¡µ²ÓÏ¨Ì ∆m2 ¢ µ¡² ¸É¨ sin2 2θ > 0, 21.

� §¢¨É¨¥ ·¥ ±Éµ·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢. „ ²Ó´¥°Ï¥¥ ´ ¶· ¢²¥´¨¥ ¨¸¸²¥¤µ-
¢ ´¨° ¢ ·¥ ±Éµ·´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¡Ê¤¥É ¸¢Ö§ ´µ ¸ ¨§ÊÎ¥´¨¥³ µ¡² ¸É¨ ¶ · -
³¥É·µ¢ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°, ¶·¥¤¸± §Ò¢ ¥³µ° MSW-·¥Ï¥´¨¥³ ¶·µ¡²¥³Ò
¸µ²´¥Î´ÒÌ ´¥°É·¨´µ ¸ ¡µ²ÓÏ¨³¨ Ê£² ³¨ ¸³¥Ï¨¢ ´¨Ö (∆m2∼10−4−10−5 Ô‚2,
sin2 2θ ∼ 0, 7). B ¤¢Êx Ô±¸¶¥·¨³¥´É x Å KamLAND ¢ Ÿ¶µ´¨¨ ¨ BOREXINO
¢ ƒ· ´-‘ ¸¸µ ¶·¥¤¶µ² £ eÉ¸Ö ¢¸±µ·¥ ´ Î ÉÓ ·¥£¨¸É·¨·µ¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö
´¥°É·¨´µ µÉ ·¥ ±Éµ·µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¸µµÉ¢¥É¸É¢¥´´µ ´  · ¸¸ÉµÖ´¨ÖÌ 200
¨ 800 ±³ µÉ ¤¥É¥±Éµ·µ¢ [66].

’ ±¦¥ ¨³¥¥É¸Ö ¶·¥¤²µ¦¥´¨¥ µ ¨¸¸²¥¤µ¢ ´¨¨ ³ ²ÒÌ Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö
¢ µ¡² ¸É¨ ´¥°É·¨´´ÒÌ ³ ¸¸, ¶·¥¤¸± §Ò¢ ¥³ÒÌ Ô±¸¶¥·¨³¥´É ³¨ ¸  É³µ¸Ë¥·-
´Ò³¨ ´¥°É·¨´µ, ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ¤¢Ê³Ö ¤¥É¥±Éµ· ³¨, · ¸¶µ²µ¦¥´´Ò³¨ ´ 
· ¸¸ÉµÖ´¨ÖÌ 1100 ¨ 250 ³ µÉ ·¥ ±Éµ·  ¢ Š· ¸´µÖ·¸±¥ [67].

Œ¥§µ´´Ò¥ Ë ¡·¨±¨. H  ¶·µÉÖ¦¥´¨¨ ´¥¸±µ²Ó±¨Ì ²¥É ´  ³¥§µ´´µ° Ë -
¡·¨±¥ ¢ ‹µ¸-�² ³µ¸¥ ¶·µ¢µ¤¨É¸Ö Ô±¸¶¥·¨³¥´É LSND [68],   ¢ �¥§¥·Ëµ·-
¤µ¢¸±µ° ² ¡µ· Éµ·¨¨ Å Ô±¸¶¥·¨³¥´É KARMEN [11], ¢ ±µÉµ·ÒÌ ¨§ÊÎ ÕÉ¸Ö
ν̄µ → ν̄e- ¨ νµ → νe-µ¸Í¨²²ÖÍ¨¨ ¢ µ¡² ¸É¨ §´ Î¥´¨° ∆m2 � 10−1 Ô‚2.

‚ Ô±¸¶¥·¨³¥´É¥ LSND (Liquid Scintillator Neutrino Detector) ¶·µÉµ´Ò ¸
Ô´¥·£¨¥° 800 ŒÔ‚ ¢Ò¢µ¤ÖÉ¸Ö ¨§ Ê¸±µ·¨É¥²Ö LAMPF ¨ ´ ¶· ¢²ÖÕÉ¸Ö ´  ¢µ¤Ö-
´ÊÕ ³¨Ï¥´Ó, ¢ ±µÉµ·µ° ¢ µ¸´µ¢´µ³ µ¡· §ÊÕÉ¸Ö π+-³¥§µ´Ò. �  · ¸¸ÉµÖ´¨¨
30 ³ µÉ ³¨Ï¥´¨ · ¸¶µ² £ ¥É¸Ö ¤¥É¥±Éµ· Å Í¨²¨´¤·¨Î¥¸±¨° ¡ ± ¢¥¸µ³ 167 É,
§ ¶µ²´¥´´Ò° ³¨´¥· ²Ó´Ò³ ³ ¸²µ³ ¸µ ¸Í¨´É¨²²¨·ÊÕÐ¥° ¤µ¡ ¢±µ°. ‘¢¥É µÉ
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¸Í¨´É¨²²ÖÍ¨° ¨ Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ·¥£¨¸É·¨·Ê¥É¸Ö 1220 ”�“. �µ²Ó-
Ï Ö Î ¸ÉÓ π+ · ¸¶ ¤ ¥É¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¶µ±µÖ (decay at rest (DAR)) ¶µ ± ´ ²Ê
π+ → µ+ + νµ ¸ ¶µ¸²¥¤ÊÕÐ¨³ · ¸¶ ¤µ³ ³Õµ´  µ+ → e+νeν̄µ. �µÉµ± ν̄µ

¨³¥¥É ³ ±¸¨³ ²Ó´ÊÕ Ô´¥·£¨Õ 52,8 ŒÔ‚. � ¸¶ ¤Ò π+-³¥§µ´µ¢ µ¡Ê¸² ¢²¨¢ ÕÉ
¶·¨¸ÊÉ¸É¢¨¥ ν̄e-±µ³¶µ´¥´ÉÒ ´  Ê·µ¢´¥ 7, 8 · 10−4 µÉ ¶µÉµ±  ν̄µ. �Éµ §´ Î¥-
´¨¥ ´¥µ¡Ìµ¤¨³µ · ¸¸Î¨ÉÒ¢ ÉÓ ¸ µÎ¥´Ó ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ, É ± ± ± ¢ LSND
¤¥É¥±É¨·Ê¥É¸Ö ·¥ ±Í¨Ö (27). ‘¨£´ ÉÊ·µ° ÔÉµ£µ ¶·µÍ¥¸¸  Ö¢²Ö¥É¸Ö ´ ¡²Õ¤¥´¨¥
¶µ§¨É·µ´  ¸ Ô´¥·£¨¥° 36Ä60 ŒÔ‚, ±µ··¥²¨·µ¢ ´´µ¥ ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¢·¥³¥´¨
¸ 2,2-ŒÔ‚ ËµÉµ´µ³ µÉ ·¥ ±Í¨¨ § Ì¢ É  ´¥°É·µ´  NP → dγ. ”µ´ ´¥ Ê¸±µ·¨-
É¥²Ó´µ° ¶·¨·µ¤Ò ¶µ¤ ¢²Ö¥É¸Ö ³µÐ´µ° § Ð¨Éµ°, É·¨££¨·µ¢ ´¨¥³ Ê¸É ´µ¢±¨ ¨
¨§³¥·Ö¥É¸Ö ¢ ¶·µ³¥¦ÊÉ± Ì ³¥¦¤Ê ¸¡·µ¸ ³¨ Ê¸±µ·¨É¥²Ö.

‚ ¶¥·¢µ° ¸¥·¨¨ ¨§³¥·¥´¨° ¤²Ö DAR-¸µ¡ÒÉ¨° ¡Ò²µ § ·¥£¨¸É·¨·µ¢ ´µ
22 ¸µ¡ÒÉ¨Ö ¸ e+ ¶·¨ µ¦¨¤ ¥³µ³ Ëµ´¥ 4, 6 ± 0, 6. …¸²¨ ÔÉµÉ ¨§¡ÒÉµ± ¶µ-
§¨É·µ´´ÒÌ ¸µ¡ÒÉ¨° ¸¢Ö§ ´ ¸ µ¸Í¨²²ÖÍ¨Ö³¨ ν̄µ → ν̄e, Éµ §´ Î¥´¨¥ ¢¥·µ-
ÖÉ´µ¸É¨ ¸µ¸É ¢²Ö¥É PLSND(νµ → νe) = (0, 31 ± 0, 12 ± 0, 05) [12] ¨ µ¶·¥-
¤¥²Ö¥É µ¡² ¸ÉÓ ¤µ¶Ê¸É¨³ÒÌ ¤²Ö µ¸Í¨²²ÖÍ¨° ¶ · ³¥É·µ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ´ 
·¨¸. 1. �µ¢Ò°  ´ ²¨§ ¤ ´´ÒÌ LSND, ¸¤¥² ´´Ò° ´  µ¸´µ¢¥ ¤µ¡ ¢²¥´´µ° ¸É É¨-
¸É¨±¨ ¶µ¸²¥¤´¨Ì ²¥É, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¶µ¸É¥¶¥´´µ³ ¸´¨¦¥´¨¨ ¢¥·µÖÉ´µ¸É¨
¤µ PLSND(νµ → νe) = (0, 25 ± 0, 06± 0, 04).

KARMEN ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¥£³¥´É¨·µ¢ ´´Ò° ¦¨¤±µ¸Í¨´É¨²²ÖÍ¨µ´-
´Ò° ± ²µ·¨³¥É· ¢¥¸µ³ 56 É, ±µÉµ·Ò° · ¸¶µ²µ¦¥´ ´  · ¸¸ÉµÖ´¨¨ 17,5 ³ µÉ
³¥¸É  µ¸É ´µ¢±¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 800 ŒÔ‚. ‚ Ô±¸¶¥·¨³¥´É¥
¨¸¸²¥¤Ê¥É¸Ö ± ´ ² µ¸Í¨²²ÖÍ¨° ν̄µ → ν̄e ¢ ³µ¤¥ ¶µÖ¢²¥´¨Ö ¶µ ´ ¡²Õ¤¥´¨Õ
·¥ ±Í¨° (27). �´ ²¨§ ¤ ´´ÒÌ, ¸µ¡· ´´ÒÌ ¸ Ë¥¢· ²Ö 1997 £. ¶µ ³ ·É 2000 £.
Ê¸É ´µ¢±µ° KARMEN-II, ¢ÒÖ¢¨² 11 ¸µ¡ÒÉ¨° ¶µÖ¢²¥´¨Ö ν̄e, ÎÉµ ´ Ìµ¤¨É¸Ö ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ µ¦¨¤ ´¨¥³ Ëµ´µ¢ÒÌ ¸µ¡ÒÉ¨° Å 12, 3 ± 0, 6 ¨ ¸µµÉ¢¥É¸É¢Ê¥É
¢¥·µÖÉ´µ¸É¨ P (νµ → ν̄e) � 3, 75 · 10−3. �Éµ ¶µ§¢µ²¨²µ ¶µ¸É ¢¨ÉÓ ¢¥·Ì´¨°
¶·¥¤¥² (´  90%-³ Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨) ´  ¢µ§³µ¦´Ò¥ ¶ · ³¥É·Ò µ¸Í¨²-
²ÖÍ¨°: ¤²Ö ¶µ²´µ£µ ¸³¥Ï¨¢ ´¨Ö ∆m2 < 0, 049 Ô‚2 ¨ sin2 2θ < 1, 3 · 10−3

¶·¨ ¡µ²ÓÏ¨Ì ∆m2 [69]. �¥§Ê²ÓÉ É KARMEN É ±¦¥ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 1.
‚¨¤´µ, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É Ê§± Ö µ¡² ¸ÉÓ §´ Î¥´¨° ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨°, ¤²Ö
±µÉµ·µ° ¨§¡ÒÉµ± ¸µ¡ÒÉ¨° LSND ¶µ±  ´¥ ¶·µÉ¨¢µ·¥Î¨É ¤ ´´Ò³ KARMEN. ‚
¡²¨¦ °Ï¥¥ ¢·¥³Ö Ê²ÊÎÏ¥´¨¥ § Ð¨ÉÒ µÉ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¨ Ê¢¥²¨Î¥´¨¥ ÔË-
Ë¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢ ¶µ§¢µ²ÖÉ ¶µ²´µ¸ÉÓÕ ¨¸¸²¥¤µ¢ ÉÓ µ¡² ¸ÉÓ
¶ · ³¥É·µ¢, ¢ ±µÉµ·µ° LSND ¨³¥¥É ¶µ²µ¦¨É¥²Ó´Ò° ·¥§Ê²ÓÉ É.

“¸±µ·¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¸ ¡²¨¦´¨³ ¤¥É¥±Éµ·µ³. �¥¤ ¢´µ ¢ ´¥°-
É·¨´´µ³ ¶ÊÎ±¥ Ê¸±µ·¨É¥²Ö –…�� SPS § ¢¥·Ï¨²¨¸Ó Ô±¸¶¥·¨³¥´ÉÒ
CHORUS [70] ¨ NOMAD [71]. �É¨ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ò²¨ ´ Í¥²¥´Ò ´  ¨§ÊÎ¥´¨¥
µ¸Í¨²²ÖÍ¨° νµ → ντ ¶µ ´ ¡²Õ¤¥´¨Õ ¶µÖ¢²¥´¨Ö ντ ¢ ¶ÊÎ±¥ νµ. ‚µ§´¨±´µ¢¥-
´¨¥ ντ ¨¤¥´É¨Ë¨Í¨·µ¢ ²µ¸Ó ¶µ ¸¨£´ ÉÊ·¥ · ¸¶ ¤  τ -²¥¶Éµ´ , µ¡· §µ¢ ¢Ï¥£µ¸Ö
¢ ·¥ ±Í¨¨ ντ + N → τ− + X .



�…‰’�ˆ��›… �‘–ˆ‹‹Ÿ–ˆˆ 1273

‚ Ô±¸¶¥·¨³¥´É¥ CHORUS ¤²Ö ÔÉµ£µ ¨¸¶µ²Ó§µ¢ ² ¸Ó ËµÉµÔ³Ê²Ó¸¨µ´´ Ö
³¨Ï¥´Ó, ¢ ±µÉµ·µ°  ´ ²¨§¨·µ¢ ²¨¸Ó µ¤´µ²ÊÎ¥¢Ò¥ ¸µ¡ÒÉ¨Ö É¨¶  ®±¨´±¯. ‚¸¥
¸µ¡ÒÉ¨Ö Å ± ´¤¨¤ ÉÒ ´  ¢§ ¨³µ¤¥°¸É¢¨¥ τ -´¥°É·¨´µ Å ¶·µÌµ¤¨²¨ ±¨´¥³ -
É¨Î¥¸±¨° µÉ¡µ· ´  µ¸´µ¢ ´¨¨ ± ²µ·¨³¥É·¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨, ¶µ²ÊÎ¥´´µ°
¸ ³ £´¨É´µ£µ ¸¶¥±É·µ³¥É·  ¸µ ¸Í¨´É¨²²ÖÍ¨µ´´Ò³¨ Ë¨¡· ³¨. �µ¨¸± ¸µ¡ÒÉ¨°
µ¸ÊÐ¥¸É¢²Ö²¸Ö ´   ¢Éµ³ É¨§¨·µ¢ ´´ÒÌ ³¨±·µ¸±µ¶ Ì. �·¨  ´ ²¨§¥ µ¡· §Í ,
¸µ¤¥·¦ Ð¥£µ 31423 ´¥°É·¨´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨Ö, ´¥ ¡Ò²µ § ·¥£¨¸É·¨·µ¢ ´µ
´¨ µ¤´µ£µ, Ê¤µ¢²¥É¢µ·ÖÕÐ¥£µ Éµ¶µ²µ£¨¨ τ -· ¸¶ ¤ . �  ´¥¸±µ²Ó±µ · ¸Ï¨·¥´-
´µ³ µ¡· §Í¥ ¸µ¡ÒÉ¨° ´ ¡²Õ¤ ²¸Ö · ¸¶ ¤ τ− → µ−ντνµ (¨²¨ h−ντνµ) ¨
¡Ò²¨ ¶µ¸É ¢²¥´Ò µ£· ´¨Î¥´¨¥ ´  ¶ · ³¥É·Ò µ¸Í¨²²ÖÍ¨° νµ → ντ : ¤²Ö ¶µ²-
´µ£µ ¸³¥Ï¨¢ ´¨Ö ∆m2 < 1, 5 Ô‚2,   ¤²Ö ¡µ²ÓÏ¨Ì ∆m2 ¢¥²¨Î¨´  sin2 2θ <
1, 8 · 10−4 [9].

‚ Ô±¸¶¥·¨³¥´É¥ NOMAD ¶·¥Í¨§¨µ´´Ò° ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ· µÉ¸ÊÉ¸É¢µ-
¢ ²,   ¢Ò¤¥²¥´¨¥ ¸¨£´ ²  µÉ τ -· ¸¶ ¤  µ¸´µ¢Ò¢ ²µ¸Ó ´  ±¨´¥³ É¨Î¥¸±¨Ì ±·¨-
É¥·¨ÖÌ ¨ µ¡¥¸¶¥Î¨¢ ²µ¸Ó · §¢¨Éµ° É·¥±µ¢µ° ¸¨¸É¥³µ° ¨ ± ²µ·¨³¥É·¨¥°. �Ò²µ
¶·µ ´ ²¨§¨·µ¢ ´µ ∼ 950000 νµ-‘‘-¢§ ¨³µ¤¥°¸É¢¨°, ¨ µ£· ´¨Î¥´¨Ö ´  ¶ · -
³¥É·Ò νµ → ντ -µ¸Í¨²²ÖÍ¨° ¸µ¸É ¢¨²¨: ¤²Ö ¶µ²´µ£µ ¸³¥Ï¨¢ ´¨Ö ∆m2 <
1, 2 Ô‚2 ¨ sin2 2θ < 1, 2 · 10−4 ¤²Ö ¡µ²ÓÏ¨Ì ∆m2 [10].

�±¸¶¥·¨³¥´É DONUT (Direct Observation of the NU Tau) (FNAL). …£µ
·¥§Ê²ÓÉ Éµ³ ¸É ²µ ¶¥·¢µ¥ ¶·Ö³µ¥ ´ ¡²Õ¤¥´¨¥ τ -´¥°É·¨´µ [72]. B DONUT
¨¸¶µ²Ó§µ¢ ² ¸Ó É· ¤¨Í¨µ´´ Ö ¶µ¸É ´µ¢±  Ô±¸¶¥·¨³¥´É  ®beam-dump¯, ±µ£¤ 
¨´É¥´¸¨¢´Ò° ¶ÊÎµ± ¶·µÉµ´µ¢ µÉ ÉÔ¢ É·µ´  FNAL ¸ Ô´¥·£¨¥° 800 ƒÔ‚ ¸¡· -
¸Ò¢ ¥É¸Ö ´  Éµ²¸ÉÊÕ ³¨Ï¥´Ó ¡µ²ÓÏµ£µ · §³¥· . ‡ É¥³ ¸ ¶µ³µÐÓÕ ³ £´¨Éµ¢
¢¸¥ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ Ê¢µ¤ÖÉ¸Ö ¸ ²¨´¨¨ ¶ÊÎ±  ¨ ¶µ£²µÐ ÕÉ¸Ö ¢ µ±·Ê¦ Õ-
Ð¥° § Ð¨É¥,   µ¡· §µ¢ ¢Ï¨¥¸Ö ¢ ³¨Ï¥´¨ ´¥°É·¨´µ ¶·µ¤µ²¦ ÕÉ ¤¢¨£ ÉÓ¸Ö
¤µ ¤¥É¥±Éµ· . ‘ ³ ¤¥É¥±Éµ· ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ®¸Ô´¤¢¨Î¯, ¸µ¸ÉµÖÐ¨° ¨§
1-³³ ¶²µ¸±µ¸É¥° ¦¥²¥§ , ¶·µ¸²µ¥´´ÒÌ ¶² ¸É¨±µ³ Éµ²Ð¨´µ° 200 ³±³, ´  ±µ-
Éµ·Ò° ¸ ± ¦¤µ° ¸Éµ·µ´Ò ¶µ²¨É 100-³±³ ¸²µ° ËµÉµÔ³Ê²Ó¸¨¨. �µ µÍ¥´± ³,
´  1012 ντ , ¶·µÏ¥¤Ï¨Ì Î¥·¥§ ¤¥É¥±Éµ·, µ¦¨¤ ²µ¸Ó 1 ντ -¢§ ¨³µ¤¥°¸É¢¨¥ ¸
Ö¤·µ³ ¦¥²¥§ . � ¸¶ ¤ ±µ·µÉ±µ¦¨¢ÊÐ¥£µ τ -²¥¶Éµ´  ¨¤¥´É¨Ë¨Í¨·µ¢ ²¸Ö ¶µ ¨§-
²µ³Ê ´  É·¥±¥. �´ ²¨§ ¢¸¥Ì ËµÉµÔ³Ê²Ó¸¨µ´´ÒÌ ¸²µ¥¢ ¡Ò² ¸¤¥² ´ £·Ê¶¶µ°
¨§ � £µ¨ ´  ´µ¢µ³ ¶µ±µ²¥´¨¨  ¢Éµ³ É¨§¨·µ¢ ´´ÒÌ ³¨±·µ¸±µ¶µ¢ Å É·¥±-
¸¥²¥±Éµ· Ì. ˆ§ 203 § ·¥£¨¸É·¨·µ¢ ´´ÒÌ ´¥°É·¨´´ÒÌ ¸µ¡ÒÉ¨° 4 ¸µ¡ÒÉ¨Ö Ê¤µ-
¢²¥É¢µ·¨²¨ ¢¸¥³ ±·¨É¥·¨Ö³ ±µ·µÉ±µ¦¨¢ÊÐ¥£µ · ¸¶ ¤  ¨ ¡Ò²¨ ¨´É¥·¶·¥É¨-
·µ¢ ´Ò ± ± ¢§ ¨³µ¤¥°¸É¢¨Ö τ -´¥°É·¨´µ ¸ ¶µ¸²¥¤ÊÕÐ¨³ · ¸¶ ¤µ³ τ -²¥¶Éµ´ 
(¤¢  · ¸¶ ¤  τ → e + ντ + νe ¨ ¤¢  τ → h + ντ + X). �¦¨¤ ¥³µ¥ Î¨¸²µ
¸µ¡ÒÉ¨°, µ¸´µ¢ ´´µ¥ ´  · ¸Î¥É Ì, ¢ ±µÉµ·Ò¥ § ²µ¦¥´Ò ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°-
¸É¢¨° ¨ ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨, ¸µ¸É ¢¨²µ 4, 1 ± 1, 4. �·¨ ÔÉµ³ Ëµ´ ´¥
¶·¥¢ÒÏ ² 0, 34± 0, 09.

�±¸¶¥·¨³¥´ÉÒ ¸ ¸µ²´¥Î´Ò³¨ ´¥°É·¨´µ. ˆ¸ÉµÎ´¨±µ³ ¸µ²´¥Î´µ° Ô´¥·£¨¨
¨ ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ Ö¢²ÖÕÉ¸Ö Í¥¶µÎ±¨ É¥·³µÖ¤¥·´ÒÌ ·¥ ±Í¨°, ±µÉµ·Ò¥
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µ¡µ¡Ð¥´´µ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ¶·µÍ¥¸¸  £µ·¥´¨Ö ¢µ¤µ·µ¤ :

4p → α + 2e+ + 2νe + 26, 731 ŒÔ‚. (28)

‘µ£² ¸´µ ¸É ´¤ ·É´µ° ¸µ²´¥Î´µ° ³µ¤¥²¨ (SSŒ) [73] Éµ²Ó±µ 0,6 ŒÔ‚ µÉ
¶µ²´µ° Ô´¥·£¨¨, ¢Ò¸¢µ¡µ¦¤ ¥³µ° ¢ ¶·µÍ¥¸¸¥ (28), Ê´µ¸¨É¸Ö ´¥°É·¨´µ. � ¸-
Î¥É ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ ¢ SSŒ ¢±²ÕÎ ¥É ³´µ¦¥¸É¢µ ¶ · ³¥É·µ¢: ¸µ²´¥Î´ÊÕ
¸¢¥É¨³µ¸ÉÓ, ¢µ§· ¸É ¨ · §³¥·Ò ‘µ²´Í , · ¸¶·µ¸É· ´¥´´µ¸ÉÓ Ì¨³¨Î¥¸±¨Ì Ô²¥-
³¥´Éµ¢, · ¤¨ Í¨µ´´ÊÕ ´¥¶·µ§· Î´µ¸ÉÓ, ¸¥Î¥´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨°,   É ±¦¥
¶²µÉ´µ¸ÉÓ ¨ É¥³¶¥· ÉÊ·Ê ‘µ²´Í , ¢Ìµ¤ÖÐ¨¥ ¢ Ê· ¢´¥´¨¥ ¸µ¸ÉµÖ´¨Ö [73].

�¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ¸µ²´¥Î´Ò³¨ ´¥°É·¨´µ, ¶µ²ÊÎ¥´Ò ¢ · -
¤¨µÌ¨³¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´É Ì ®Homestake¯ [13], SAGE [14], GALLEX [15],
¢ ±µÉµ·ÒÌ Î¨¸²µ ¸µ¡ÒÉ¨°, ¢Ò· ¦¥´´µ¥ ¢ ¥¤¨´¨Í Ì SNU, Ö¢²Ö¥É¸Ö Ê¸·¥¤´¥´-
´µ° ¶µ ¢·¥³¥´¨ Ô±¸¶µ§¨Í¨¨ Ì · ±É¥·¨¸É¨±µ°,   É ±¦¥ ¢ ¡µ²ÓÏ¨Ì ¢µ¤´ÒÌ
Î¥·¥´±µ¢¸±¨Ì ¤¥É¥±Éµ· Ì ®Kamiokande¯ [16] ¨ ®Super-Kamiokande¯ [17, 74],
´ ¡µ· ¸É É¨¸É¨±¨ ¢ ±µÉµ·ÒÌ ¶·µ¢µ¤¨²¸Ö ¢ ·¥ ²Ó´µ³ ¢·¥³¥´¨. �É¨ ·¥§Ê²ÓÉ ÉÒ
¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. Ÿ¢´Ò° ¤¥Ë¨Í¨É ¨§³¥·Ö¥³µ£µ ¶µÉµ±  ¸µ²´¥Î´ÒÌ ´¥°-
É·¨´µ ¶µ ¸· ¢´¥´¨Õ ¸ SSM, ¢ Éµ° ¨²¨ ¨´µ° ³¥·¥ ´ ¡²Õ¤ ¥³Ò° ¢ · §²¨Î´ÒÌ
Ô±¸¶¥·¨³¥´É Ì, ´ §Ò¢ ÕÉ ¶·µ¡²¥³µ° ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ.

’ ¡²¨Í  1. �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¸µ²´¥Î´Ò³¨ ´¥°É·¨´µ

�±¸¶¥·¨³¥´É �¥ ±Í¨Ö �µÉµ± νe �µÉµ± νe ‘¸Ò²-
¤¥É¥±É¨·µ¢ ´¨Ö ¨§ Ô±¸¶¥·¨³¥´É , Φexp ¶µ SSŒ, ΦCCM ± 

®Homestake¯ 37Cl + νe → 37Ar + e− (2, 56 ± 0, 16 ± 0, 16) SNU 7, 7+1,2
−1,0 SNU [13]

SAGE 71Ga + νe → 71Ge + e− 75, 2+7,8
−7,4 SNU 129+8

−6 SNU [14]

GALLEX 71Ga + νe → 31Ge + e− (77, 5 ± 6, 2+4,3
−4,7) SNU 129+8

−6 SNU [15]

®Kamiokande¯ νe + e− → νe + e− (2, 80 ± 0, 19 ± 0, 33)× 5, 15+0,19
−0,14× [16]

×106 ¸³−2 · ¸−1 ×106 ¸³−2 · ¸−1

®Super- νe + e− → νe + e− 2, 436+0,053+0,085
−0,047−0,071× 5, 15+0,19

−0,14× [17]

Kamiokande¯ ×106 ¸³−2 · ¸−1 ×106 ¸³−2 · ¸−1

‘µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¸µ²´¥Î´Ò³ ´¥°É·¨´µ µ¸É -
¢²Ö¥É ¢µ§³µ¦´Ò³¨ ¸²¥¤ÊÕÐ¨¥ µ¸Í¨²²ÖÍ¨µ´´Ò¥ ·¥Ï¥´¨Ö [75Ä78]:

1) ¢ ±ÊÊ³´Ò¥ µ¸Í¨²²ÖÍ¨¨ ¸ ¶ · ³¥É· ³¨ sin2 2θ = 0, 75−1, 0 ¨ ∆m2 ∼=
6, 5 · 10−11−10−10 Ô‚2, ¶µ²ÊÎ¨¢Ï¨¥ ´ §¢ ´¨¥ ®just-so¯-·¥Ï¥´¨Ö;

2) µ¸Í¨²²ÖÍ¨¨ ¢ ¢¥Ð¥¸É¢¥ ‘µ²´Í  ¸ ¶·¨¢²¥Î¥´¨¥³ MSW-ÔËË¥±É . ‚ ¸µ-
£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ³¨ ¢µ§³µ¦´Ò ¤¢¥ £·Ê¶¶Ò ·¥Ï¥´¨°:

 ) ¡µ²ÓÏ¨¥ Ê£²Ò ¸³¥Ï¨¢ ´¨Ö: sin2 2θ = 0, 8−1 ¨ ∆m2 = 10−5 Ô‚;
¡) ³ ²Ò¥ Ê£²Ò ¸³¥Ï¨¢ ´¨Ö: sin2 2θ ∼= 10−3 ¨ ∆m2 = 10−5 Ô‚.
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�µ¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¨ ·¥§Ê²ÓÉ ÉÒ ¶µ ¸µ²´¥Î´Ò³ ´¥°É·¨´µ:
GNO (Gallium Neutrino Observatory) Ö¢²Ö¥É¸Ö · §¢¨É¨¥³ Ô±¸¶¥·¨³¥´É 

GALLEX ¢ ƒ· ´-‘ ¸¸µ. �¥·¢Ò° ·¥§Ê²ÓÉ É GNO ¶µ ´ ¡²Õ¤¥´¨Õ ¶µÉµ±µ¢ ´¥°-
É·¨´µ µÉ ‘µ²´Í  ¶µ²ÊÎ¥´ ¨¸Ìµ¤Ö ¨§ Ô±¸¶µ§¨Í¨¨ 1998Ä2000 ££. Å ΦGNO =
65, 8+10,2

−9,6 (¸É É.) +3,4
−3,6 (¸¨¸É.) SNU ´  Ê·µ¢´¥ 1σ [79]. ‘µ¢³¥¸É´Ò°  ´ ²¨§ ¤ ´-

´ÒÌ GALLEX/GNO ¤ ¥É ¢¥²¨Î¨´Ê ¶µÉµ±  ΦGALLEX/GNO = 65, 8+10,2
−9,6 (¸É É.)

+3,4
−3,6 (¸¨¸É.) SNU [80].

ƒ·Ê¶¶  ®Super-Kamiokande¯ ¶·¥¤¸É ¢¨²  ´µ¢Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ § 
1258 ¤´¥° Ô±¸¶²Ê É Í¨¨ Ê¸É ´µ¢±¨ [81]. �·µ ´ ²¨§¨·µ¢ ´µ 2, 0 · 109 § ·¥-
£¨¸É·¨·µ¢ ´´ÒÌ (¶µ Î¥·¥´±µ¢¸±µ³Ê ¨§²ÊÎ¥´¨Õ) ·¥ ±Í¨° Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
´¥°É·¨´µ ´  Ô²¥±É·µ´ Ì  Éµ³  ¢ Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ 5, 0−20, 0 ŒÔ‚. ˆ§-
³¥·¥´´Ò° ¶µÉµ± ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ Φexp

SK = 2, 32±0, 03 (cÉ É.) +0,08
−0,07 (c¨¸É.)×

106 ¸³−2 · ¸−1 ¸µ¸É ¢¨² (45, 1 ± 0, 5 (¸É É.)+1,6
−1,4 (¸¨¸É.))% µÉ ¶µÉµ± , · ¸-

¸Î¨ÉÒ¢ ¥³µ£µ ¶µ SSM [73]. ‚ Ô±¸¶¥·¨³¥´É¥ ÔËË¥±É ®¤¥´Ó/´µÎÓ¯ ´¥§ ³¥-
É¥´:  ¸¨³³¥É·¨Ö ¤´¥¢´ÒÌ Φd ¨ ´µÎ´ÒÌ Φn ¶µÉµ±µ¢ A = (Φn − Φd)/〈Φ〉 =
0, 033 ± (¸É É.)+0,013

−0,012 (¸¨¸É.), £¤¥ 〈Φ〉 = 1/2(Φn + Φd) [81]. �Éµ ¶µ²´µ¸ÉÓÕ
¨¸±²ÕÎ ¥É µ¡² ¸ÉÓ ³¥¦¤Ê ¡µ²ÓÏ¨³¨ ¨ ³ ²Ò³¨ Ê£² ³¨ ¸³¥Ï¨¢ ´¨Ö ¢ MSW-
·¥Ï¥´¨¨,   ·¥Ï¥´¨Ö ³ ²ÒÌ Ê£²µ¢ ¢ MSW ¨ ®just-so¯ ¨¸±²ÕÎ¥´Ò ´  97%-³
Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨ [81]. �¡² ¸ÉÓ ∆m2 � 10−4 Ô‚ ¨¸±²ÕÎ¥´  ¢¸²¥¤¸É¢¨¥
Éµ£µ, ÎÉµ ®Super-Kamiokande¯ ´¥ µ¡´ ·Ê¦¨¢ ¥É ¸ÊÐ¥¸É¢¥´´ÒÌ ¨¸± ¦¥´¨° ¢
Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ Ô²¥±É·µ´µ¢ µÉ¤ Î¨ [81]. ‘¥§µ´´Ò¥ ¢ ·¨ Í¨¨ ¶µÉµ-
±µ¢, ¨§³¥·¥´´ÒÌ ®Super-Kamiokande¯, ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨ ¸ µ¦¨¤ ¥³Ò³¨
¨§ ¨§³¥´¥´¨Ö Ô±¸Í¥´É·¨¸¨É¥É  §¥³´µ° µ·¡¨ÉÒ ¢µ±·Ê£ ‘µ²´Í , ÎÉµ ´  93 %
¨¸±²ÕÎ ¥É ®just-so¯-·¥Ï¥´¨¥. ‘µ¢µ±Ê¶´µ¸ÉÓ ¤ ´´ÒÌ ®Super-Kamiokande¯ § 
1258 ¤´¥° · ¡µÉÒ ¤¥É¥±Éµ·  ¸µ£² ¸Ê¥É¸Ö ¸ ¡µ²ÓÏ¨³¨ Ê£² ³¨ ¢ MSW-·¥Ï¥´¨¨
´  95%-³ Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨.

Š ´ ¤¸± Ö ¶µ¤§¥³´ Ö ² ¡µ· Éµ·¨Ö SNO ¢ ‘ ¤¡¥·¨, ¶·µ¢¨´Í¨Ö �´É -
·¨µ [82], ¡Ò²  µË¨Í¨ ²Ó´µ µÉ±·ÒÉ  29  ¶·¥²Ö 1998 £. Œ¨Ï¥´Ó ¸µ¤¥·¦¨É
1 ±É ÉÖ¦¥²µ° ¢µ¤Ò ¨ ¸¶µ¸µ¡´  ¶µ Î¥·¥´±µ¢¸±µ³Ê ¨§²ÊÎ¥´¨Õ ·¥£¨¸É·¨·µ¢ ÉÓ
Ì · ±É¥·´ÊÕ ¤²Ö νe ‘‘-·¥ ±Í¨Õ ´  ¤¥°É¥·¨¨ (¶µ·µ£ 6,4 ŒÔ‚)

νe + d → p + p + e−, (29)

· ¢´µ¢¥·µÖÉ´Ò¥ ¤²Ö ¢¸¥Ì É¨¶µ¢ ´¥°É·¨´µ NC-·¥ ±Í¨¨ (¶µ·µ£ 2,2 ŒÔ‚)

νi + d → p + n + νi, i = e, µ, τ, (30)

  É ±¦¥ ·¥ ±Í¨Õ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö (ES)

νi + e− → νi + e−, (31)

ÎÊ¢¸É¢¨É¥²Ó´ÊÕ ¢ µ¸´µ¢´µ³ ± νe ¨ ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨ (¨§-§  ³¥´ÓÏ¨Ì ´ 
∼ 6 ¶µ·Ö¤±µ¢ ¸¥Î¥´¨°) ± νµ ¨ ντ . „¥É¥±É¨·µ¢ ´¨¥ ¢¸¥Ì É¨¶µ¢ ·¥ ±Í¨° ¶µ§¢µ-
²Ö¥É ¨´É¥·¶·¥É¨·µ¢ ÉÓ ¤ ´´Ò¥ ´¥§ ¢¨¸¨³µ µÉ · ¸Î¥É´ÒÌ ¶µÉµ±µ¢. ‘· ¢´¥´¨¥
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¨§³¥·¥´´ÒÌ ¶µÉµ±µ¢ ΦCC(νe), ΦNC(νi) ¨ ΦES(νi) ¤ ¥É Ê± § ´¨¥ ´  ·¥Ï¥´¨¥
¶·µ¡²¥³Ò ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ: µ¤¨´ ±µ¢µ¥ ¶µ¤ ¢²¥´¨¥ ¸Î¥É  ‘‘-, NC- ¨
ES-¸µ¡ÒÉ¨° µ§´ Î ¥É ¸¥·Ó¥§´Ò¥ ¶·¥É¥´§¨¨ ± SSM, ¥¸²¨ ¦¥ ¶µ¤ ¢²ÖÕÉ¸Ö Éµ²Ó-
±µ ‘‘-¢§ ¨³µ¤¥°¸É¢¨Ö, Éµ ¨³¥ÕÉ ³¥¸Éµ  ·µ³ Éµ¢Ò¥ ¶¥·¥Ìµ¤Ò ´¥°É·¨´µ ´ 
¶ÊÉ¨ µÉ ‘µ²´Í .

�¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  CC- ¨ ES-·¥ ±Í¨°, ¶µ²ÊÎ¥´´Ò¥ ¨¸Ìµ¤Ö ¨§
240 ¤´¥° Ô±¸¶µ§¨Í¨¨ ¤¥É¥±Éµ·  SNO, ¶·¥¤¸É ¢²¥´Ò ¢ [83]. ˆ§³¥·¥´´Ò° ¢
CC-·¥ ±Í¨¨ ¶µ²´Ò° ¶µÉµ± 8B-νe ¸µ¸É ¢¨² ΦCC

SNO = 1,75 ± 0,07 (cÉ É.)
+0,12
−0,11 (c¨¸É.) · 106 ¸³−2 · ¸−1,   ¶µÉµ± νi ¢ ES-·¥ ±Í¨¨ ΦES

SNO(νi) = 2,39 ±
0,34 (cÉ É.)+0,16

−0,14(c¨¸É.) · 106 ¸³−2 · ¸−1. � §´¨Í  ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ ¢ SNO

ΦES
SNO − ΦCC

SNO(νi) = (0,64 ± 0,40) · 106 ¸³−2 · c−1 ´  Ê·µ¢´¥ 1, 6σ ¸¢¨¤¥-
É¥²Ó¸É¢Ê¥É µ ¶·¨¸ÊÉ¸É¢¨¨ ¢ ¶µÉµ±¥ ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ  ±É¨¢´µ° ´¥°É·¨´-
´µ° ±µ³¶µ´¥´ÉÒ, ´¥ ¸¢Ö§ ´´µ° ¸ νe [83]. ’ ± ± ± ¢ ¤¥É¥±Éµ·¥ ®Super-
Kamiokande¯ ¶µ²ÊÎ¥´  ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ Ö ¸É É¨¸É¨±  ES-·¥ ±Í¨°, Éµ · §-
´¨Í  ΦES

SK −ΦCC
SNO(νi) = (0,57± 0,17) · 106 ¸³−2 · c−1 Ö¢²Ö¥É¸Ö ¸¨²Ó´Ò³  ·£Ê-

³¥´Éµ³ (Ê·µ¢¥´Ó ¤µ¸Éµ¢¥·´µ¸É¨ Å 3, 3σ) ¢ ¶µ²Ó§Ê νe → νµ,τ -µ¸Í¨²²ÖÍ¨° [83].
�±¸¶¥·¨³¥´ÉÒ ¸  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ. ‚§ ¨³µ¤¥°¸É¢¨Ö ¶¥·¢¨Î´ÒÌ

±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° (¢ µ¸´µ¢´µ³ ¶·µÉµ´µ¢) ¢ ¢¥·Ì´¨Ì ¸²µÖÌ §¥³´µ°  É³µ-
¸Ë¥·Ò ¶·¨¢µ¤ÖÉ ± ¢µ§´¨±´µ¢¥´¨Õ ± ¸± ¤µ¢ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, §´ Î¨É¥²Ó-
´ÊÕ Î ¸ÉÓ ±µÉµ·ÒÌ ¸µ¸É ¢²ÖÕÉ ¶¨µ´Ò. ˆÌ µ¸´µ¢´ Ö ³µ¤  · ¸¶ ¤ 

π+ → (µ+ → e+ + νe + ν̄µ) + ν̄µ (32)

µ¡Ê¸² ¢²¨¢ ¥É µ¡· §µ¢ ´¨¥ ³Õµ´´ÒÌ ¨ Ô²¥±É·µ´´ÒÌ ´¥°É·¨´µ ¢ ¸µµÉ´µÏ¥´¨¨

R(νµ + ν̄µ)/R(νe + ν̄e) ≈ 2 : 1. (33)

„²Ö ¡µ²¥¥ ÉµÎ´ÒÌ µÍ¥´µ± ¶µÉµ±µ¢ ´¥°É·¨´µ  É³µ¸Ë¥·´µ£µ ¶·µ¨¸Ìµ¦¤¥-

´¨Ö ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ± ´ ²Ò · ¸¶ ¤  ± µ´µ¢, ¸µ¤¥·¦ Ð¨¥
(−)
ν µ ¨

(−)
ν e

(µ¸´µ¢´ Ö ³µ¤  K+ → µ+ + ν̄µ),   É ±¦¥ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ´¥°-
É·¨´´ÒÌ ¶µÉµ±µ¢. ‘ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¢¸¥ ¡µ²ÓÏ Ö Î ¸ÉÓ ³Õµ´µ¢ ¤µ¸É¨-
£ ¥É ¶µ¢¥·Ì´µ¸É¨ ‡¥³²¨ ¡¥§ ¢§ ¨³µ¤¥°¸É¢¨Ö, Ê¢¥²¨Î¨¢ Ö µÉ´µÏ¥´¨¥ (33).

� ¸Î¥É´µ¥ §´ Î¥´¨¥ µÉ´µÏ¥´¨Ö

Rcalc = Rcalc(νµ+
−
νµ)/Rcalc(νe+

−
νe) (34)

³µ¤¥²Ó´µ-§ ¢¨¸¨³µ, É ± ± ± ¶µÉµ±¨ ¶¥·¢¨Î´ÒÌ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¨ ¶·µ-
Í¥¸¸Ò  ¤·µ´µµ¡· §µ¢ ´¨Ö ¢ ¢¥·Ì´¥°  É³µ¸Ë¥·¥ µ¶·¥¤¥²ÖÕÉ¸Ö ´¥µ¤´µ§´ Î´µ.
�¡ÒÎ´µ ¶·¨´¨³ ¥É¸Ö, ÎÉµ  ¡¸µ²ÕÉ´Ò¥ ¶µÉµ±¨ νµ ¨ νe ¨§¢¥¸É´Ò ¸ 20%-° ´¥-
µ¶·¥¤¥²¥´´µ¸ÉÓÕ [84]. � ¸Î¥É ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ ¤²Ö Ô´¥·£¨° ´¨¦¥ 2 ƒÔ‚
¤ ¥É §´ Î¥´¨¥ Rcalc ≈ 2 [85],   ¤²Ö Ô´¥·£¨° Eν ≈ 100 ƒÔ‚ Å Rcalc ≈ 8 [86].
‘Î¨É ¥É¸Ö, ÎÉµ µÉ´µÏ¥´¨¥ ¶µÉµ±µ¢ Rcalc ¢ µ¡² ¸É¨ Ô´¥·£¨° µÉ 0,1 ¤µ 10 ƒÔ‚
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· ¸¸Î¨ÉÒ¢ ¥É¸Ö ¸ 5%-° ´¥µ¶·¥¤¥²¥´´µ¸ÉÓÕ [87]. �¡§µ· · ¸Î¥É´ÒÌ · ¡µÉ ¶µ
¶µÉµ± ³  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ ³µ¦´µ ´ °É¨ ¢ [88].

‚ Ô±¸¶¥·¨³¥´É Ì µÉ´µÏ¥´¨¥ νµ- ¨ νe-¶µÉµ±µ¢ ¨§³¥·Ö¥É¸Ö ¶·¨ µ¶·¥¤¥²¥-
´¨¨ ±µ²¨Î¥¸É¢  ´¥°É·¨´´ÒÌ ¸µ¡ÒÉ¨° § ·Ö¦¥´´µ£µ Éµ± , ¸µ¤¥·¦ Ð¨Ì ³Õµ´ ¨
Ô²¥±É·µ´:

Rexp =
Rexp(

(−)
ν µ N → µ± + X)

Rexp(
(−)
ν e N → e± + X)

. (35)

�¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¸  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥
®µÉ´µÏ¥´¨Ö µÉ´µÏ¥´¨°¯

R = Rexp/Rcalc. (36)

ˆ§ÊÎ¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨°  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ ¶·µ¢µ¤¨²µ¸Ó ´  ± -
²µ·¨³¥É·¨Î¥¸±¨Ì ¤¥É¥±Éµ· Ì NUSEX [18], ®Frejus¯ [19], ®Soudan-2¯ [20],  
É ±¦¥ ´  ¢µ¤´ÒÌ Î¥·¥´±µ¢¸±¨Ì ¤¥É¥±Éµ· Ì IMB [21] ¨ ®Kamiokande¯ [22].
�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¢¥²¨Î¨´Ò R ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 4. ‚¨¤´µ, ÎÉµ Éµ²Ó±µ ¶¥·¢Ò¥ ¤¢  Ô±¸¶¥·¨³¥´É  ´¥ ¶µ± § ²¨ §´ Î¨³µ£µ
µÉ²¨Î¨Ö µÉ´µÏ¥´¨Ö R µÉ ¥¤¨´¨ÍÒ, ¨³¥Ö ¶·¨ ÔÉµ³ ¡µ²ÓÏ¨¥ ¸É É¨¸É¨Î¥¸±¨¥
µÏ¨¡±¨. ‚¸¥ ¤·Ê£¨¥ Ô±¸¶¥·¨³¥´ÉÒ Ê± §Ò¢ ÕÉ ´  §´ Î¨É¥²Ó´Ò° ´¥¤µ¸É Éµ±
¶µÉµ±  ³Õµ´´ÒÌ ´¥°É·¨´µ. �µ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ £·Ê¶¶Ò ®Soudan-2¯ ¶µ¤-
É¢¥·¦¤ ÕÉ ¤¥Ë¨Í¨É νµ: R = 0, 68 ± 0, 11 ± 0, 06 [89].

Ha ¤¥É¥±Éµ·e ®Super-Kamiokande¯ ´  ¶·µÉÖ¦¥´¨¨ ¢¸¥£µ ¢·¥³¥´¨ · ¡µÉÒ
´ ¡²Õ¤ ÕÉ ´¥¤µ¸É Éµ± νµ-¶µÉµ±  ¨§  É³µ¸Ë¥·Ò, ÎÉµ ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ±

�¨¸. 4. „¥Ë¨Í¨É  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ, ´ ¡²Õ¤ ¥³Ò° ¢ · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´-
É Ì [18Ä23]
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µÉ±·ÒÉ¨¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° [23, 90, 91]. ‚ ®Super-Kamiokande¯ ¢§ ¨-
³µ¤¥°¸É¢¨Ö  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ ·¥£¨¸É·¨·ÊÕÉ¸Ö ¢ ‘‘-·¥ ±Í¨¨ (25). �·µ-
³ É µ¡· §µ¢ ¢Ï¥£µ¸Ö ²¥¶Éµ´  ¨¤¥´É¨Ë¨Í¨·Ê¥É¸Ö ¶µ ±µ²ÓÍÊ Î¥·¥´±µ¢¸±µ£µ
¨§²ÊÎ¥´¨Ö: ¢ ¸²ÊÎ ¥ µ-É·¥±  (µÉ ·¥ ±Í¨¨ νµ + N → µ− + X) ¢ ¤¥É¥±-
Éµ·¥ ¨³¥¥É¸Ö Î¥É±¨° µ¡· § ±µ²ÓÍ ,   ¢ ¸²ÊÎ ¥ Ô²¥±É·µ´  (²¨¢´¥¢µ¥ ¸µ¡ÒÉ¨¥
νe + N → e− (± ¸± ¤) + X) Î¥·¥´±µ¢¸±µ¥ ±µ²ÓÍµ · §³ÒÉµ¥, É ± ± ± ¶·¥¤-
¸É ¢²Ö¥É ¸µ¡µ° ¸Ê¶¥·¶µ§¨Í¨Õ ³´µ¦¥¸É¢  Î ¸É¨Í Ô²¥±É·µ³ £´¨É´µ£µ ± ¸± ¤ .
�´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ´¥°É·¨´´ÒÌ ¶µÉµ±µ¢ µ¡Ê¸² ¢²¨¢ ¥É ´¥§ ¢¨¸¨-
³Ò°  ´ ²¨§ ·¥£¨¸É·¨·Ê¥³ÒÌ ¸µ¡ÒÉ¨° ¢ ¤¢ÊÌ ¨´É¥·¢ ² Ì Ô´¥·£¨°: ®sub-GeV¯
(Evis < 1, 33 ƒÔ‚) ¨ ®multi-GeV¯ (Evis > 1, 33 ƒÔ‚), £¤¥ Evis Å ¢¨¤¨³ Ö
Ô´¥·£¨Ö, µ¶·¥¤¥²Ö¥³ Ö ¶µ Î¥·¥´±µ¢¸±µ³Ê ¸¢¥ÉÊ.

�µ ¤ ´´Ò³, ¶µ²ÊÎ¥´´Ò³ §  1289 ¤´¥° Ô±¸¶µ§¨Í¨¨ ¤¥É¥±Éµ· , ®µÉ´µ-
Ï¥´¨Ö µÉ´µÏ¥´¨°¯ ¸µ¸É ¢¨²¨: R(®sub-GeV¯) = 0, 638+0,017

−0,017 ± 0, 050 ¨

R(®multi-GeV¯) = 0, 675+0,034
−0,032 ± 0, 080 [92]. ’ ±µ° ¤¥Ë¨Í¨É  É³µ¸Ë¥·´ÒÌ

νµ-¶µÉµ±µ¢ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´ ¸ µ¸Í¨²²ÖÍ¨Ö³¨ νµ, ¶·µÌµ¤ÖÐ¨³¨ · ¸¸ÉµÖ´¨¥
L ¤µ ¤¥É¥±Éµ· . �Éµ · ¸¸ÉµÖ´¨¥ · §²¨Î´µ: ¤²Ö ´¥°É·¨´µ, ±µÉµ·Ò¥ Î¥·¥§ Ê¸É -
´µ¢±Ê ¨¤ÊÉ ¸¢¥·ÌÊ ¢´¨§ (®down-going¯-¸µ¡ÒÉ¨Ö), µ´µ ¸µ¸É ¢²Ö¥É L1

∼= 20 ±³,
É. ¥. Éµ²Ð¨´Ê  É³µ¸Ë¥·Ò,   ¤²Ö ´¥°É·¨´µ, ¶·µÌµ¤ÖÐ¨Ì ¸±¢µ§Ó ‡¥³²Õ ¨, ¸²¥¤µ-
¢ É¥²Ó´µ, Î¥·¥§ Ê¸É ´µ¢±Ê ¸´¨§Ê ¢¢¥·Ì (®up-going¯-¸µ¡ÒÉ¨Ö), µ´µ ¸µ¸É ¢²Ö¥É
L2

∼= 13000 ±³, É. ¥. ¤¨ ³¥É· ‡¥³²¨. …¸²¨ ¤²¨´  µ¸Í¨²²ÖÍ¨° ²¥¦¨É ¢ ¨´É¥·-
¢ ²¥ L1 � Lµ¸Í � L2, Éµ ´ ¨¡µ²¥¥ Ö·±µ ÔËË¥±É µ¸Í¨²²ÖÍ¨° § ³¥É¥´ ¢ · ¸¶·¥-
¤¥²¥´¨¨ ¶µ §¥´¨É´µ³Ê Ê£²Ê Θ ±¢ §¨Ê¶·Ê£¨Ì ¸µ¡ÒÉ¨° (FC), ¢ ±µÉµ·ÒÌ ·¥£¨¸É·¨-
·Ê¥É¸Ö µ¤´µ Î¥·¥´±µ¢¸±µ¥ ±µ²ÓÍµ, ¶µ²´µ¸ÉÓÕ ²¥¦ Ð¥¥ ¢ ÎÊ¢¸É¢¨É¥²Ó´µ³ µ¡Ñ-
¥³¥ (cos Θ = 0 ¤²Ö £µ·¨§µ´É ²Ó´ÒÌ ´¥°É·¨´µ, cos Θ > 0 ¤²Ö ®down-going¯- ¨
cos Θ < 0 ¤²Ö ®up-going¯-¸µ¡ÒÉ¨°). ‡ ¢¨¸¨³µ¸ÉÓ · ¸Î¥É´ÒÌ νµ- ¨ νe-¶µÉµ±µ¢
µÉ cos Θ ¢ µÉ¸ÊÉ¸É¢¨¥ µ¸Í¨²²ÖÍ¨° ¶·¨ Ô´¥·£¨ÖÌ Eν � 1 ƒÔ‚ ¨³¥¥É ¸¨³³¥-
É·¨Î´ÊÕ Ëµ·³Ê ¸ ³ ±¸¨³Ê³µ³ ¶·¨ cos Θ = 0. B ®Super-Kamiokande¯ ´ ¡²Õ-
¤ ¥É¸Ö ¸¨²Ó´ Ö Ê£²µ¢ Ö  ¸¨³³¥É·¨Ö ¢ Ê£²µ¢µ³ · ¸¶·¥¤¥²¥´¨¨ νµ-¸µ¡ÒÉ¨° ¨
´¥ ´ ¡²Õ¤ ¥É¸Ö ÔÉµ£µ ÔËË¥±É  ¤²Ö νe-¸µ¡ÒÉ¨° (¸³. ·¨¸. 5). ˆ§ ÔÉµ£µ ·¨¸Ê´± 
¢¨¤´µ, ÎÉµ  ´µ³ ²¨Ö  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ ´¥ ¸¢Ö§ ´  ¸ µ¸Í¨²²ÖÍ¨Ö³¨ νµ →
νe. „²Ö µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ FC-µ¡· §Í  ¸µ¡ÒÉ¨° ²ÊÎÏ¨°
χ2-Ë¨É ¸µ¸É ¢¨² (∆m2 = 3, 2 · 10−3 Ô‚2; sin2 2θ = 1) ± ± ¤²Ö ³µ¤Ò νµ → ντ ,
É ± ¨ ¤²Ö νµ → νster [91].

� §¤¥²¥´¨¥ £¨¶µÉ¥§ νµ → ντ ¨ νµ → νster ¡Ò²µ ¸¤¥² ´µ ´¥§ ¢¨¸¨³µ ¤²Ö
É·¥Ì · §²¨Î´ÒÌ ±² ¸¸µ¢ ¸µ¡ÒÉ¨° [91, 92]. ’ ± ± ± νster ´¥ ¨³¥ÕÉ ´¨ ‘‘-, ´¨
NC-¢§ ¨³µ¤¥°¸É¢¨°,   νµ ¨ ντ §  ¸Î¥É NC ¢§ ¨³µ¤¥°¸É¢ÊÕÉ µ¤¨´ ±µ¢µ, Éµ  ´ -
²¨§¨·µ¢ ²µ¸Ó §¥´¨É´µ-Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ NC-®up/down¯-¢§ ¨³µ¤¥°¸É¢¨°
(®up¯ ¶·¨´¨³ ²µ¸Ó ¸ cos Θ < −0, 4, ®down¯ Å c cos Θ > +0, 4), ¢Ò¤¥²¥´´ÒÌ
¨§ µ¡· §Í , ¸µ¤¥·¦ Ð¥£µ ³´µ£µ±µ²ÓÍ¥¢Ò¥ ¸µ¡ÒÉ¨Ö. ‚ ¸²ÊÎ ¥ µ¸Í¨²²ÖÍ¨°
νµ → ντ ÔÉµ µÉ´µÏ¥´¨¥ ∼ 1,   ¢ ¸²ÊÎ ¥, ¥¸²¨ ¶·¥µ¡² ¤ ÕÉ νµ → νster-
¶¥·¥Ìµ¤Ò, Å ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ. �Ò²µ ¶µ± § ´µ, ÎÉµ ¤²Ö ∆m2 = 3, 2 ·10−3 Ô‚2
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�¨¸. 5. � ¸¶·¥¤¥²¥´¨Ö ¶µ §¥´¨É´µ³Ê Ê£²Ê e-¶µ¤µ¡´ÒÌ (a, ¢) ¨ µ-¶µ¤µ¡´ÒÌ (¡, £) ¸µ-
¡ÒÉ¨° ¢ ®sub-GeV¯ (a, ¡) ¨ ®multi-GeV¯ (¢, £) µ¡² ¸ÉÖÌ Ô´¥·£¨°, ¶µ ¤ ´´Ò³ ®Super-
Kamiokande¯ [91]. ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥; ¸¶²µÏ´Ò¥ ¨ ¶Ê´±É¨·´Ò¥
²¨´¨¨ Å · ¸Î¥ÉÒ Œµ´É¥-Š ·²µ ¸µµÉ¢¥É¸É¢¥´´µ ¢ µÉ¸ÊÉ¸É¢¨¥ ¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ µ¸-
Í¨²²ÖÍ¨° ¸ ¶ · ³¥É· ³¨ ∆m2 = 2, 5 · 10−3 Ô‚2, sin2 2θ = 1

Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸µ¢³¥¸É¨³Ò ¸ νµ → ντ , ¢ Éµ ¢·¥³Ö ± ± ¤²Ö
νµ → νster-£¨¶µÉ¥§Ò µ´¨ µÉ²¨Î ÕÉ¸Ö µÉ · ¸Î¥É´ÒÌ ´  2, 4σ. ’ ±¦¥ ¨§Ê-
Î ²¸Ö µ¡· §¥Í ¸µ¡ÒÉ¨°, ¢ ±µÉµ·ÒÌ Î¥·¥´±µ¢¸±¨¥ ±µ²ÓÍ  Î ¸É¨Î´µ ¢ÒÌµ¤ÖÉ
¢µ ¢´¥Ï´¨° µ¡Ñ¥³, µ¶É¨Î¥¸±¨ ¨§µ²¨·µ¢ ´´Ò° µÉ ¢´ÊÉ·¥´´¥£µ (PC). �É  ¢Ò-
¡µ·±  ´  97 % ¸µ¸Éµ¨É ¨§ νµ-‘‘-¸µ¡ÒÉ¨° ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° 10 ƒÔ‚. �·¨
 ´ ²¨§¥ · ¸¶·¥¤¥²¥´¨Ö ÔÉ¨Ì ¸µ¡ÒÉ¨° ¶µ §¥´¨É´µ³Ê Ê£²Ê ¶µ²ÊÎ¥´µ, ÎÉµ ¶·¨
§´ Î¥´¨¨ ∆m2 = 3, 2 · 10−3 Ô‚2 Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸µ£² ¸ÊÕÉ¸Ö ¸
νµ → ντ -£¨¶µÉ¥§µ° ¨ µÉ²¨Î ÕÉ¸Ö µÉ νµ → νster-£¨¶µÉ¥§Ò ´  2, 3σ. � ±µ´¥Í,
¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ µ¡· §Í  ®up-going¯-³Õµ´µ¢ É ±¦¥ ¶µ¤É¢¥·¦¤¥´µ ¸µµÉ¢¥É-
¸É¢¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ £¨¶µÉ¥§¥ νµ → ντ -µ¸Í¨²²ÖÍ¨° ¨ ¨Ì µÉ±²µ-
´¥´¨¥ ¢ 2, 9σ, ¥¸²¨ Ë¨É¨·Ê¥É¸Ö ³µ¤  νµ → νster. ‚¸¥ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 6.

ƒ²µ¡ ²Ó´Ò°  ´ ²¨§ ¤ ´´ÒÌ ¶µ  É³µ¸Ë¥·´Ò³ ´¥°É·¨´µ ¸ Ê¸É ´µ¢µ± ®Fre-
jus¯, NUSEX, IMB, ®Kamiokande¯, ®Soudan-2¯, ®Super-Kamiokande¯,   É ±¦¥
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�¨¸. 6. � ¸¶·¥¤¥²¥´¨Ö ¶µ §¥´¨É´µ³Ê
Ê£²Ê ¤²Ö µ¡· §Íµ¢ NC (a), PC (¡) ¨ ®up-
going¯-³Õµ´µ¢ (¢) [92]. ’µÎ±¨ Å Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥; ¸¶²µÏ´Ò¥ ¨
¶Ê´±É¨·´Ò¥ ²¨´¨¨ Å ²ÊÎÏ¨° Ë¨É Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ (∆m2 = 3, 2×
10−3 Ô‚2; sin2 2θ = 1) ¸µµÉ¢¥É¸É¢¥´´µ
¤²Ö ³µ¤ νµ → ντ ¨ νµ → νster

·¥§Ê²ÓÉ ÉÒ MACRO [93] ¶µ ³Õµ´´Ò³ ¶µÉµ± ³ ¢ Ëµ·³ ²¨§³¥ ´¥°É·¨´´ÒÌ
µ¸Í¨²²ÖÍ¨° ¶·µ¢¥¤¥´ ¢ [94]. �µ± § ´µ, ÎÉµ ³µ¤  νµ → ντ µ¡¥¸¶¥Î¨¢ ¥É ´ ¨-
²ÊÎÏ¥¥ µ¶¨¸ ´¨¥ ±µ³¡¨´ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ ²ÊÎÏ¨³ Ë¨Éµ³
sin2 2θ = 0, 99 ¨ ∆m2 = 3, 0 · 10−3 Ô‚2. Š ´ ²Ò νµ → νe ¨ νµ → νster ´¥
¶µ¤Ìµ¤ÖÉ ¤²Ö µ¶¨¸ ´¨Ö ¸µ¢µ±Ê¶´µ¸É¨ ¤ ´´ÒÌ.

�µ¢µ¥ ¶µ±µ²¥´¨¥ Ô±¸¶¥·¨³¥´Éµ¢ ¸  É³µ¸Ë¥·´Ò³¨ ¨ ¸µ²´¥Î´Ò³¨ ´¥°-
É·¨´µ. ˆ³¥ÕÉ¸Ö ¢¥¸±¨¥ µ¸´µ¢ ´¨Ö ¶µ² £ ÉÓ, ÎÉµ ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³ ¶·µ-
¡²¥³  ¸µ²´¥Î´ÒÌ ¨  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ ¡Ê¤¥É ·¥Ï¥´ , É ± ± ±, ¢µ-¶¥·¢ÒÌ,
¶·¥¤¶µ² £ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ¥ Ê¢¥²¨Î¥´¨¥ ¸É É¨¸É¨±¨ ´¥°É·¨´´ÒÌ ¸µ¡ÒÉ¨° ¢
®Super-Kamiokande¯ ¨ SNO,   ¢µ-¢Éµ·ÒÌ, µ¦¨¤ ¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¥ ¢¢¥¤¥-
´¨¥ ¢ ¸É·µ° ·Ö¤  ´µ¢ÒÌ ¤¥É¥±Éµ·µ¢.
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„¥É¥±Éµ· BOREXINO ¢ ² ¡µ· Éµ·¨¨ ƒ· ´-‘ ¸¸µ ¶·¥¤¶µ² £ ²µ¸Ó ¢¢¥¸É¨
¢ ¸É·µ° ¢ 2001 £. [95]. �Éµ ¸Í¨´É¨²²ÖÍ¨µ´´Ò° ¤¥É¥±Éµ· ¢§ ¨³µ¤¥°¸É¢¨°
¸µ²´¥Î´ÒÌ ´¥°É·¨´µ ¸ µÎ¥´Ó ´¨§±¨³ ¶µ·µ£µ³ (246 ±ÔB) ¨ ¸ É¥³¶µ³ ¸Î¥É 
µÉ 12 ¤µ 40 ¸µ¡ÒÉ¨° ¢ ¸ÊÉ±¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ ´¥°É·¨´´µ£µ ¸Í¥´ ·¨Ö. �´
¶µ§¢µ²¨É ¨§ÊÎ¨ÉÓ ¸¶¥±É· ²Ó´Ò¥ ¨¸± ¦¥´¨Ö ¨ ¢·¥³¥´´Ò¥ ¢ ·¨ Í¨¨ ¶µÉµ±µ¢.
Œ ²Ò° É¥³¶ ¸Î¥É  ¸µ¡ÒÉ¨° (³¥´¥¥ 16 ¸µ¡ÒÉ¨° ¢ ¸ÊÉ±¨) ¡Ê¤¥É Ê± §Ò¢ ÉÓ ´ 
ν-µ¸Í¨²²ÖÍ¨¨ ¢ ¢¥Ð¥¸É¢¥,   ¢Ò¸µ±¨° É¥³¶ ¸Î¥É  Å ´  ¢ ±ÊÊ³´Ò¥ µ¸Í¨²²ÖÍ¨¨.

UNO (Underground Nucleon decay and neutrino Observatory) Å ¶·¨¡µ·
¸²¥¤ÊÕÐ¥£µ ¶µ±µ²¥´¨Ö ¶µ¤§¥³´ÒÌ ¢µ¤´ÒÌ Î¥·¥´±µ¢¸±¨Ì ¤¥É¥±Éµ·µ¢. Šµ²² -
¡µ· Í¨Ö UNO ¶² ´¨·Ê¥É ¸µ§¤ ÉÓ ¤¥É¥±Éµ· ²¨´¥°´µ° ±µ´Ë¨£Ê· Í¨¨ · §³¥-
·µ³ 60 × 60 × 180 ³ ¨ ³ ¸¸µ° 650 ±É, ±µÉµ·Ò° ¶µ ¶µ²´µ³Ê µ¡Ñ¥³Ê ¡Ê¤¥É
¢ 13 · §,   ¶µ ÎÊ¢¸É¢¨É¥²Ó´µ³Ê Å ¢ 20 · § ¶·¥¢µ¸Ìµ¤¨ÉÓ ¤¥É¥±Éµ· ®Super-
Kamiokande¯ [96]. ”¨§¨Î¥¸±¨¥ § ¤ Î¨ UNO ¸¢Ö§ ´Ò ¸ ´ ¡²Õ¤¥´¨¥³ · ¸-
¶ ¤  ¶·µÉµ´ , ¶·µ¢¥¤¥´¨¥³ ¨¸¸²¥¤µ¢ ´¨° ¸ ¸µ²´¥Î´Ò³¨ ¨  É³µ¸Ë¥·´Ò³¨ ´¥°-
É·¨´µ,   É ±¦¥ ¸ ¤¥É¥±É¨·µ¢ ´¨¥³ ´¥°É·¨´µ µÉ ¸¢¥·Ì´µ¢ÒÌ.

„¥É¥±Éµ· ICARUS (Imaging Cosmic and Rare Underground Signals) ¡Ê¤¥É
Ê¸É ´µ¢²¥´ ¢ ¶µ¤§¥³´µ° Ï ÌÉ¥ ƒ· ´-‘ ¸¸µ ´  ³¥¸É¥ ¤¥É¥±Éµ·  MACRO [41].
�Éµ ¦¨¤±µ ·£µ´µ¢ Ö ¢·¥³Ö¶·µ¥±Í¨µ´´ Ö ± ³¥·  ¸ Ô²¥±É·µ´´Ò³ ¸Î¨ÉÒ¢ ´¨¥³
¨´Ëµ·³ Í¨¨, ¢ ±µÉµ·µ° ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÉ¸Ö ¨³¶Ê²Ó¸Ò ± ± ·¥-
²ÖÉ¨¢¨¸É¸±¨Ì, É ± ¨ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¨ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ± ²µ·¨³¥É·¨Ö
¸ ¢Ò¸µ±¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨e³. „¥É¥±Éµ· ICARUS ¶µ¸²¥¤µ¢ É¥²Ó´µ
· §¢¨¢ ²¸Ö: ¢ 1997 £. ¡Ò² ¸µµ·Ê¦¥´ ¶·µÉµÉ¨¶ µ¡Ñ¥³µ³ 10 ³3, ¸¥°Î ¸ £µ-
Éµ¢ ± Ô±¸¶²Ê É Í¨¨ µ¸´µ¢´µ° 600-Éµ´´Ò° ¤¥É¥±Éµ· ’600 [41, 43]. ‚ ´µ¢µ³
¶·µ¥±É¥ [97] ¶·¥¤¶µ² £ ¥É¸Ö ¸µ§¤ ´¨¥ ¤¥É¥±Éµ· , ¢ ±µÉµ·µ³ ³ ¸¸  ¦¨¤±µ£µ
 ·£µ´  ¡Ê¤¥É ¶µ¸ÉµÖ´´µ ´ · Ð¨¢ ÉÓ¸Ö ¨ ¢ µ±µ´Î É¥²Ó´µ° ±µ´Ë¨£Ê· Í¨¨ ¤µ-
¸É¨£´¥É 5000 É ¨ ¡µ²¥¥. ICARUS ¡Ê¤¥É ¸¶µ¸µ¡¥´ µÉ¢¥É¨ÉÓ ´  ËÊ´¤ ³¥´É ²Ó-
´Ò° ¢µ¶·µ¸ µ ¶·¨·µ¤¥ ¤¥Ë¨Í¨É  ¸µ²´¥Î´ÒÌ ¨  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ, ¨§ÊÎ ÉÓ
´¥°É·¨´µ µÉ ¸¢¥·Ì´µ¢ÒÌ,   É ±¦¥ · ¸¶ ¤ ¶·µÉµ´ .

MONOLITH (Massive Observatory for Neutrino Oscillation or LImits on
THeir existence) Å ¤¥É¥±Éµ· ¸ µ¡Ð¥° ³ ¸¸µ° 34 ±É, ¸µµ·Ê¦ ¥³Ò° ¢ ƒ· ´-
‘ ¸¸µ ¤²Ö ¨§ÊÎ¥´¨Ö  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ [98]. …£µ ¸É·Ê±ÉÊ·  ¶·µ¸É : £µ-
·¨§µ´É ²Ó´Ò¥ 8-¸³ ¦¥²¥§´Ò¥ ¶² ¸É¨´Ò ¶·µ¸² ¨¢ ÕÉ¸Ö ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ
¶²µ¸±µ¸ÉÖ³¨ RPC-± ³¥· ¸ ¢·¥³¥´´Ò³ · §·¥Ï¥´¨¥³ 1Ä2 ´¸. „²Ö ¢µ¸¸É ´µ¢²¥-
´¨Ö ¨³¶Ê²Ó¸  Î ¸É¨Í ¡Ê¤¥É ¸µ§¤ ´µ ¢¥·É¨± ²Ó´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ´ ¶·Ö¦¥´-
´µ¸ÉÓÕ 1,2 ’².

3. ˆ�’…���…’�–ˆŸ �Š‘�…�ˆŒ…�’�‹œ�›• �…‡“‹œ’�’�‚
�� ��ˆ‘Š“ �…‰’�ˆ��›• �‘–ˆ‹‹Ÿ–ˆ‰

‘ÊÐ¥¸É¢Ê¥É ³´µ¦¥¸É¢µ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°, ¢ ±µÉµ·ÒÌ ´  µ¸´µ¢¥ Éµ°
¨²¨ ¨´µ° ¸µ¢µ±Ê¶´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¥¤² £ ÕÉ¸Ö ¶µ¸²¥¤µ-
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¢ É¥²Ó´Ò¥ ¸Ì¥³Ò £¥´¥· Í¨¨ ³ ¸¸ ¨ Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö ´¥°É·¨´µ. ‚ Ï¨·µ±µ
µ¡¸Ê¦¤ ¥³ÒÌ ®see-saw¯-³µ¤¥²ÖÌ [99] ¶·¥¤¸± §Ò¢ ¥É¸Ö ²¨´¥°´ Ö (n = 1) ¨²¨
±¢ ¤· É¨Î´ Ö (n = 2) ¶µ ±¢ ·±µ¢µ³Ê ¸¥±Éµ·Ê (u, c, t) ¨¥· ·Ì¨Ö ´¥°É·¨´´ÒÌ
³ ¸¸:

mνe : mνµ : mντ =
mn

u

MGUT
:

mn
c

MGUT
:

mn
t

MGUT
. (37)

Œ ¸¸  MGUT = 1014−1016 ƒÔ‚ (¢ § ¢¨¸¨³µ¸É¨ µÉ £·Ê¶¶Ò, µ¶¨¸Ò¢ ÕÐ¥°
É¥µ·¨Õ) µ¶·¥¤¥²Ö¥É ³ ¸ÏÉ ¡ µ¡Ñ¥¤¨´¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨° ¨ µ¡Ê¸² ¢²¨¢ ¥É
³ ²µ¸ÉÓ ´¥°É·¨´´ÒÌ ³ ¸¸. ’ ±, ¢ ³µ¤¥²¨ [100], ¶µ¸É·µ¥´´µ° ´  £·Ê¶¶¥
SO(10), ¨³¥¥É¸Ö É·¨ ²¥£±¨Ì ´¥°É·¨´µ ¸ ³ ¸¸ ³¨ mνe ≈ m2

u/MSO(10), mνµ ≈
m2

c/MSO(10), mντ ≈ m2
t /MSO(10), ´ ¨¡µ²¥¥ ÉÖ¦¥²µ¥ ¨§ ±µÉµ·ÒÌ Å ντ ¨³¥¥É

³ ¸¸Ê µÉ 5 ¤µ 30 Ô‚. ˆ³¥¥É¸Ö É ±¦¥ É·¨ ¸Ê¶¥·ÉÖ¦¥²ÒÌ ³ °µ· ´µ¢¸±¨Ì ´¥°-
É·¨´µ ¸ ³ ¸¸µ° mν ≈ MSO(10) = 1015 ƒÔ‚, ±µÉµ·Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ´¥-
¢µ§³µ¦´µ µ¡´ ·Ê¦¨ÉÓ.

‚ ±µ´É¥±¸É¥ SO(10) ¢ · ¡µÉ¥ [101] ¶µ²ÊÎ¥´µ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ´¥°É·¨´-
´ÒÌ ³ ¸¸

mνµ : mντ
∼= 16(mc : mt), (38)

±µÉµ·µ¥ ¸µ£² ¸Ê¥É¸Ö ¸o §´ Î¥´¨¥³ ∆m2, ¨§³¥·Ö¥³Ò³ ¢ Ô±¸¶¥·¨³¥´É Ì ¸  É-
³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ.

…¸²¨ ®see-saw¯-³µ¤¥²¨ ¢¥·´Ò, Éµ ¤²Ö · §´µ¸É¥° ±¢ ¤· Éµ¢ ¸µ¡¸É¢¥´´ÒÌ
¸µ¸ÉµÖ´¨° ³ ¸¸µ¢µ° ³ É·¨ÍÒ ¸¶· ¢¥¤²¨¢Ò ¸µµÉ´µÏ¥´¨Ö

∆m2(νµ → ντ ) ∼= m2
ντ

,

∆m2(νe → ντ ) ∼= m2
ντ

, (39)

∆m2(νe → νµ) ∼= m2
νµ

≡ ε2m2
ντ

, £¤¥ ε � 1.

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¶µ¨¸±Ê µ¸Í¨²²ÖÍ¨° ¤µ²¦´Ò ¡ÒÉÓ ÎÊ¢-
¸É¢¨É¥²Ó´Ò ± ³µ¤ ³ ¶¥·¥Ìµ¤µ¢, ¸µ¤¥·¦ Ð¨³ ´ ¨¡µ²¥¥ ÉÖ¦¥²µ¥ ¨§ ¢¸¥Ì ´¥°-
É·¨´µ Å ντ . ’ ± ± ± ¢ Ô±¸¶¥·¨³¥´É Ì ¨§³¥·Ö¥É¸Ö ∆m2, Éµ µ´¨ ´¥ ¤ ÕÉ
 ¢Éµ³ É¨Î¥¸±µ£µ · §²¨Î¨Ö ³¥¦¤Ê ³µ¤¥²Ö³¨ ¸ ¸¨²Ó´µ° ®see-saw¯ ³ ¸¸µ¢µ° ¨¥-
· ·Ì¨¥° ¨ ³µ¤¥²Ö³¨ ¸ ¢Ò·µ¦¤¥´´Ò³¨ ³ ¸¸ ³¨.

„²Ö µ¡ÑÖ¸´¥´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ·¥§Ê²ÓÉ Éµ¢ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ´¥¸±µ²Ó±µ
µ¡Ð¨Ì ¸Í¥´ ·¨¥¢, ¸¢Ö§ ´´ÒÌ ¸ ¢µ§³µ¦´µ° ¨¥· ·Ì¨¥° ´¥°É·¨´´ÒÌ ³ ¸¸ ¨ µ¡Ñ-
Ö¸´ÖÕÐ¨Ì ÉµÉ ¨²¨ ¨´µ° ±² ¸¸ Ô±¸¶¥·¨³¥´Éµ¢. ˆ§ ·¥§Ê²ÓÉ É  LEP µ ¸ÊÐ¥¸É¢µ-
¢ ´¨¨ É·¥Ì ²¥£±¨Ì ´¥°É·¨´µ [102] ¸²¥¤Ê¥É, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ´ ¡²Õ-
¤¥´¨Õ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ³µ¦´µ ¨§³¥·¨ÉÓ É·¨ µ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨Ö
∆m2, ¨§ ±µÉµ·ÒÌ Éµ²Ó±µ ¤¢  Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨. …¸²¨ ´¥¤µ¸É Éµ± ¸µ²-
´¥Î´ÒÌ ¨  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ,   É ±¦¥ ¨§¡ÒÉµ± ¸µ¡ÒÉ¨° ¢ LSND ¸¢Ö§ ´Ò
¸ ¶·µÖ¢²¥´¨¥³ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°, Éµ ¢¸¥ ÔÉ¨  ´µ³ ²¨¨ ¤µ²¦´Ò ¡ÒÉÓ
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µ¡ÑÖ¸´¥´Ò ¢ · ³± Ì ¥¤¨´µ£µ Ëµ·³ ²¨§³ . �¤´ ±µ ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì É·¥Ì ¨¸-
¸²¥¤µ¢ ´¨° · §²¨Î´µ£µ ±² ¸¸  Ê± §Ò¢ ÕÉ ´  ´¥¢µ§³µ¦´µ¸ÉÓ É ±µ£µ µ¶¨¸ ´¨Ö,
É ± ± ± ¶·¨¢µ¤ÖÉ ± É·¥³ ´¥§ ¢¨¸¨³Ò³ §´ Î¥´¨Ö³ ∆m2. �·¨³¨·¨ÉÓ ´ ¡²Õ¤ -
¥³Ò¥ ¤ ´´Ò¥ ¸ É¥µ·¨¥° ¢µ§³µ¦´µ ¢ ¸²¥¤ÊÕÐ¨Ì ¸²ÊÎ ÖÌ:

1) ¥¸²¨ ´¥¢¥·¥´ ± ±µ°-²¨¡µ ±² ¸¸ Ô±¸¶¥·¨³¥´Éµ¢ (´ ¨¡µ²¥¥ ¸² ¡  ¶µ§¨-
Í¨Ö LSND, É ± ± ± ¢ ¥£µ µ¡² ¸É¨ §´ Î¥´¨° ¶µ ∆m2 ¶µ±  ´¥É ¤·Ê£¨Ì ´¥§ ¢¨-
¸¨³ÒÌ ¶µ¤É¢¥·¦¤¥´¨°);

2) ¥¸²¨ ´¥¢¥·´Ò ³µ¤¥²Ó´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö (¸¥Î¥´¨Ö ·¥ ±Í¨° ¨ É. ¤.),
¨¸Ìµ¤Ö ¨§ ±µÉµ·ÒÌ ´µ·³¨·ÊÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µÉµ±¨ ¸µ²´¥Î´ÒÌ ¨
 É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ;

3) ¥¸²¨ ¸ÊÐ¥¸É¢ÊeÉ µ¤´µ ¨²¨ ´¥¸±µ²Ó±µ ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì (´¥·¥£¨-
¸É·¨·Ê¥³ÒÌ) ¸É¥·¨²Ó´ÒÌ ´¥°É·¨´µ νster, ¢ ±µÉµ·Ò¥ ³µ£ÊÉ µ¸Í¨²²¨·µ¢ ÉÓ ´¥°-
É·¨´µ µ¡ÒÎ´ÒÌ  ·µ³ Éµ¢.

� £²Ö¤´ Ö ¨´É¥·¶·¥É Í¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¶·¨¢µ¤¨É¸Ö ¢ · ¡µÉ Ì [103]. �É  ³µ¤¥²Ó, ´ §¢ ´´ Ö ®threefold maximal mix-
ing¯, µ¸´µ¢ ´  ´  ¶·¥¤¶µ²µ¦¥´¨¨ ³ ±¸¨³ ²Ó´µ£µ ¸³¥Ï¨¢ ´¨Ö ¸ Í¨±²¨Î¥-
¸±¨³¨ ¢¥·µÖÉ´µ¸ÉÖ³¨ P (l → l′), l = e, µ, τ , Ö¢²ÖÕÐ¨³¨¸Ö Ê´¨¢¥·¸ ²Ó´Ò³¨
ËÊ´±Í¨Ö³¨ L/Eν . �  ·¨¸. 7 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¡µ²ÓÏ¨´¸É¢  Ô±¸¶¥-
·¨³¥´Éµ¢ ¢ ¢¨¤¥ § ¢¨¸¨³µ¸É¨ P (l → l) = f(L/Eν). ‚¨¤´µ, ÎÉµ ¢ ¸²ÊÎ ¥
¨¥· ·Ì¨¨ ´¥°É·¨´´ÒÌ ³ ¸¸,  ´ ²µ£¨Î´µ° ²¥¶Éµ´´µ³Ê ¨ ±¢ ·±µ¢µ³Ê ¸¥±Éµ·Ê

�¨¸. 7. ‡ ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ µÉ¸ÊÉ¸É¢¨Ö µ¸Í¨²²ÖÍ¨° P (l → l), ¶µ²ÊÎ¥´´µ° ¢
· §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É Ì, µÉ ¢¥²¨Î¨´Ò L/Eν [103]
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(∆m2
23 ≡ ∆m2 ¨ ∆m2

12 � ∆m2), ¶·¨ ³ ²ÒÌ L/Eν � (∆m2/2)−1 ¢¥·µÖÉ-
´µ¸ÉÓ P (l → l) = 1. ‚ µ¡² ¸É¨ L/Eν ∼ 20−80 ±³/ƒÔ‚, ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
³ ¸¸ ³ ∆m2 ∼ 10−2 Ô‚2, ´ ¡²Õ¤ ¥É¸Ö ·¥§±¨° ¶·µ¢ ² ¸ ´ ¸ÉÊ¶²¥´¨¥³ ¶µ-
¸ÉµÖ´´µ£µ ¶² Éµ ¶·¨ L/Eν > 80 ±³/ƒÔ‚, ±µÉµ·µ³Ê µÉ¢¥Î ¥É ¢¥·µÖÉ´µ¸ÉÓ
P (l → l) = 5/9. „²Ö ¶·µ¢¥·±¨ ÔÉµ° Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ Î·¥§¢Ò-
Î °´µ ¢ ¦´Ò Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ, ¢ ±µÉµ·ÒÌ ¢µ§³µ¦´ 
¶·Ö³ Ö ¶·µ¢¥·±  ¶·¥¤¸± § ´¨Ö P (νµ → νe) = P (νµ → ντ ).

ŒÒ Ê¦¥ Ê¶µ³¨´ ²¨ OMSD-³µ¤¥²Ó,  ¢Éµ·Ò ±µÉµ·µ° µ¡ÑÖ¸´ÖÕÉ  É³µ¸Ë¥·-
´ÊÕ  ´µ³ ²¨Õ µ¸Í¨²²ÖÍ¨Ö³¨ ¸ ∆m2 ∼ 10−2,   ¶·µ¡²¥³Ê ¸µ²´¥Î´ÒÌ ´¥°-
É·¨´µ Å ¶µ¸·¥¤¸É¢µ³ MSW-³¥Ì ´¨§³  ¢ £¨¶µÉ¥§¥ δm2 = 1, 5 · 10−4−2, 2 ×
10−6 Ô‚2 � ∆m2 [54]. �¤´ ±µ ·¥§Ê²ÓÉ É LSND µ¸É ¥É¸Ö ¢´¥ · ³µ± ÔÉµ°
¸Ì¥³Ò. �µ¢Ò¥ ¤ ´´Ò¥ ®Super-Kamiokande¯ ´  µ¸´µ¢¥ OMSD-³µ¤¥²¨ ¶·µ-
 ´ ²¨§¨·µ¢ ´Ò ¢ · ¡µÉ Ì [104], £¤¥ ¤²Ö µ¡ÑÖ¸´¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¸µ¡ÒÉ¨°
¶µ §¥´¨É´µ³Ê Ê£²Ê ¶·¥¤¶µ² £ ¥É¸Ö ´ ·Ö¤Ê ¸ µ¸´µ¢´Ò³ νµ → ντ ¶¥·¥Ìµ¤µ³
´¥¡µ²ÓÏµ¥ ¸³¥Ï¨¢ ´¨¥ νe (¢´¥ µ£· ´¨Î¥´¨° CHOOZ).

‚ ³µ¤¥²¨ [105], ¶µ¸É·µ¥´´µ° ´  £·Ê¶¶¥ SO(10), ¨¸Ìµ¤Ö ¨§ Ô±¸¶¥·¨³¥´Éµ¢
¸ ¸µ²´¥Î´Ò³¨ ¨  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ (¡¥§ ÊÎ¥É  LSND) ¶·¥¤¸± §Ò¢ ¥É¸Ö
¢¨¤ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¡µ²ÓÏµ³Ê ¸³¥Ï¨¢ ´¨Õ νµ ¨ ντ

¨ ³ ²Ò³ Ê£² ³ ¤²Ö ¢¸¥Ì ¶¥·¥Ìµ¤µ¢ νe.
‚ ³µ¤¥²¨ ®bi-maximal mixing¯ [106] ¤²Ö ¶µÉµ±µ¢ ¸µ²´¥Î´ÒÌ ¨  É³µ-

¸Ë¥·´ÒÌ ´¥°É·¨´µ ¶·¥¤¶µ² £ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢ ±ÊÊ³´ÒÌ µ¸Í¨²²ÖÍ¨° ¸
³ ±¸¨³ ²Ó´Ò³ ¸³¥Ï¨¢ ´¨¥³. �¤´ ±µ, ± ± ¶µ± § ´µ ¢ · ¡µÉ¥ [107], ¡¨³ ±-
¸¨³ ²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥ ´¥¸É ¡¨²Ó´µ, ¨ µ¡¸Ê¦¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ -
´¨Ö É·¥Ì ²¥£±¨Ì ´¥°É·¨´µ ¸ ¢Ò·µ¦¤¥´´Ò³¨ ³ ¸¸ ³¨. ’ ±µ¥ ¢Ò·µ¦¤¥´¨¥ ³µ-
¦¥É ¡ÒÉÓ ¸²¥¤¸É¢¨¥³ ®see-saw¯-³¥Ì ´¨§³  ¸ ÉÖ¦¥²Ò³¨ ´¥°É·¨´µ, ¨³¥ÕÐ¨³¨
³ ¸¸Ê ∼ 1013 ƒÔ‚, ¨²¨ ´¥¶¥·¥´µ·³¨·Ê¥³µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ´  ³ ¸ÏÉ ¡¥
∼ 105 ƒÔ‚. Œµ¤¥²Ó ¡¥§ ³ ±¸¨³ ²Ó´µ£µ ¸³¥Ï¨¢ ´¨Ö, ¸ ¸¨²Ó´Ò³ ¢Ò·µ¦¤¥´¨¥³
³¥¦¤Ê ¤¢Ê³Ö ¸µ¸ÉµÖ´¨Ö³¨ ³ ¸¸, ¢ ´ ¨¡µ²ÓÏ¥° ¸É¥¶¥´¨ ¸¢Ö§ ´´Ò³¨ ¸ νµ ¨ ντ ,
µ¡¸Ê¦¤ ¥É¸Ö ¢ [108].

ˆ´É¥·¥¸´µ¥ ·¥Ï¥´¨¥ ¶·µ¡²¥³Ò ¢ · ³± Ì É·¥Ì ·µ³ Éµ¢µ° ¸Ì¥³Ò · ¸¸³µ-
É·¥´µ ¢ · ¡µÉ¥ [109]. �¢Éµ·Ò ¶·¥¤¶µ²µ¦¨²¨ ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö Ê ντ

´¥¸É ´¤ ·É´µ£µ ¤¨ £µ´ ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ±¢ ·±µ³, µ¡² ¤ ÕÐ¨³ ¡µ²Ó-
Ïµ° ±µ´¸É ´Éµ° ¸¢Ö§¨. � ¶·¨³¥·, ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ÉÖ¦¥²Ò° ¢¥±Éµ·´Ò°
¡µ§µ´, µ¡Ñ¥¤¨´ÖÕÐ¨° ²¥¶Éµ´Ò Éµ²Ó±µ É·¥ÉÓ¥£µ ¶µ±µ²¥´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥
 ¶¶·µ±¸¨³ Í¨Ö ³ ¸¸µ¢ÒÌ ¸µ¸ÉµÖ´¨° ¢¨¤  ν1 ∼ νe, ν2 ∼ cos θ0νµ + sin θ0ντ ,
ν3 ∼ − sin θ0νµ + cos θ0ντ (Ê£µ² θ0 ´¥ ³ ²) ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¨¥· ·Ì¨¨
m1 ∼ 0, m2 ∼ 10−2 Ô‚, m3 ∼ 0, 5 Ô‚ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ µ¡ÑÖ¸´Ö¥É
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ. � ¡²Õ¤ ¥³Ò¥ LSND ν̄µ → ν̄e-µ¸Í¨²²ÖÍ¨¨
¶·¥¤¶µ²µ¦¨É¥²Ó´µ ¨³¥ÕÉ ∆m2

31 ∼ 0, 25 Ô‚2. �¸Í¨²²ÖÍ¨¨ ¸µ²´¥Î´ÒÌ ´¥°-
É·¨´µ ¶·µ¨¸Ìµ¤ÖÉ ³¥¦¤Ê νe ¨ ν2 ¸ m2 > m1 − ∆m2

21 ∼ 10−4 Ô‚2. ’ ±µ¥
§´ Î¥´¨¥ m2 ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§µ´ ´¸´Ò³ Ê¸¨²¥´¨¥³ ¶·¨ ±µ´¢¥·¸¨¨ ¸µ²´¥Î-
´ÒÌ ´¥°É·¨´µ. �É³µ¸Ë¥·´ Ö  ´µ³ ²¨Ö µ¡ÑÖ¸´Ö¥É¸Ö νµ → ντ -µ¸Í¨²²ÖÍ¨Ö³¨,
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±µÉµ·Ò¥ ¶·µ¨¸Ìµ¤ÖÉ ³¥¦¤Ê Ë¨§¨Î¥¸±¨³¨ ¸µ¸ÉµÖ´¨Ö³¨ ν2 ¨ ν3 ¸ ∆m2
32 ∼

0, 25 Ô‚2. �·¨ ÔÉµ³  ´µ³ ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢²¨Ö¥É ´  ¶·µ¨¸Ìµ¤ÖÐ¨¥ ¢
‡¥³²¥ νµ → ντ -µ¸Í¨²²ÖÍ¨¨ ¨ ¨´¤ÊÍ¨·Ê¥É § ¢¨¸¨³µ¸ÉÓ µÉ §¥´¨É´µ£µ Ê£²  ¢ ¸µ-
µÉ¢¥É¸É¢¨¨ ¸ ·¥§Ê²ÓÉ Éµ³ ®Super-Kamiokande¯. „²Ö ®down-going¯-´¥°É·¨´µ
¶²µÉ´µ¸ÉÓ  É³µ¸Ë¥·Ò ¤²Ö ´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ντ Ä±¢ ·± ¶·¥´¥¡·¥¦¨³µ
³ ² , ¢ µÉ²¨Î¨¥ µÉ ®up-going¯-´¥°É·¨´µ, ¤²Ö ±µÉµ·ÒÌ ¶²µÉ´µ¸ÉÓ ‡¥³²¨ ¸ÊÐ¥-
¸É¢¥´´ . …¸²¨ ÔÉ  ³µ¤¥²Ó ¢¥·´ , Éµ ¶·¨ µ¤´µ³ ∆m2 ∼ 0, 25 Ô‚2 ¤µ²¦´µ ´ -
¡²Õ¤ ÉÓ¸Ö ¤¢¥ µ¡² ¸É¨ ·¥Ï¥´¨° Å sin 2θµe ∼ 0, 036 ¨ sin 2θµτ ∼ 0, 69 [109].

�µ¶ÒÉ±¨ µ¡ÑÖ¸´¨ÉÓ, ¶µÎ¥³Ê ´¥°É·¨´µ ³ ¸¸¨¢´µ, ¨ µ¤´µ¢·¥³¥´´µ ¢µ¥¤¨´µ
¸¢Ö§ ÉÓ ¢¸¥ ´ ¡²Õ¤ ¥³Ò¥ ¤ ´´Ò¥ ¶µ µ¸Í¨²²ÖÍ¨Ö³ ¸¤¥² ´Ò ´  µ¸´µ¢¥ ¸É·Ê´´ÒÌ
®extra dimensions¯-³µ¤¥²¥°, ¢ ±µÉµ·ÒÌ ¤µ¶Ê¸± ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶· ¢ÒÌ
´¥°É·¨´µ ¢ ´¥±µÉµ·µ³ ¤µ¶µ²´¨É¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥´´µ³ ¨§³¥·¥´¨¨ [110].

�¶¨¸ ´¨¥ ¢¸¥Ì ·¥§Ê²ÓÉ Éµ¢ ´¥°É·¨´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¢ ¥¤¨´µ³ Ëµ·-
³ ²¨§³¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨° ¢µ§³µ¦´µ ¶·¨ ¢¢¥¤¥´¨¨ ¸É¥·¨²Ó´µ£µ ³ ¸-
¸¨¢´µ£µ ¸µ¸ÉµÖ´¨Ö Å Ô²¥±É·µ¸² ¡µ£µ ¸¨´£²¥É  νster. � §²¨Î´Ò¥ Î¥ÉÒ·¥Ì ·µ-
³ Éµ¢Ò¥ ³µ¤¥²¨ ¤ ÕÉ · §´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ³µ¤ µ¸Í¨²²ÖÍ¨°, µ¶¨¸Ò¢ Õ-
Ð¨Ì  É³µ¸Ë¥·´ÊÕ  ´µ³ ²¨Õ. �É  ¸¢µ¡µ¤  ¸²¥¤Ê¥É ¨§ ¶²µÌµ° ¤¨¸±·¨³¨´ -
Í¨¨ ³¥¦¤Ê νµ → ντ - ¨ νµ → νster-µ¸Í¨²²ÖÍ¨Ö³¨. ‚ · ¡µÉ¥ [111] ¨§ ¤ ´´ÒÌ
®Super-Kamiokande¯ ¶µ ¨§³¥·¥´¨Õ Ô´¥·£¨¨ ¨ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±-
É·µ´µ¶µ¤µ¡´ÒÌ ¸µ¡ÒÉ¨° ¸· ¢´¨¢ ÕÉ¸Ö ¢¥·µÖÉ´µ¸É¨ νµ → ντ - ¨ νµ → νster-
¶¥·¥Ìµ¤µ¢. �µ± § ´µ, ÎÉµ ¥¸²¨ νµ ¸³¥Ï¨¢ ¥É¸Ö ¸ νster, Éµ ¨§-§  ¢²¨Ö´¨Ö ¢¥Ð¥-
¸É¢  ‡¥³²¨ Ê£²µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ µ¸Í¨²²ÖÍ¨° ¤µ²¦´  ³µ¤¨Ë¨Í¨-
·µ¢ ÉÓ¸Ö, ÎÉµ ¢ ¦´µ ¤²Ö ¸µ¡ÒÉ¨° ¸ Eν/|∆m2| > 103 ƒÔ‚/Ô‚2. Š ± ¶µ± § ´µ
¢ · ¡µÉ¥ [112], ´ ¡²Õ¤ ¥³Ò¥ ¤ ´´Ò¥ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¸Ì¥³µ° µ¸Í¨²²ÖÍ¨µ´-
´ÒÌ ¶¥·¥Ìµ¤µ¢ νe → νster (¸µ²´¥Î´Ò¥), νµ → ντ ( É³µ¸Ë¥·´Ò¥) ¨ νe → νµ

(LSND). �·¨ ÔÉµ³ µ¡´ ·Ê¦¨¢ ¥É¸Ö ¨´É¥·¥¸´µ¥ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ³ ¸¸ ³¨
(∆m2)atm ∼= 2[(∆m2)sun(∆m2)LSND]1/2.

‚ Î¥ÉÒ·¥Ì ·µ³ Éµ¢µ° ³µ¤¥²¨ [113] ¶·¥¤² £ ¥É¸Ö ¸Ì¥³  ¸³¥Ï¨¢ ´¨Ö,
¢±²ÕÎ ÕÐ Ö ± ± ³ ²µ¥, É ± ¨ ³ ±¸¨³ ²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥ ³¥¦¤Ê · §²¨Î´Ò³¨
É¨¶ ³¨ ´¥°É·¨´µ, ´  µ¸´µ¢¥ ±µÉµ·µ° ¸¤¥² ´  ¶µ¶ÒÉ±  ´¥¶·µÉ¨¢µ·¥Î¨¢Ò³
µ¡· §µ³ µ¡ÑÖ¸´¨ÉÓ ¢¥¸Ó ¸¶¥±É· ´ ¡²Õ¤ ¥³ÒÌ ·¥§Ê²ÓÉ Éµ¢.

‚ · ¡µÉ¥ [114] ¶·¥¤¶µ² £ ¥É¸Ö ¤²Ö É·¥Ì  ±É¨¢´ÒÌ ¨ µ¤´µ£µ ¸É¥·¨²Ó´µ£µ
´¥°É·¨´µ É ± Ö ¨¥· ·Ì¨Ö ³ ¸¸, ±µ£¤  ¤¢¥ ¶ ·Ò ¶µÎÉ¨ ¢Ò·µ¦¤¥´´ÒÌ ³ ¸¸µ-
¢ÒÌ ¸µ¸ÉµÖ´¨° · §¤¥²¥´Ò ¶·µ³¥¦ÊÉ±µ³ ∼ 1 Ô‚. ‚µ ¢¸¥Ì · ¸¸³ É·¨¢ ¥³ÒÌ
¢ ·¨ ´É Ì Î¥ÉÒ·¥Ì ·µ³ Éµ¢µ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¶µ¤· §Ê³¥¢ ¥É¸Ö ³ ±¸¨-
³ ²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥ ¶·¨ µ¸Í¨²²ÖÍ¨ÖÌ  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ,   ¤¥Ë¨Í¨É
¸µ²´¥Î´ÒÌ µ¡ÑÖ¸´Ö¥É¸Ö ²¨¡µ ¢ ±ÊÊ³´Ò³¨ µ¸Í¨²²ÖÍ¨Ö³¨, ²¨¡µ ¡µ²ÓÏ¨³¨ ¨²¨
³ ²Ò³¨ Ê£² ³¨ ¢ MSW-·¥Ï¥´¨¨. ‚ ³µ¤¥²¨ [115] ¶·µ¡²¥³  ¸µ²´¥Î´ÒÌ ¨  É³µ-
¸Ë¥·´ÒÌ ´¥°É·¨´µ µ¡ÑÖ¸´Ö¥É¸Ö ¢¢¥¤¥´¨¥³ ³ ±¸¨³ ²Ó´µ£µ ¸³¥Ï¨¢ ´¨Ö ³¥¦¤Ê
µ¡ÒÎ´Ò³ ¨ ¸É¥·¨²Ó´Ò³ ´¥°É·¨´µ.

ˆ¸Ìµ¤Ö ¨§ Éµ£µ, ÎÉµ ¤ ´´Ò¥ ®Super-Kamiokande¯ [74, 91] ¨¸±²ÕÎ ÕÉ ± ±
Î¨¸ÉÒ¥ νµ → νster-µ¸Í¨²²ÖÍ¨¨  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ, É ± ¨ Î¨¸ÉÒ¥
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νe → νster-µ¸Í¨²²ÖÍ¨¨ ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ, ¢ · ¡µÉ¥ [116] ¶·¥¤² £ ¥É¸Ö
4-´¥°É·¨´´ Ö ³µ¤¥²Ó ¸ µ¤´¨³ ³ ¸¸µ¢Ò³ ¸µ¸ÉµÖ´¨¥³, ¤ ²¥±µ µÉ¸ÉµÖÐ¨³ µÉ
¤·Ê£¨Ì, ¨ ¸ ³ ²Ò³ ¸³¥Ï¨¢ ´¨¥³ ¸É¥·¨²Ó´µ£µ ¨  ±É¨¢´ÒÌ ´¥°É·¨´µ, ±µÉµ· Ö
³µ¦¥É ¡ÒÉÓ ¸µ£² ¸µ¢ ´  ¨ ¸ ·¥§Ê²ÓÉ Éµ³ LSND.

ŒÒ Ê¶µ³Ö´Ê²¨ ²¨ÏÓ ´¥±µÉµ·Ò¥ ¨§ É·¥Ì- ¨ Î¥ÉÒ·¥Ì ·µ³ Éµ¢ÒÌ ³µ¤¥-
²¥°, ¢ Éµ° ¨²¨ ¨´µ° ¸É¥¶¥´¨ µ¶¨¸Ò¢ ÕÐ¨Ì ´ ¡²Õ¤ ¥³Ò¥ ¢ Ô±¸¶¥·¨³¥´É Ì
·¥§Ê²ÓÉ ÉÒ. �µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ³µ¤¥²¥° ¥¸ÉÓ ¸²¥¤¸É¢¨¥ ± ± ´¥¤µ¸É ÉµÎ-
´µ° ÉµÎ´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²Ö¥³ÒÌ ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨°, É ±
¨ µÉ´µ¸¨É¥²Ó´µ° ¸¢µ¡µ¤Ò ¢ ±µ´¸É·Ê±Í¨¨ Ë¨§¨±¨ §  ¶·¥¤¥² ³¨ ¸É ´¤ ·É´µ°
³µ¤¥²¨. � ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ ¸Í¥´ ·¨¨ µ¸Í¨²²ÖÍ¨° · ¸¸³µÉ·¥´Ò ¢ É ¡². 2.

Œµ¦´µ ´ ¤¥ÖÉÓ¸Ö, ÎÉµ Ô±¸¶¥·¨³¥´ÉÒ ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ ¶·µ²ÓÕÉ ¸¢¥É
´  ¶·¨·µ¤Ê ³ ¸¸Ò ´¥°É·¨´µ ¨ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°. “¦¥
¸¥£µ¤´Ö ·¥§Ê²ÓÉ É CHOOZ ¶· ±É¨Î¥¸±¨ § ±·Ò² ¸Ì¥³Ò, ¶·¥¤¸± §Ò¢ ÕÐ¨¥
¡µ²ÓÏµ¥ ¸³¥Ï¨¢ ´¨¥ νµ → νe ¤²Ö  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ. —Ê¢¸É¢¨É¥²Ó-
´µ¸ÉÓ Ô±¸¶¥·¨³¥´Éµ¢ MINOS ¨ OPERA ± νµ → νe-¸³¥Ï¨¢ ´¨Õ ¶µ§¢µ²¨É
¶µ¸É ¢¨ÉÓ µ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò µ¸Í¨²²ÖÍ¨° ´¨¦¥ CHOOZ, ÎÉµ µ¡¥¸¶¥-
Î¨É ¤ ²Ó´¥°Ï¥¥ ¸Ê¦¥´¨¥ ¢µ§³µ¦´ÒÌ ³µ¤¥²¥°. ‚ Ô±¸¶¥·¨³¥´É Ì ¸ ¤ ²Ó´¨³¨
´¥°É·¨´µ, ¨³¥ÕÐ¨Ì Ìµ·µÏÊÕ ¨¤¥´É¨Ë¨± Í¨Õ e− ¨ τ -²¥¶Éµ´  (OPERA, Î -
¸É¨Î´µ MINOS), ¢µ§³µ¦´µ ¶·µÖ¸´¨ÉÓ ¸¨ÉÊ Í¨Õ ¸ ¢Ò¡µ·µ³ ³¥¦¤Ê ³µ¤¥²Ö³¨,

’ ¡²¨Í  2. ‘Í¥´ ·¨¨ ¢µ§³µ¦´µ° ¨¥· ·Ì¨¨ ³ ¸¸ ´¥°É·¨´µ ¨ ¶·¥¤¶µ² £ ¥³Ò¥ £¨¶µ-
É¥§Ò µ¸Í¨²²ÖÍ¨° ¤²Ö µ¡ÑÖ¸´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ LSND,   É ±¦¥
¤¥Ë¨Í¨É   É³µ¸Ë¥·´ÒÌ ¨ ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ

�·¥¤¶µ² £ ¥³Ò° ¸¶¥±É· ³ ¸¸ ´¥°É·¨´µ

„¢  ³ ¸ÏÉ ¡  ³ ¸¸: ’·¨ ³ ¸ÏÉ ¡  ³ ¸¸:
�±¸¶¥·¨³¥´É ∆m2

12 ≈ 10−5 ¨²¨ 10−10 Ô‚2; ∆m2
12 ≈ 10−5 ¨²¨ 10−10 Ô‚2;

∆m2
23 ≈ 0, 01 Ô‚2 ∆m2

23 ≈ 10−2 Ô‚2;
∆m2

34 ≈ 1 Ô‚2

LSND �¥ ¸µ£² ¸Ê¥É¸Ö ν̄µ → ν̄e ¸ ∆m2
34

¨ sin2 2θ ∼ 10−2

�É³µ¸Ë¥·´Ò¥ ´¥°É·¨´µ: νµ → ντ c ∆m2
23 νµ → ντ c ∆m2

23 ¨
®Super-Kamiokande¯, ¨ sin2 2θ ∼ 1 sin2 2θ ∼ 1 ¨²¨
®Kamiokande¯, νµ → νster

®Soudan-2¯, IMB

‘µ²´¥Î´Ò¥ ´¥°É·¨´µ: νe → νµ ¨²¨ νe → ντ νe → νµ ¨²¨ νe → νster

®Super-Kamiokande¯,  ) µ¸Í¨²²ÖÍ¨¨ ¢ ¢¥Ð¥¸É¢¥: MSW-·¥Ï¥´¨¥ c
®Kamiokande¯, MSW-·¥Ï¥´¨¥ c ∆m2

12 ∼ 10−5 Ô‚2 ¨²¨
SAGE, ∆m2

12 ∼ 10−5 Ô‚2, ®just-so¯-·¥Ï¥´¨¥ ¸
GALLEX, sin2 2θ ∼ 10−3 ¨²¨ sin2 2θ ∼ 1; ∆m2

12 ∼ 10−10 Ô‚2

®Homestake¯ ¡) ¢ ±ÊÊ³´Ò¥ µ¸Í¨²²ÖÍ¨¨: ¨ sin2 2θ ∼ 1
®just-so¯-·¥Ï¥´¨¥ ¸
∆m2

12 ∼ 10−10 Ô‚2

¨ sin2 2θ ∼ 1
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¶·¥¤¸± §Ò¢ ÕÐ¨³¨ ¡µ²ÓÏµ¥ ¸³¥Ï¨¢ ´¨¥ νµ → νe, νµ → ντ ¨ νµ → νster.
�É¨ Ô±¸¶¥·¨³¥´ÉÒ É ±¦¥ ³µ£ÊÉ µ¡¥¸¶¥Î¨ÉÓ ¶·Ö³µ¥ ¨§³¥·¥´¨¥ ∆m2 ¢¶²µÉÓ ¤µ
§´ Î¥´¨° ∼ 0, 25 Ô‚2, ¶·¥¤¸± §Ò¢ ¥³ÒÌ LSND, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´ ¶·Ö³ÊÕ
¶·µ¢¥·¨ÉÓ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ³µ¤¥²¥° µ¸Í¨²²ÖÍ¨° ¸ ¡µ²ÓÏ¨³¨ ∆m2.

4. Œ…’�„ˆŠ� ˆ‡“—…�ˆŸ �‘–ˆ‹‹Ÿ–ˆ‰ ‘ ˆ‘��‹œ‡�‚��ˆ…Œ
�…‰’�ˆ��›• �“—Š�‚ �’ “‘Š��ˆ’…‹…‰

ˆ¸¸²¥¤µ¢ ´¨Ö µ¸Í¨²²ÖÍ¨° ¢ νµ-¶ÊÎ± Ì ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²Ö ¢ § ¢¨¸¨-
³µ¸É¨ µÉ ³¥Éµ¤¨±¨ ·¥£¨¸É· Í¨¨ ÔËË¥±É  ¨ ¸É·Ê±ÉÊ·Ò ¤¥É¥±Éµ·´µ° É¥Ì´¨±¨
¶µ¤· §¤¥²ÖÕÉ¸Ö ´  Ô±¸¶¥·¨³¥´ÉÒ, ´ ¡²Õ¤ ÕÐ¨¥ Ê¡Ò¢ ´¨¥ ¶¥·¢µ´ Î ²Ó´µ£µ
¶µÉµ±  ³Õµ´´ÒÌ ´¥°É·¨´µ, ´ ¡²Õ¤ ÕÐ¨¥ ¶µÖ¢²¥´¨¥ ´¥°É·¨´µ ¤·Ê£¨Ì  ·µ³ -
Éµ¢ (νe ¨ ντ ),   É ±¦¥ ±µ³¡¨´¨·µ¢ ´´Ò¥, ¸µ¢³¥Ð ÕÐ¨¥ µ¡  Ê± § ´´ÒÌ ³¥Éµ¤ .

ˆ´±²Õ§¨¢´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ Å ´ ¡²Õ¤¥´¨¥ Ê¡Ò¢ ´¨Ö ¶¥·¢µ´ Î ²Ó-
´µ£µ ¶µÉµ±  νµ. ˆ´±²Õ§¨¢´Ò¥ ¨§³¥·¥´¨Ö ÔËË¥±É  ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°
µ¸´µ¢ ´Ò ´  Ô±¸¶¥·¨³¥´É ²Ó´µ³ µ¶·¥¤¥²¥´¨¨ ¢¥·µÖÉ´µ¸É¨ (8) ¨ ¶·¥¤¶µ² £ ÕÉ
¤¥É¥±É¨·µ¢ ´¨¥ ¨§³¥´¥´¨Ö ¶µÉµ±  µ¸´µ¢´µ° ±µ³¶µ´¥´ÉÒ ¶ÊÎ±  (νµ) ¢ § ¢¨-
¸¨³µ¸É¨ µÉ · ¸¸ÉµÖ´¨Ö L ²¨¡µ µÉ Eν . � · ³¥É·Ò µ¸Í¨²²ÖÍ¨° ¨§¢²¥± ÕÉ¸Ö
¨§ ·¥±µ´¸É·Ê¨·Ê¥³µ£µ ¸¶¥±É·  ´¥°É·¨´µ. ’ ±µ° É¨¶ Ô±¸¶¥·¨³¥´Éµ¢ ´ ¨¡µ²¥¥
¶µ¤Ìµ¤¨É ¤²Ö ¨§³¥·¥´¨Ö ¡µ²ÓÏ¨Ì Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö ¨ ∆m2, Ê¤µ¢²¥É¢µ·ÖÕ-
Ð¨Ì Ê¸²µ¢¨Õ (12), ¶·¨ ±µÉµ·µ³ ÔËË¥±É ¢Ò¡Ò¢ ´¨Ö ¶µÉµ±  νµ ³ ±¸¨³ ²¥´. ‚
¨´±²Õ§¨¢´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶·¨³¥´Ö¥É¸Ö ¸É É¨¸É¨Î¥¸±¨°  ´ ²¨§ ´ ±µ¶²¥´-
´ÒÌ νµ-¢§ ¨³µ¤¥°¸É¢¨° ¨ ´¥µ¡Ìµ¤¨³  ³¨´¨³¨§ Í¨Ö ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ -
Í¨°. —Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´Éµ¢ ¤ ´´µ£µ ±² ¸¸  µ£· ´¨Î¨¢ ¥É ¸¨¸É¥³ -
É¨Î¥¸± Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ §´ ´¨¨ ¸¶¥±É·  νµ-¶ÊÎ±  ¨ ¢±² ¤µ¢ ¶·¨³¥¸¥°
(ν̄µ, νe, ντ ). ˆ¸¶µ²Ó§µ¢ ´¨¥ ¡²¨¦´¥£µ ¤¥É¥±Éµ·  Ê³¥´ÓÏ ¥É ¸¨¸É¥³ É¨Î¥¸±ÊÕ
µÏ¨¡±Ê ¤µ Ê·µ¢´Ö 1Ä2 %.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ³¥Éµ¤Ò µ¡´ ·Ê¦¥´¨Ö µ¸Í¨²²ÖÍ¨° ¢ § ¢¨¸¨³µ¸É¨ µÉ
¢µ§³µ¦´µ¸É¥° ¤¥É¥±Éµ·´µ° É¥Ì´¨±¨ ³µ¦´µ · §¤¥²¨ÉÓ ´  µÉ´µ¸¨É¥²Ó´Ò°
‘‘-³¥Éµ¤,  ¡¸µ²ÕÉ´Ò° NC/CC-³¥Éµ¤ ¨ ¸¶¥±É· ²Ó´µ-Ô´¥·£¥É¨Î¥¸±¨°.

‘‘-³¥Éµ¤ É·¥¡Ê¥É ´ ²¨Î¨Ö ¤¢ÊÌ ¤¥É¥±Éµ·µ¢, · ¸¶µ²µ¦¥´´ÒÌ ´  · §´ÒÌ
· ¸¸ÉµÖ´¨ÖÌ µÉ Ê¸±µ·¨É¥²Ö, ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ·¥£¨¸É·¨·Ê¥É νµ-¢§ ¨³µ¤¥°¸É-
¢¨Ö § ·Ö¦¥´´µ£µ Éµ±  (25). �ËË¥±É µ¸Í¨²²ÖÍ¨° ¡Ê¤¥É ¶·µÖ¢²ÖÉÓ¸Ö ¢ Ê³¥´ÓÏ¥-
´¨¨ ¨§³¥·¥´´µ£µ Î¨¸²  NCC νµ-¸µ¡ÒÉ¨° ¢ ¤ ²Ó´¥³ ¤¥É¥±Éµ·¥ ¶µ ¸· ¢´¥´¨Õ
¸ ¡²¨¦´¨³ (¶·¨ ´µ·³¨·µ¢±¥ νµ-¶µÉµ±  ´  ¥¤¨´¨ÍÊ ¶²µÐ ¤¨ ¨ ¢§ ¨³µ¤¥°-
¸É¢¨° Å ´  ¥¤¨´¨ÍÊ ³ ¸¸Ò ¤¥É¥±Éµ· ):

NCC (¡²¨¦´¨° ¤¥É¥±Éµ·)/NCC (¤ ²Ó´¨° ¤¥É¥±Éµ·) ∼=
∼= 1/[1 − P (νµ → νe,τ )]. (40)

…¸É¥¸É¢¥´´µ, ÎÉµ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ µ¸Í¨²²ÖÍ¨° ¢¥·µÖÉ´µ¸ÉÓ P (νµ → νe,τ ) = 0.
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NC/CC-³¥Éµ¤ µ¸´µ¢ ´ ´  ¸¶µ¸µ¡´µ¸É¨ ¤¥É¥±Éµ·  µÉ¤¥²ÖÉÓ ‘‘-¸µ¡ÒÉ¨Ö
(25) ¸ ³Õµ´µ³ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ µÉ NC-¸µ¡ÒÉ¨° (26), ¢ ±µÉµ·ÒÌ ³Õ-
µ´´Ò° É·¥± µÉ¸ÊÉ¸É¢Ê¥É. ’ ± ± ± ‘‘-¸µ¡ÒÉ¨Ö ÎÊ¢¸É¢¨É¥²Ó´Ò,   NC-¸µ¡ÒÉ¨Ö
´¥ÎÊ¢¸É¢¨É¥²Ó´Ò ± µ¸Í¨²²ÖÍ¨µ´´Ò³ ¶¥·¥Ìµ¤ ³, ÔÉµÉ ³¥Éµ¤ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó-
§µ¢ ÉÓ Éµ²Ó±µ ¤ ²Ó´¨° ¤¥É¥±Éµ·. �±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò¥ ¸¥Î¥´¨Ö σCC

¨ σNC (¶·¨ Ê¸·¥¤´¥´¨¨ ¶µ Ô´¥·£¨¨ νµ) ¸µ£² ¸ÊÕÉ¸Ö ¸ µÉ¸ÊÉ¸É¢¨¥³ µ¸Í¨²²ÖÍ¨°
¶·¨ §´ Î¥´¨¨

R = σNC/σCC = 0, 31 ± 0, 01. (41)

‘²¥¤µ¢ É¥²Ó´µ, ¥¸²¨ ¢ Ô±¸¶¥·¨³¥´É¥ ´ ±µ¶²¥´  ¶µ²´ Ö ¸É É¨¸É¨±  ¢ N ´¥°-
É·¨´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° (N = NCC + NNC), Éµ ¢ µÉ¸ÊÉ¸É¢¨e µ¸Í¨²²ÖÍ¨°
Î¨¸²µ § ·¥£¨¸É·¨·µ¢ ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¤µ²¦´µ Ê¤µ¢²¥É¢µ·ÖÉÓ ¸µµÉ´µÏ¥-
´¨Ö³

NCC = N/(1 + R), NNC = NR/(1 + R). (42)

ˆ§³¥·ÖÖ µÉ´µÏ¥´¨¥ Î¨¸²  ¡¥§³Õµ´´ÒÌ ¸µ¡ÒÉ¨° (NC) ± Î¨¸²Ê ¸µ¡ÒÉ¨°, ¸µ-
¤¥·¦ Ð¨Ì ³Õµ´ (CC):

Rexp = N exp
NC /N exp

CC ≈ σexp
NC/σexp

CC (43)

¨ ¸· ¢´¨¢ Ö ¥£µ ¸ µ¦¨¤ ¥³Ò³ ¢ µÉ¸ÊÉ¸É¢¨¥ µ¸Í¨²²ÖÍ¨° §´ Î¥´¨¥³ (41), ³µ¦´µ
µÍ¥´¨ÉÓ ¢¥²¨Î¨´Ê ÔËË¥±É . �·¨ ´ ²¨Î¨¨ µ¸Í¨²²ÖÍ¨° Î¨¸²µ νµ-‘‘-¢§ ¨³µ¤¥°-
¸É¢¨° ¢ ¤¥É¥±Éµ·¥ ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö,   Î¨¸²µ ¡¥§³Õµ´´ÒÌ ¸µ¡ÒÉ¨°,  ¸¸µÍ¨-
¨·Ê¥³ÒÌ ¸ νµ-NC, Å ¢¨§Ê ²Ó´µ Ê¢¥²¨Î¨¢ ÉÓ¸Ö.

„²Ö ¸²ÊÎ Ö µ¸Í¨²²ÖÍ¨° νµ → νe, ¢ ¶·¥¤¶µ²µ¦¥´¨¨ · ¢¥´¸É¢  ¸¥Î¥´¨°
± ± § ·Ö¦¥´´µ£µ (σCC(νµN) = σCC(νeN)), É ± ¨ ´¥°É· ²Ó´µ£µ (σNC(νµN) =
σNC(νeN)) Éµ±µ¢, ¨§³¥·¥´´µ¥ ¢ ¤¥É¥±Éµ·¥ µÉ´µÏ¥´¨¥ (43) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ
¢ ¢¨¤¥

Rexp(νµ → νe) ≈
≈ [(1 − P )σNC + P (σNC + σCC) + ε(σNC + σCC)]/(1 − P )σCC, (44)

£¤¥ P Å ¢¥·µÖÉ´µ¸ÉÓ µ¸Í¨²²ÖÍ¨° νµ → νe,   ε Å ±µÔËË¨Í¨¥´É, Ì · ±É¥·¨§Ê-
ÕÐ¨° ¶·¨³¥¸Ó νe ¢ νµ-¶ÊÎ±¥ (µ¡ÒÎ´µ ε ∼= 0, 01). ‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ¶¥·¢Ò°
Î²¥´ ¢ Î¨¸²¨É¥²¥ ¸¢Ö§ ´ ¸ ¸¥Î¥´¨¥³ σNC µÉ ¢§ ¨³µ¤¥°¸É¢¨° νµ-NC, ¢Éµ·µ° Å
¸ ¡¥§³Õµ´´Ò³¨ ¸µ¡ÒÉ¨Ö³¨ ¢§ ¨³µ¤¥°¸É¢¨° Ô²¥±É·µ´´ÒÌ ´¥°É·¨´µ, ±µÉµ·Ò¥
¢µ§´¨±²¨ ¢ ·¥§Ê²ÓÉ É¥ νµ → νe-µ¸Í¨²²ÖÍ¨°,   ¶µ¸²¥¤´¨° Î²¥´ ¸¢Ö§ ´ ¸ ¶·¨-
³¥¸ÓÕ νe ¢ νµ-¶ÊÎ±¥. �µ² £ Ö µ¦¨¤ ¥³µ¥ ¢ µÉ¸ÊÉ¸É¢¨¥ µ¸Í¨²²ÖÍ¨° §´ Î¥´¨¥
R ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (41), ¨§ (44) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ §´ Î¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ¢ ¢¨¤¥

P (νµ → νe) = [Rexp − R − ε(R + 1)]/(1 + Rexp). (45)
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‚ ¸²ÊÎ ¥ νµ → ντ -µ¸Í¨²²ÖÍ¨°  ´ ²¨§ ¢¥·µÖÉ´µ¸É¨ ´¥¸±µ²Ó±µ Ê¸²µ¦´Ö-
¥É¸Ö. ‚µ-¶¥·¢ÒÌ, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨° σCC(νµN) ¨
σCC(ντN) µÉ Ô´¥·£¨¨ ¢¢¥¤¥´¨¥³ ¢¥²¨Î¨´Ò

η =
∫

Φν(Eν)σντ (Eν)dEν∫
Φν(Eν)σνµ (Eν)dEν

, (46)

§´ Î¥´¨¥ ±µÉµ·µ° µ¶·¥¤¥²Ö¥É¸Ö ´  µ¸´µ¢¥ ¨§¢¥¸É´µ£µ ¨´É¥£· ²Ó´µ£µ ¶µÉµ± ∫
Φν(Eν)dEν ¨ ¢¥²¨Î¨´ ¸¥Î¥´¨°, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 3. „²Ö ´µ¢ÒÌ ´¥°-

É·¨´´ÒÌ ¶ÊÎ±µ¢ Ï¨·µ±µ£µ ¸¶¥±É·  µÉ Ê¸±µ·¨É¥²¥° FNAL ¨ –…�� §´ Î¥´¨¥
η = 0, 24−0, 25 [38, 39]. ‚Éµ· Ö ¶·¨Î¨´  Ê¸²µ¦´¥´¨Ö  ´ ²¨§  νµ → ντ -
µ¸Í¨²²ÖÍ¨° ¸¢Ö§ ´  ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ÊÎ¥É  Ëµ´µ¢µ£µ ¶·µÍ¥¸¸  Å · ¸¶ ¤ 
τ → µ + X , µ¡· §µ¢ ¢Ï¥£µ¸Ö ¢ ·¥ ±Í¨¨ ντ + N → τ + X . ’ ±µ° · ¸¶ ¤
¨³¨É¨·Ê¥É ¢ ¤¥É¥±Éµ·¥ µ¡ÒÎ´ÊÕ CC-·¥ ±Í¨Õ (25). �¸É ²Ó´Ò¥ ³µ¤Ò · ¸¶ ¤ 
τ -²¥¶Éµ´  (τ → e−ν̄eντ ¨ τ → ντ +  ¤·µ´Ò) ¡Ê¤ÊÉ ¢Ò£²Ö¤¥ÉÓ ¢ ¤¥É¥±Éµ·¥ ± ±
¡¥§³Õµ´´Ò¥ NC-¸µ¡ÒÉ¨Ö. �·¨³¥¸Ó ντ ¢ ¶ÊÎ±¥ νµ (∼= 10−5 ÷ 10−7) ³µ¦´µ
´¥ ÊÎ¨ÉÒ¢ ÉÓ. ‚ ¨Éµ£¥  ´ ²µ£¨Î´µ¥ (45) ¢Ò· ¦¥´¨¥ ¤²Ö νµ → ντ -µ¸Í¨²²ÖÍ¨°
¨³¥¥É ¢¨¤

Rexp(νµ → ντ ) =
(1 − P )σNC + PησCC(1 − B) + ε(σNC + σCC)

(1 − P )σCC + PησCCB
, (47)

£¤¥ B Å ¡·¥´Î¨´£ ³µ¤Ò · ¸¶ ¤  τ− → µ−ν̄µντ . ‡¤¥¸Ó, ± ± ¨ ¢ (45),
¶¥p¢Ò° ¨ ¶µ¸²¥¤´¨° Î²¥´Ò ¢ Î¨¸²¨É¥²¥ ¸¢Ö§ ´Ò ¸µµÉ¢¥É¸É¢¥´´µ ¸
νµ-NC-¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ¨ ¶·¨³¥¸ÓÕ νe ¢ ¶ÊÎ±¥ νµ, ¢Éµ·µ° Î²¥´ Å
¸ ντ -NC-¢§ ¨³µ¤¥°¸É¢¨Ö³¨,   É·¥É¨° µ¶·¥¤¥²Ö¥É ¡¥§³Õµ´´Ò¥ (Ô²¥±É·µ´´ÊÕ
¨  ¤·µ´´ÊÕ) ³µ¤Ò · ¸¶ ¤Ò τ -²¥¶Éµ´ . „µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ¢ §´ ³¥´ É¥²¥
¸¢Ö§ ´ ¸ ³µ¤µ° τ → µ + X .

‚¥·µÖÉ´µ¸ÉÓ νµ → ντ -µ¸Í¨²²ÖÍ¨° ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§¢²¥± ¥É¸Ö ¨§ (47):

P (νµ → ντ ) =
Rexp − R − ε(R + 1)

Rexp(1 − ηB) + η(1 − B)
. (48)

Œ¥Éµ¤  ´ ²¨§  Ô´¥·£¥É¨Î¥¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö νµN -‘‘-¸µ¡ÒÉ¨° µ¸´µ-
¢ ´ ´  ¸· ¢´¥´¨¨ ¢µ¸¸É ´µ¢²¥´´ÒÌ ´¥°É·¨´´ÒÌ ¸¶¥±É·µ¢ ¢ ¤¥É¥±Éµ· Ì, · ¸-
¶µ²µ¦¥´´ÒÌ ´  · §´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ Ê¸±µ·¨É¥²Ö. �  Ëµ´¥ £² ¤±µ£µ Ô´¥·-
£¥É¨Î¥¸±µ£µ ¸¶¥±É·  νµN -¢§ ¨³µ¤¥°¸É¢¨° ¢ ¡²¨¦´¥³ ¤¥É¥±Éµ·¥ ¢ ¤ ²Ó´¥³
¤¥É¥±Éµ·¥ (¶·¨ ´ ²¨Î¨¨ µ¸Í¨²²ÖÍ¨°) ¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö Ì · ±É¥·´Ò¥ ¶¨±¨ ¢
Ô´¥·£¥É¨Î¥¸±µ³ · ¸¶·¥¤¥²¥´¨¨. ‚µ§³µ¦´µ¸É¨ ³¥Éµ¤  ³µ¦´µ ¶·µ¤¥³µ´¸É·¨-
·µ¢ ÉÓ, ¨¸Ìµ¤Ö ¨§ (4), ¶·¥µ¡· §ÊÖ ¢¥·µÖÉ´µ¸ÉÓ ¡¥§µ¸Í¨²²ÖÍ¨µ´´µ£µ ¶¥·¥Ìµ¤ 
νµ → νµ ± ¢¨¤Ê

P (νµ → νµ) = 1 − (sin2 2θ)/2 + [sin2 2θ cos (2, 54∆m2L/Eν)]/2. (49)
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�¨¸. 8. �¥£¨¸É· Í¨Ö µ¸Í¨²²ÖÍ¨µ´´µ£µ ¸¨£´ ²  ¶·¨  ´ ²¨§¥ Ô´¥·£¥É¨Î¥¸±µ£µ · ¸-
¶·¥¤¥²¥´¨Ö νµ-‘‘-¸µ¡ÒÉ¨°: a, ¡) Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö νµ-‘‘-¸µ¡ÒÉ¨° ¢
¡²¨¦´¥³ ¤¥É¥±Éµ·¥ (¶·¨ µÉ¸ÊÉ¸É¢¨¨ µ¸Í¨²²ÖÍ¨°) ¨ ¢ ¤ ²Ó´¥³ (¶·¨ L = 730 ±³,
∆m2 = 0, 025 Ô‚2, sin2 2θ = 1); ¢)  ³¶²¨ÉÊ¤Ò ”Ê·Ó¥ ¤²Ö ¡²¨¦´¥£µ (¸¶²µÏ´ Ö
²¨´¨Ö) ¨ ¤ ²Ó´¥£µ (ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö) ¤¥É¥±Éµ·µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ∆m2; £) · §-
´¨Í  ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö · ¸¶·¥¤¥²¥´¨Ö³¨ ∆Z(∆m2) = Zfar(∆m2) − Znear(∆m2)
[36, 117]
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…¸²¨ ¢ ¤¥É¥±Éµ·¥ § ·¥£¨¸É·¨·µ¢ ´µ N ¸µ¡ÒÉ¨° νµ-‘‘-¢§ ¨³µ¤¥°¸É¢¨°, Éµ,
¸²¥¤ÊÖ · ¡µÉ¥ [117], ³µ¦´µ ¢¢¥¸É¨ ¸É É¨¸É¨Î¥¸±ÊÕ ¢¥²¨Î¨´Ê

Z(∆m2) =
1
N

∑
i=1,...,N

cos (2, 54∆m2L/Ei), (50)

±µÉµ· Ö Ö¢²Ö¥É¸Ö Î ¸É¨Î´µ° ¸Ê³³µ° ·Ö¤  ”Ê·Ó¥ ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¨ Ô´¥·-
£¥É¨Î¥¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö dN/dEν . ‚¥²¨Î¨´  Z ³µ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´  ± ±
ËÊ´±Í¨Ö ∆m2 ¤²Ö ¸µ¡ÒÉ¨°, § ·¥£¨¸É·¨·µ¢ ´´ÒÌ ¢ ¡²¨¦´¥³ ¨ ¤ ²Ó´¥³ ¤¥É¥±-
Éµ· Ì. ‘É É¨¸É¨Î¥¸± Ö · §´¨Í  ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö §´ Î¥´¨Ö³¨ Znear(∆m2)
¨ Zfar(∆m2) Ö¢²Ö¥É¸Ö Î¨¸Éµ° ¤¥³µ´¸É· Í¨¥° µ¸Í¨²²ÖÍ¨°, ÎÉµ Ö¢´µ ¢¨¤´µ
´  ·¨¸. 8. �µ²µ¦¥´¨¥ ³ ±¸¨³Ê³  ¢¥²¨Î¨´Ò ∆Z(∆m2) = Zfar(∆m2)−
Znear(∆m2) µ¶·¥¤¥²Ö¥É ∆m2,   ¢Ò¸µÉ  ¸¢Ö§ ´  ¸ sin2 2θ.

„²Ö  ´ ²¨§  Ô´¥·£¥É¨Î¥¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö νµ-‘‘-¸µ¡ÒÉ¨° ´¥µ¡Ìµ¤¨³ 
ÉµÎ´ Ö ·¥±µ´¸É·Ê±Í¨Ö Ô´¥·£¨¨ ´¥°É·¨´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ÎÉµ ¶µ¤· §Ê³¥-
¢ ¥É ´ ²¨Î¨¥ ³Õµ´´µ£µ ¸¶¥±É·µ³¥É·  ¨ ¢Ò¸µ±µ£· ´Ê²¨·µ¢ ´´µ£µ  ¤·µ´´µ£µ
± ²µ·¨³¥É· .

Œ¥Éµ¤ ¨§³¥·¥´¨Ö ¶µÉµ±  · ¢´µ¢¥¸´ÒÌ ³Õµ´µ¢ É·¥¡Ê¥É ´ ²¨Î¨Ö ¤¢ÊÌ ¤¥-
É¥±Éµ·µ¢, · ¸¶µ²µ¦¥´´ÒÌ ´  ¡µ²ÓÏµ° ¶·µ²¥É´µ° ¡ §¥, ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ
µ¡¥¸¶¥Î¨¢ ¥É ´ ¤¥¦´ÊÕ ·¥£¨¸É· Í¨Õ ³Õµ´ , µ¡· §µ¢ ¢Ï¥£µ¸Ö ¢ ¢¥Ð¥¸É¢¥ ¶¥-
·¥¤ ¤¥É¥±Éµ·µ³ ¢ ·¥ ±Í¨¨ (25). �ÉµÉ ³¥Éµ¤ ´ ¨¡µ²¥¥ ÔËË¥±É¨¢¥´ ¶·¨ ¨¸-
¶µ²Ó§µ¢ ´¨¨ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ£µ ´¥°É·¨´´µ£µ ¶ÊÎ± . —¨¸²µ ´¥°É·¨´´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° Nν ¢ ¥¤¨´¨Í¥ ³ ¸¸Ò ¤¥É¥±Éµ·  ¶·µ¶µ·Í¨µ´ ²Ó´µ Ô´¥·£¨¨
¶ÊÎ± :

Nν = NA

∫
dΦν(Eν)

dEν
σCC(Eν)dEν ≈ 〈Eν〉, (51)

  Î¨¸²µ · ¢´µ¢¥¸´ÒÌ ³Õµ´µ¢ ±¢ ¤· É¨Î´µ § ¢¨¸¨É µÉ Eν :

Nµ =
NAσ0

2A

∫
dΦν

dEν
E2

νf(BEν)dEν ≈ 〈E2
ν〉. (52)

‚ ÔÉ¨Ì ¢Ò· ¦¥´¨ÖÌ Φν(Eν) Å ¶µÉµ± ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²Ö; σCC(Eν) =
σ0Eν , σ0 = 0, 67 · 10−38 ƒÔ‚−1 · ¸³2; NA Å Î¨¸²µ �¢µ£ ¤·µ,   ±µÔËË¨Í¨¥´ÉÒ
A ¨ B ¸¢Ö§ ´Ò ¸ Ô´¥·£¥É¨Î¥¸±¨³¨ ¶µÉ¥·Ö³¨ ³Õµ´µ¢ ¢ ¢¥Ð¥¸É¢¥ ¸µµÉ´µÏ¥´¨¥³
dEµ/dx = ρA(1 + BEµ).

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ ¶·µÌµ¦¤¥´¨¨ ¢ ‡¥³²¥ ´¥°É·¨´´Ò³ ¶ÊÎ±µ³ · ¸-
¸ÉµÖ´¨Ö L = 1000 ±³, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ±µ²¨Î¥¸É¢Ê ¢¥Ð¥¸É¢  ≈ 3 · 108 £/¸³2,
¶µ£²µÐ¥´¨¥ ´¥°É·¨´µ ´¥ ¶·¥¢ÒÏ ¥É ¤¥¸ÖÉÒÌ ¤µ²¥° ¶·µÍ¥´É . �µÔÉµ³Ê ¶·¨
¨§³¥·¥´¨¨ ¶µÉµ±µ¢ · ¢´µ¢¥¸´ÒÌ ³Õµ´µ¢ ¢ ¤ ²Ó´¥³ ¨ ¡²¨¦´¥³ ¤¥É¥±Éµ· Ì ¢
µÉ¸ÊÉ¸É¢¨e µ¸Í¨²²ÖÍ¨° ¤µ²¦´  ¸µÌ· ´ÖÉÓ¸Ö § ¢¨¸¨³µ¸ÉÓ ≈ 1/L2. �·¨ ¶·µÎ¨Ì
· ¢´ÒÌ Ê¸²µ¢¨ÖÌ ³¥Éµ¤ ·¥£¨¸É· Í¨¨ ¶µÉµ±µ¢ · ¢´µ¢¥¸´ÒÌ ³Õµ´µ¢ µ¡² ¤ ¥É ¢



1292 �Ÿ��‚ ‚. �.

´¥¸±µ²Ó±µ · § ÌÊ¤Ï¥° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ± ¶ · ³¥É·Ê ∆m2 ¶µ ¸· ¢´¥´¨Õ ¸
CC- ¨ NC/CC-³¥Éµ¤ ³¨.

�±¸±²Õ§¨¢´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ Å ¤¥É¥±É¨·µ¢ ´¨¥ ¶µÖ¢²¥´¨Ö νe ¨ ντ

¢ ¶ÊÎ±¥ νµ. �±¸¶¥·¨³¥´ÉÒ ´  ®¶µÖ¢²¥´¨¥¯ µ¸´µ¢ ´Ò ´  ¸¶µ¸µ¡´µ¸É¨ ¤¥-
É¥±Éµ·µ¢ ·¥£¨¸É·¨·µ¢ ÉÓ ± ± ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·¨´µ µ¸´µ¢´µ£µ ¶ÊÎ±µ¢µ£µ
 ·µ³ É  (νµ), É ± ¨ νe ¨ ντ . �¥£¨¸É· Í¨Ö νe ¨²¨ ντ ¢ ±µ²¨Î¥¸É¢¥, ¶·¥¢ÒÏ Õ-
Ð¥³ Ê·µ¢¥´Ó Ëµ´ , ¡Ê¤¥É ¸¢¨¤¥É¥²Ó¸É¢µ³ µ¸Í¨²²ÖÍ¨° νµ → νe ¨²¨ νµ → ντ .
—Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´Éµ¢ ´  ®¶µÖ¢²¥´¨¥¯ µ£· ´¨Î¥´  Éµ²Ó±µ ´¥µ¶·¥-
¤¥²¥´´µ¸ÉÓÕ ¢±² ¤µ¢ ¢ ¶ÊÎµ± ´¥°É·¨´µ ¤·Ê£¨Ì  ·µ³ Éµ¢.

�µÖ¢²¥´¨¥ νe ¨ ντ ·¥£¨¸É·¨·Ê¥É¸Ö ¶·¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ¢¥Ð¥¸É¢µ³
¤¥É¥±Éµ· -³¨Ï¥´¨ ¶µ ± ´ ²Ê § ·Ö¦¥´´µ£µ Éµ± , ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´¥°É·¨´µ
¤µ²¦´µ ¨³¥ÉÓ ¤µ¸É ÉµÎ´ÊÕ Ô´¥·£¨Õ ¤²Ö ¶·µ¨§¢µ¤¸É¢  ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ²¥¶-
Éµ´ . �´¥·£¨Ö ´¥°É·¨´µ ¢ ¸·¥¤´¥³ ¤¥²¨É¸Ö ¶µ·µ¢´Ê ³¥¦¤Ê ²¥¶Éµ´µ³ ¨  ¤·µ´-
´µ° ¸É·Ê¥°: 〈Ee,µ,τ 〉 ∼= 〈Ehadr〉 ∼= Eν/2. �µ²ÓÏ Ö ³ ¸¸  τ -²¥¶Éµ´  (mτ

∼=
1, 77 ƒÔ‚) µ¡Ê¸² ¢²¨¢ ¥É ¢Ò¸µ±¨° Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£ ¥£µ ·µ¦¤¥´¨Ö Å
Eth

∼= 3, 5 ƒÔ‚, ±µÉµ·Ò° ¶·¨ ·¥£¨¸É· Í¨¨ ³µ¤Ò νµ → ντ ¶·¨¢µ¤¨É ± ´¥µ¡Ìµ-
¤¨³µ¸É¨ ¨³¥ÉÓ ¶ÊÎµ± ¸ Ô´¥·£¨¥° Eν > 3, 5 ƒÔ‚.

Œµ¤  νµ → νe. �µÖ¢²¥´¨¥ Ô²¥±É·µ´´ÒÌ ´¥°É·¨´µ ¢ ¶ÊÎ±¥ ³Õµ´´ÒÌ
³µ¦¥É ·¥£¨¸É·¨·µ¢ ÉÓ¸Ö ´  µ¸´µ¢¥ ¸· ¢´¥´¨Ö ´ ¡²Õ¤ ¥³µ£µ ¢ ¤¥É¥±Éµ·¥ µÉ-
´µÏ¥´¨Ö νe- ¨ νµ-¸µ¡ÒÉ¨° Rexp c · ¸Î¥É´Ò³

Rcalc =
N calc

νe

N calc
νµ

=

=
N0

νe

∫
Pνe→νe(Eν)σνedEν + N0

νµ

∫
Pνµ→νe(Eν)σνedEν

N0
νµ

∫
Pνµ→νµ(Eν)σνµdEν + N0

νe

∫
Pνe→νµ(Eν)σνµdEν

, (53)

£¤¥ N0
i Å ´ Î ²Ó´µ¥ Î¨¸²µ ´¥°É·¨´µ i-£µ  ·µ³ É  (i = e, µ, τ ). ‚ ¸²ÊÎ ¥

¸ÊÐ¥¸É¢µ¢ ´¨Ö νµ → νe-µ¸Í¨²²ÖÍ¨° µÉ´µÏ¥´¨¥ Rexp/Rcalc �= 1.
ˆ¤¥´É¨Ë¨± Í¨Ö Ô²¥±É·µ´µ¶µ¤µ¡´µ£µ ¸µ¡ÒÉ¨Ö ¢ ·¥ ±Í¨¨ νe+N → e−+X

É·¥¡Ê¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¤¥É¥±Éµ·´µ° É¥Ì´¨±¨. ’ ±, ¢ ¤¥É¥±Éµ·¥ ®Super-
Kamiokande¯ µ´  µ¸´µ¢ ´  ´   ´ ²¨§¥ ¸É·Ê±ÉÊ·Ò Î¥·¥´±µ¢¸±µ£µ ±µ²ÓÍ ,  
¢ ± ²µ·¨³¥É· Ì É¨¶  MINOS Å ´  ¨¸¶µ²Ó§µ¢ ´¨¨ · §²¨Î´ÒÌ ±¨´¥³ É¨Î¥-
¸±¨Ì ¨ Éµ¶µ²µ£¨Î¥¸±¨Ì ±·¨É¥·¨¥¢ µÉ¡µ· , ¶µ§¢µ²ÖÕÐ¨Ì ¸ ´¥±µÉµ·µ° ÔËË¥±-
É¨¢´µ¸ÉÓÕ (¸¨²Ó´µ § ¢¨¸ÖÐ¥° µÉ Eν) ¢Ò¤¥²ÖÉÓ νe-‘‘-¸µ¡ÒÉ¨Ö µÉ Ëµ´µ¢ÒÌ
NC-¸µ¡ÒÉ¨°.

Œµ¤  νµ → ντ ¢¢¨¤Ê ³ ²µ¸É¨ ¢±² ¤  ντ ¢ ¶¥·¢µ´ Î ²Ó´Ò° ¶ÊÎµ± ³µ¦¥É
¡ÒÉÓ µ¶·¥¤¥²¥´  µÎ¥´Ó Î¨¸Éµ. —¨¸²µ ντ -¢§ ¨³µ¤¥°¸É¢¨° ¢ ¤¥É¥±Éµ·¥ µ¶·¥¤¥-
²Ö¥É¸Ö Ëµ·³Ê²µ°

Nτ = NAMd

∫
dΦν(Eν)

dEν
Pνµ→ντ (Eν)σντ (Eν)ε(Eν)dEν , (54)

£¤¥ Md Å ³ ¸¸  ¤¥É¥±Éµ· ; ε(Eν) Å ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ τ -²¥¶Éµ´ .
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„²Ö ¨§ÊÎ¥´¨Ö ³µ¤Ò νµ → ντ -µ¸Í¨²²ÖÍ¨° ¨¸¶µ²Ó§Ê¥É¸Ö ¤¢  ³¥Éµ¤  ·¥£¨-
¸É· Í¨¨ ¸µ¡ÒÉ¨° ¸ τ -²¥¶Éµ´µ³, ¢µ§´¨± ÕÐ¨³ ¢ ·¥ ±Í¨¨ ντ + N → τ + X .

�¥·¢Ò° ³¥Éµ¤ ¸¢Ö§ ´ ¸ ¶·Ö³Ò³ ´ ¡²Õ¤¥´¨¥³ ¢ ¤¥É¥±Éµ·¥ · ¸¶ ¤  τ -²¥¶-
Éµ´ . �·¨ Ì · ±É¥·´ÒÌ Ô´¥·£¨ÖÌ ´¥°É·¨´´ÒÌ ¶ÊÎ±µ¢ Eν

∼= 10−30 ƒÔ‚ É¨¶¨Î-
´Ò° ¶·µ¡¥£ τ -²¥¶Éµ´  ¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ¸µÉ¥´ ³¨±·µ´. ‚ 85,5 % ¸²ÊÎ ¥¢
´ ¡²Õ¤ ¥É¸Ö · ¸¶ ¤ ´  µ¤´Ê § ·Ö¦¥´´ÊÕ Î ¸É¨ÍÊ ( ¤·µ´, ³Õµ´ ¨²¨ Ô²¥±É·µ´)
¢ ¸µ¶·µ¢µ¦¤¥´¨¨ ´¥°É· ²µ¢ (ντ , ν̄µντ , ν̄eντ ¨ ± ´ ²Ò π0). ’ ±µ° · ¸¶ ¤ ¨³¥¥É
µÎ¥´Ó ¸¶¥Í¨Ë¨Î¥¸±ÊÕ ¸¨£´ ÉÊ·Ê Å ¨§²µ³ (±¨´±) ´  ¶·Ö³µ³ É·¥±¥. ‚Ò¸µ±ÊÕ
ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ · ¸¶ ¤  τ -²¥¶Éµ´  (∼ 50 %) ³µ¦¥É µ¡¥¸¶¥Î¨ÉÓ
Ö¤¥·´ Ö ËµÉµÔ³Ê²Ó¸¨Ö, ¨³¥ÕÐ Ö · §·¥Ï¥´¨¥ µ±µ²µ 1 ³±³. ”µÉµÔ³Ê²Ó¸¨µ´´ Ö
É¥Ì´¨±  ¤¥É¥±É¨·µ¢ ´¨Ö ´¥°É·¨´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¤¥É¥±Éµ·¥ ¡µ²ÓÏµ£µ
µ¡Ñ¥³  ¡Ò²  Ê¸¶¥Ï´µ µÉ· ¡µÉ ´  ¢ Ô±¸¶¥·¨³¥´É¥ CHORUS ¢ –…�� [70].
�Éµ ¶µ¸²Ê¦¨²µ Éµ²Î±µ³ ¤²Ö · §· ¡µÉ±¨ ± § ¢Ï¨Ì¸Ö · ´¥¥ Ë ´É ¸É¨Î¥¸±¨³¨
¶·µ¥±Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ËµÉµÔ³Ê²Ó¸¨µ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¸ µ¡Ð¥° ³ ¸¸µ°
¡µ²¥¥ 100 É. ’ ±µ¢Ò³ Ö¢²Ö¥É¸Ö Ô±¸¶¥·¨³¥´É OPERA ¢ ƒ· ´-‘ ¸¸µ [40]. ‚
± ²µ·¨³¥É·¨Î¥¸±µ³ Ô±¸¶¥·¨³¥´É¥ MINOS É ±¦¥ · ¸¸³ É·¨¢ ²¸Ö ¢µ¶·µ¸ µ ¸µ-
§¤ ´¨¨ Ô³Ê²Ó¸¨µ´´µ£µ ¤¥É¥±Éµ·  [118].

‚Éµ·µ° ³¥Éµ¤ ¨¤¥´É¨Ë¨± Í¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ντ + N → τ + X Ö¢²Ö-
¥É¸Ö Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨³. �´ ¡Ò² ¶·¥¤²µ¦¥´ ¡µ²¥¥ 30 ²¥É ´ § ¤ ¤²Ö ¨¸-
¶µ²Ó§µ¢ ´¨Ö ¢ ± ²µ·¨³¥É· Ì [119]. ‘ÊÉÓ ³¥Éµ¤  ¸µ¸Éµ¨É ¢ ´ ¡²Õ¤¥´¨¨ ¤¨¸-
¡ ² ´¸  ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ³¥¦¤Ê τ -²¥¶Éµ´µ³ ¨ ¸É·Ê¥°  ¤·µ´µ¢ X
¨ µ¶·¥¤¥²¥´¨¨ ´¥¤µ¸É ÕÐ¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸ , Ê´µ¸¨³µ£µ ¤¢Ê³Ö ´¥°-
É·¨´µ ¢ ¶·µÍ¥¸¸ Ì · ¸¶ ¤  τ → µν̄µντ ¨ τ → eν̄eντ . �ÉµÉ ³¥Éµ¤ Ìµ·µÏµ
§ ·¥±µ³¥´¤µ¢ ² ¸¥¡Ö ¢ Ô±¸¶¥·¨³¥´É¥ NOMAD [71], ¨ ¥£µ ¶·¥¤¶µ² £ ¥É¸Ö ¨¸-
¶µ²Ó§µ¢ ÉÓ ¢ Ô±¸¶¥·¨³¥´É¥ MINOS [37]. ‚ · ¡µÉ¥ [120] ¶·¥¤²µ¦¥´Ò ´µ¢Ò¥
±·¨É¥·¨¨, ¨¸¶µ²Ó§ÊÕÐ¨¥ ±¨´¥³ É¨Î¥¸±¨¥ µ¸µ¡¥´´µ¸É¨ ντN -·¥ ±Í¨¨ ¸ µ¡· -
§µ¢ ´¨¥³ ¨ ¶µ¸²¥¤ÊÕÐ¨³ · ¸¶ ¤µ³ τ ¶µ ²¥¶Éµ´´µ° ³µ¤¥. �µ± § ´µ, ÎÉµ ¶·¨
Ô´¥·£¨ÖÌ NuMI ÔËË¥±É¨¢´µ¸ÉÓ ¢Ò¤¥²¥´¨Ö ´¥°É·¨´´ÒÌ ¸µ¡ÒÉ¨° ¸ τ -²¥¶Éµ´µ³
³µ¦¥É ¤µÌµ¤¨ÉÓ ¤µ 10 %. Š¨´¥³ É¨Î¥¸±µ¥ ¢Ò¤¥²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨° ντN ¸
τ -²¥¶Éµ´µ³, · ¸¶ ¤ ÕÐ¨³¸Ö ¶µ ³µ¤ ³ τ → πντX , ³¥´¥¥ ´ ¤¥¦´µ, É ± ± ±
´¥¤µ¸É ÕÐ¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¢ É ±µ³ · ¸¶ ¤¥ ³¥´ÓÏ¥.

5. �Š‘�…�ˆŒ…�’› �� ˆ‘‘‹…„�‚��ˆ� �…‰’�ˆ��›•
�‘–ˆ‹‹Ÿ–ˆ‰ ‚ “‘Š��ˆ’…‹œ�›• �“—Š�•

„�‹œ�ˆ• �…‰’�ˆ��

�·µ¥±ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²¥°
´ Î ²¨ ¶µÖ¢²ÖÉÓ¸Ö ¢ ±µ´Í¥ 80-Ì £µ¤µ¢. ‡  ¶·µÏ¥¤Ï¥¥ ¢·¥³Ö Ï¨·µ±µ µ¡¸Ê-
¦¤ ²µ¸Ó ¡µ²¥¥ 10 ¶·µ¥±Éµ¢, ¢ ±µÉµ·ÒÌ ¨´É¥´¸¨¢´Ò¥ ´¥°É·¨´´Ò¥ ¶ÊÎ±¨ µÉ
Ê¸±µ·¨É¥²¥° “�Š-I, FNAL, BNL, –…�� ¨ KEK ¶·¥¤² £ ²µ¸Ó ´ ¶· ¢¨ÉÓ ´ 
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· §²¨Î´Ò¥ ¤¥É¥±Éµ·Ò ¸ ¡µ²ÓÏµ° ÎÊ¢¸É¢¨É¥²Ó´µ° ³ ¸¸µ°. �µ · §´Ò³ ¶·¨Î¨´ ³
§´ Î¨É¥²Ó´ Ö ¨Ì Î ¸ÉÓ µ¸É ² ¸Ó ´¥·¥ ²¨§µ¢ ´´µ°.

ˆ¤¥¨ ¸µ§¤ ´¨Ö ¶ÊÎ±µ¢ ¤ ²Ó´¨Ì ´¥°É·¨´µ ¶µ²ÊÎ¨²¨ · §¢¨É¨¥ ¢ ¸¢Ö§¨ ¸
·¥Ï¥´¨¥³ µ ¸µµ·Ê¦¥´¨¨ Ê¸±µ·¨É¥²Ó´µ-´ ±µ¶¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ¢ £. �·µÉ-
¢¨´µ. ‚ · ¡µÉ¥ [121] ¡Ò²¨ ¶·µ ´ ²¨§¨·µ¢ ´Ò ¢µ§³µ¦´µ¸É¨ ¨¸¸²¥¤µ¢ ´¨Ö µ¸-
Í¨²²ÖÍ¨° ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ Ï¨·µ±µ£µ ¨ Ê§±µ£µ ¸¶¥±É·  Ô´¥·£¨° µÉ
“�Š-I, ¶·µÌµ¤ÖÐ¨Ì ¤µ ¤¥É¥±Éµ·µ¢ ¡µ²ÓÏµ£µ µ¡Ñ¥³  · ¸¸ÉµÖ´¨Ö µÉ 1000 ¤µ
12800 ±³. ‡ É¥³ ¡Ò²¨ ¶·¥¤²µ¦¥´Ò ¨ · §· ¡µÉ ´Ò Ô±¸¶¥·¨³¥´ÉÒ, ¢ ±µÉµ·ÒÌ
·¥£¨¸É· Í¨Ö ´¥°É·¨´´µ£µ ¶ÊÎ± , ¸Ëµ·³¨·µ¢ ´´µ£µ ´  “�Š-I, µ¸ÊÐ¥¸É¢²Ö² ¸Ó
¸¨¸É¥³µ° ¤¢ÊÌ ¤¥É¥±Éµ·µ¢. �·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¡²¨¦´¨° ¤¥É¥±Éµ· Ê¸É ´ ¢²¨-
¢ ¥É¸Ö ¢ ±µ´Í¥ ´¥°É·¨´´µ£µ ± ´ ² ,   ¢ ± Î¥¸É¢¥ ¤ ²Ó´¥£µ · ¸¸³ É·¨¢ ²¨¸Ó ¤¥-
É¥±Éµ·Ò ®� °± ²¯ ¨ ICARUS, Ê¤ ²¥´´Ò¥ ¸µµÉ¢¥É¸É¢¥´´µ ´  · ¸¸ÉµÖ´¨Ö 4200
¨ 2200 ±³ µÉ Ê¸±µ·¨É¥²Ö [30Ä32]. � °± ²Ó¸±¨° ¶·µ¥±É ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ
¨³¥² Ê´¨± ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨, É ± ± ± ¶·µ²¥É´µ¥ · ¸¸ÉµÖ´¨¥ ´¥°É·¨´µ ¢ ´¥³
¢ 6 · § ¶·¥¢ÒÏ ²µ ¡ §Ê ¶µ¤£µÉ ¢²¨¢ ¥³ÒÌ ´Ò´¥ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¶ÊÎ± ³¨ µÉ
Ê¸±µ·¨É¥²¥° FNAL ¨ –…��. �¸É ¥É¸Ö ²¨ÏÓ ¸µ¦ ²¥ÉÓ, ÎÉµ ÔÉ¨ ¶·µ¥±ÉÒ µ¸É -
²¨¸Ó ´¥·¥ ²¨§µ¢ ´´Ò³¨.

Šµ´Í¥¶Í¨Ö ¸µ§¤ ´¨Ö ¢o FNAL ¶·µÉµ´´µ£µ Ê¸±µ·¨É¥²Ö MI (Main Injector)
¤²Ö ¶µ²ÊÎ¥´¨Ö ´¥°É·¨´´µ£µ ¶ÊÎ±  NuMI (Neutrino MI) µÎ¥´Ó ¢Ò¸µ±µ° ¨´É¥´-
¸¨¢´µ¸É¨ ¢µ§´¨±²  ¢ 1988 £. [122]. ‚ 1990Ä1991 ££. ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ±µ³¨-
É¥ÉÒ ¨ ¤¥¶ ·É ³¥´ÉÒ ‘˜� ¡Ò²µ ´ ¶· ¢²¥´µ É·¨ ¶·¥¤²µ¦¥´¨Ö µ ¶·µ¢¥¤¥´¨¨
Ô±¸¶¥·¨³¥´Éµ¢ ¸ ´¥°É·¨´´Ò³ ¶ÊÎ±µ³ NuMI: ±µ·µÉ±µ¡ §µ¢µ£µ Ô±¸¶¥·¨³¥´É 
�-803 COSMOS [33] ¨ ¤¢ÊÌ ¤ ²Ó´µ¡ §µ¢ÒÌ Å �-805 ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ¤´µ£µ
Î¥·¥´±µ¢¸±µ£µ ¤¥É¥±Éµ·  IMB ¨ �-822 ¸ ± ²µ·¨³¥É·µ³ ®Soudan-2¯, Ê¤ ²¥´-
´ÒÌ ¸µµÉ¢¥É¸É¢¥´´µ ´  · ¸¸ÉµÖ´¨Ö 570 ¨ 730 ±³ µÉ FNAL [34]. �¥¸±µ²Ó±µ
¶µ§¦¥ ¶µÖ¢¨²µ¸Ó ¶·¥¤²µ¦¥´¨¥ µ ´ ³¥·¥´¨¨ ¶·µ¢¥¤¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ¸ ´¥°-
É·¨´´Ò³ ¶ÊÎ±µ³ µÉ Ê¸±µ·¨É¥²Ö BNL AGS Å Ô±¸¶¥·¨³¥´É …-889 [35]. ‘·¥¤¨
ÔÉ¨Ì ¶·µ¥±Éµ¢ Éµ²Ó±µ Ô±¸¶¥·¨³¥´É �-822 ¶µ²ÊÎ¨² ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥. ‚ É¥-
Î¥´¨¥ ´¥¸±µ²Ó±¨Ì ²¥É µ´ ±µ´Í¥¶ÉÊ ²Ó´µ ¸µ¢¥·Ï¥´¸É¢µ¢ ²¸Ö, ¨ ´  ¥£µ µ¸´µ¢¥
¢ 1995 £. ¢µ§´¨±²µ ¶·¥¤²µ¦¥´¨¥ µ ¸µ§¤ ´¨¨ ¢ ¶µ¤§¥³´µ° Ï ÌÉ¥ ®Soudan¯
´µ¢µ£µ ¤¥É¥±Éµ·  ¸ ¶µ²¥§´µ° ³ ¸¸µ° µ±µ²µ 10 ±É. �ÉµÉ Ô±¸¶¥·¨³¥´É Å
�-875 [36] ¶µ²ÊÎ¨² ´ §¢ ´¨¥ MINOS (Main Injector Neutrino Oscillation Search).
‘¥°Î ¸ MINOS  ±É¨¢´µ · §¢¨¢ ¥É¸Ö ¨ ¤µ²¦¥´ ¡ÒÉÓ £µÉµ¢ ± Ô±¸¶²Ê É Í¨¨ ¢
¶ÊÎ±¥ NuMI ± 2004Ä2005 ££. [37].

…¢·µ¶¥°¸± Ö ¶·µ£· ³³  ¨¸¸²¥¤µ¢ ´¨Ö µ¸Í¨²²ÖÍ¨° ¢ ¶ÊÎ± Ì ¤ ²Ó´¨Ì ´¥°-
É·¨´µ µ·¨¥´É¨·µ¢ ´  ´  Ê¸±µ·¨É¥²Ó –…�� SPS ¨ Ê¤ ²¥´´ÊÕ µÉ ´¥£µ ´  · ¸-
¸ÉµÖ´¨¥ 732 ±³ ¶µ¤§¥³´ÊÕ ² ¡µ· Éµ·¨Õ ƒ· ´-‘ ¸¸µ. ‚ · ³± Ì ÔÉµ° ¶·µ-
£· ³³Ò · ¸¸³ É·¨¢ ²¸Ö ·Ö¤ ¶·µ¥±Éµ¢: OPERA [40], ICARUS [41], NOE [42],
ICANOE [43], AQUARICH [44], NICE [45]. …Ð¥ ´¥¤ ¢´µ µ¤´¨³¨ ¨§ ´ ¨-
¡µ²¥¥ ¶·µ· ¡µÉ ´´ÒÌ ¶·¥¤²µ¦¥´¨° µ ¶·µ¢¥¤¥´¨¨ Ô±¸¶¥·¨³¥´Éµ¢, ¨¸¶µ²Ó-
§ÊÕÐ¨Ì ¶ÊÎµ± ¤ ²Ó´¨Ì ´¥°É·¨´µ µÉ Ê¸±µ·¨É¥²Ö –…��, Ö¢²Ö²¨¸Ó ¶·µ¥±ÉÒ
ICARUS ¨ NOE. ‹¥Éµ³ 1999 £. ±µ²² ¡µ· Í¨¨ ICARUS ¨ NOE ¶·¥¤¸É ¢¨²¨
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µ¡Ñ¥¤¨´¥´´Ò° ¶·µ¥±É Ô±¸¶¥·¨³¥´É  ICANOE (Imaging and Calorimetric Neu-
trino Oscillation Experiment) [43]. ‚ ICANOE ¡Ò²µ ¢µ§³µ¦´µ ¨¸¸²¥¤µ¢ ÉÓ
µ¡² ¸É¨ ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨° ¢ ³µ¤ Ì νµ → νe ¨ νµ → ντ ¤µ §´ Î¥´¨°
∆m2 4 · 10−4 ¨ 1, 3 · 10−3 Ô‚2 ¸µµÉ¢¥É¸É¢¥´´µ ¶·¨ ³ ±¸¨³ ²Ó´µ³ ¸³¥Ï¨¢ -
´¨¨,   ¤²Ö ¡µ²ÓÏ¨Ì ∆m2 Å sin2 2θ < 1, 5 · 10−3 ¨ < 1, 2 · 10−2. �¤´ ±µ
¢ ±µ´Í¥ 2000 £. ¢ ¸¨²Ê · §´ÒÌ ¶·¨Î¨´ £·Ê¶¶  NOE ¢ÒÏ²  ¨§ ±µ²² ¡µ· Í¨¨.
‘¥°Î ¸ £·Ê¶¶  ICARUS/ICANOE (´µ É¥¶¥·Ó ÔÉµ ICARUS Neutrino Oscillation
Experiment) ´ Í¥²¥´  ´  ¨§ÊÎ¥´¨¥ µ¸Í¨²²ÖÍ¨° ¸µ²´¥Î´ÒÌ ¨  É³µ¸Ë¥·´ÒÌ ´¥°-
É·¨´µ,   É ±¦¥ · ¸¶ ¤  ¶·µÉµ´  [97]. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨§ ¢¸¥Ì ¶·µ¥±Éµ¢
–…��Äƒ· ´-‘ ¸¸µ ÊÉ¢¥·¦¤¥´ ¥¤¨´¸É¢¥´´Ò° Ô±¸¶¥·¨³¥´É Å OPERA, ¢ ±µÉµ-
·µ³ ¡Ê¤¥É ¶·µ¢µ¤¨ÉÓ¸Ö ¨§ÊÎ¥´¨¥ µ¸Í¨²²ÖÍ¨° ¢ ´¥°É·¨´´µ³ ¶ÊÎ±¥ ´ Î¨´ Ö ¸
2005 £. [46].

�±¸¶¥·¨³¥´É Š2Š (Š…ŠÄ®Super-Kamiokande¯) ¸É ² ¶¥·¢Ò³ ·¥ ²¨§µ-
¢ ´´Ò³ ¶·µ¥±Éµ³ ¸ ¶ÊÎ±µ³ ¤ ²Ó´¨Ì ´¥°É·¨´µ (¶·µ²¥É´ Ö ¡ §  ´¥°É·¨´µ ¸µ-
¸É ¢²Ö¥É 250 ±³) [47].

„²Ö Ëµ·³¨·µ¢ ´¨Ö ´¥°É·¨´´µ£µ ¶ÊÎ±  ¨¸¶µ²Ó§Ê¥É¸Ö ÏÉ É´Ò° ¶·µÉµ´´Ò°
¶ÊÎµ± Ê¸±µ·¨É¥²Ö Š…Š PS ¸ Ô´¥·£¨¥° 12 ƒÔ‚. �·µÉµ´Ò ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ
6 · 1012 ¢ Í¨±²¥ ¢Ò¢µ¤ÖÉ¸Ö ± ¦¤Ò¥ 2,1 ¸. ”µ±Ê¸¨·µ¢±  ¢Éµ·¨Î´ÒÌ π- ¨ K-³¥-
§µ´µ¢ µÉ ¢§ ¨³µ¤¥°¸É¢¨° ¶·µÉµ´µ¢ ´   ²Õ³¨´¨¥¢µ° ³¨Ï¥´¨ µ¡¥¸¶¥Î¨¢ ¥É¸Ö
¤¢Ê³Ö ³ £´¨É´Ò³¨ £µ·´ ³¨. �  ¢ÒÌµ¤¥ ¨§ · ¸¶ ¤´µ£µ ± ´ ²  ¢Éµ·¨Î´Ò° ¶ÊÎµ±
£ ¸¨É¸Ö ¢  ¤·µ´´µ³ ¶µ£²µÉ¨É¥²¥, ¢ ±µ´Í¥ ±µÉµ·µ£µ · ¸¶µ²µ¦¥´Ò ³Õµ´´Ò¥
± ³¥·Ò. �´¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ± ± ³µ´¨Éµ· ³Õµ´´µ£µ ¶·µË¨²Ö, ¶µ ±µÉµ·µ³Ê
¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö · ¸¶·¥¤¥²¥´¨¥ νµ-¶ÊÎ±  ¢ ¶·µ¸É· ´¸É¢¥. ‘·¥¤´ÖÖ Ô´¥·£¨Ö
´¥°É·¨´´µ£µ ¶ÊÎ±  〈Eν〉 = 1, 4 ƒÔ‚.

„ ²Ó´¨° ¤¥É¥±Éµ· ®Super-Kamiokande¯ Å ¢µ¤´Ò° Î¥·¥´±µ¢¸±¨° ¤¥É¥±Éµ·
¸ ÎÊ¢¸É¢¨É¥²Ó´µ° ³ ¸¸µ° µÉ 22 · 103 É ¤²Ö ´ ¡²Õ¤¥´¨Ö ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ
¤µ 33 ·103 É ¤²Ö ´ ¡²Õ¤¥´¨Ö  É³µ¸Ë¥·´ÒÌ ¨ Ê¸±µ·¨É¥²Ó´ÒÌ ´¥°É·¨´µ. �±µ²µ
1, 1 · 104 ”�“ ®Hamamatsy¯ ¸ ¤¨ ³¥É·µ³ ËµÉµ± Éµ¤  50 ¸³ ¶µ±·Ò¢ ÕÉ (ÔË-
Ë¥±É¨¢´ Ö ¶²µÐ ¤Ó ¶¥·¥±·ÒÉ¨Ö 40 %) ¢´ÊÉ·¥´´ÕÕ ¶µ¢¥·Ì´µ¸ÉÓ ¸É ²Ó´µ£µ
·¥§¥·¢Ê · , ¸µ¤¥·¦ Ð¥£µ µÎ¨Ð¥´´ÊÕ ¢µ¤Ê. ‚ ¤¥É¥±Éµ·¥ ®Super-Kamiokande¯
µÉ ´¥°É·¨´´µ£µ ¶ÊÎ±  KEK ¶·¥¤¶µ² £ ¥É¸Ö ¥¦¥£µ¤´µ ·¥£¨¸É·¨·µ¢ ÉÓ ∼ 400
CC-νµ-¢§ ¨³µ¤¥°¸É¢¨°.

ˆ³¥¥É¸Ö É·¨ ¡²¨¦´¨Ì ¤¥É¥±Éµ· , · ¸¶µ²µ¦¥´´ÒÌ ´  · ¸¸ÉµÖ´¨¨ µ±µ²µ
300 ³ µÉ ³¨Ï¥´¨ ´¥°É·¨´´µ£µ ± ´ ² . �Éµ Î¥·¥´±µ¢¸±¨° ¤¥É¥±Éµ· ¸ ³ ¸¸µ°
1 ±É,  ´ ²µ£¨Î´Ò° ®Super-Kamiokande¯, ¸Í¨´É¨²²ÖÍ¨µ´´µ-Ë¨¡·µ¢Ò° É·¥±¥·
¨ ³Õµ´´Ò° É¥²¥¸±µ¶.

‚ Ô±¸¶¥·¨³¥´É¥ Š2Š ¢µ§³µ¦´µ ¨§ÊÎ¥´¨¥ µ¡² ¸É¨  É³µ¸Ë¥·´µ°  ´µ³ -
²¨¨ ¸ ∆m2 = 10−2−10−3. Œµ¤  µ¸Í¨²²ÖÍ¨° νµ → νe ¨¸¸²¥¤Ê¥É¸Ö ± ± ¶µ
Ê¡Ò¢ ´¨Õ νµ, É ± ¨ ¶µ ¢µ§´¨±´µ¢¥´¨Õ νe. ’ ± ± ± ¸·¥¤´ÖÖ Ô´¥·£¨Ö ´¥°É·¨´-
´µ£µ ¶ÊÎ±  Ê¸±µ·¨É¥²Ö Š…Š ²¥¦¨É ´¨¦¥ ¶µ·µ£  µ¡· §µ¢ ´¨Ö τ -²¥¶Éµ´ , Éµ
± ´ ² µ¸Í¨²²ÖÍ¨° νµ → ντ ¨§ÊÎ ¥É¸Ö Éµ²Ó±µ µÉ´µ¸¨É¥²Ó´Ò³ ³¥Éµ¤µ³ Å ¶·¨
¸· ¢´¥´¨¨ µÉ´µÏ¥´¨Ö ¸Î¥É  νµ-¸µ¡ÒÉ¨° ¢ ¡²¨¦´¥³ ¨ ¤ ²Ó´¥³ ¤¥É¥±Éµ· Ì.
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�¥·¢µ¥ νµ-‘‘-¸µ¡ÒÉ¨¥ ¢ ®Super-Kamiokande¯, ¸¨´Ì·µ´¨§¨·µ¢ ´´µ¥ ¶µ
¢·¥³¥´¨ ¸µ ¸¡·µ¸µ³ ¶·µÉµ´´µ£µ ¶ÊÎ±  Ê¸±µ·¨É¥²Ö Š…Š ´  ³¨Ï¥´Ó ´¥°É·¨´-
´µ£µ ± ´ ² , ¡Ò²µ § ·¥£¨¸É·¨·µ¢ ´µ 19 ¨Õ´Ö 1999 £. �·¨ ¤ ²Ó´¥°Ï¥³ ´ -
¡µ·¥ ¸É É¨¸É¨±¨ ¶µÖ¢¨²¨¸Ó Ö¢´Ò¥ Ê± § ´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ µ¸Í¨²²ÖÍ¨°. ‘
Ê¢¥²¨Î¥´¨¥³ ¸¡·µ¸  ¶·µÉµ´µ¢ ¤µ 2 · 1019 ´ ¡²Õ¤ ²µ¸Ó 17 ¸µ¡ÒÉ¨° ¶·¨ µ¦¨-
¤ ¥³ÒÌ 29,2 ¢ µÉ¸ÊÉ¸É¢¨e µ¸Í¨²²ÖÍ¨° (¨Õ´Ó 2000 £.) [49]. �µ ¶µ¸²¥¤´¨³
¤ ´´Ò³ [123], ´  ¨´É¥£· ²Ó´µ° ¨´É¥´¸¨¢´µ¸É¨ ¢ 2, 6 · 1019 ¶·µÉµ´µ¢ § ·¥£¨-
¸É·¨·µ¢ ´µ 27 νµ-¸µ¡ÒÉ¨°, ¶µ²´µ¸ÉÓÕ ²¥¦ Ð¨Ì ¢ ÎÊ¢¸É¢¨É¥²Ó´µ³ µ¡Ñ¥³¥ ¶·¨
µ¦¨¤ ´¨¨ 40,3. �Éµ ¢ 2σ ¸µ£² ¸Ê¥É¸Ö ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ µ¸Í¨²²ÖÍ¨°.

� ·Ö¤Ê ¸ É¥³, ÎÉµ ´ ¡µ· ¸É É¨¸É¨±¨ ¢ Ô±¸¶¥·¨³¥´É¥ Š2Š ¡Ê¤¥É ¶·µ-
¤µ²¦ ÉÓ¸Ö, ¢ Ÿ¶µ´¨¨ ¶² ´¨·Ê¥É¸Ö ¸µ§¤ ´¨¥ ´µ¢µ°  ¤·µ´´µ° ³ Ï¨´Ò JNF
(Japanese Hadron Facility) ´  · ¸¸ÉµÖ´¨¨ 250 ±³ µÉ ¤¥É¥±Éµ·  ®Super-Kamio-
kande¯. �¥·¢ Ö ¸É ¤¨Ö ¶·µ¥±É  Å ¸µ§¤ ´¨¥ ¶·µÉµ´´ÒÌ ¸¨´Ì·µÉ·µ´µ¢ ´ 
Ô´¥·£¨Õ 3 ¨ 50 ƒÔ‚ Å ¡Ò²  µ¤µ¡·¥´  ¢ ¨Õ²¥ 2000 £. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
Ê¸±µ·¨É¥²Ó´Ò° ±µ³¶²¥±¸ ¡Ê¤¥É ¸µ§¤ ¢ ÉÓ¸Ö ¢ É¥Î¥´¨¥ 10 ²¥É. �·¨ ¨´É¥´-
¸¨¢´µ¸É¨ 1022 ¶·µÉµ´µ¢, ¸¡·µÏ¥´´ÒÌ §  £µ¤ ´  ³¨Ï¥´Ó ´¥°É·¨´´µ£µ ± ´ ² ,
µ¦¨¤ ¥É¸Ö ·¥£¨¸É· Í¨Ö ¸µµÉ¢¥É¸É¢¥´´µ ∼ 12000 ¨ ∼ 3000 ´¥°É·¨´´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ¢ ¶ÊÎ± Ì Ï¨·µ±µ£µ ¨ Ê§±µ£µ ¸¶¥±É·  Ô´¥·£¨°.

�±¸¶¥·¨³¥´É MINOS (FNALÄ®Soudan¯). �¥°É·¨´´Ò° ¶ÊÎµ± µÉ MI
(FNAL) [38] Ëµ·³¨·Ê¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥°
120 ƒÔ‚ ¶µ¸·¥¤¸É¢µ³ ¸É ´¤ ·É´µ° É¥Ì´¨±¨ ·¥§µ´ ´¸´µ£µ ¢Ò¢µ¤  ¢ É¥Î¥´¨e
1 ³¸ ¨´¦¥±É¨·Ê¥É¸Ö ¨§ Ê¸±µ·¨É¥²Ö ± ¦¤Ò¥ 2 ¸. ˆ´É¥´¸¨¢´µ¸ÉÓ µ¤´µ±· É´µ£µ
¢Ò¢µ¤  ¢ 4 ·1013 ¶·µÉµ´µ¢ µ¡¥¸¶¥Î¨¢ ¥É ¨´É¥£· ²Ó´Ò° ¶µÉµ± ∼ 4 ·1020 ¶·µÉµ-
´µ¢, ¸¡· ¸Ò¢ ¥³Ò° ´  ³¨Ï¥´Ó ´¥°É·¨´´µ£µ ± ´ ²  ¥¦¥£µ¤´µ. ‚Ò¢¥¤¥´´Ò° ¨§
Ê¸±µ·¨É¥²Ö ¶ÊÎµ± ¶·µÉµ´µ¢ µÉ±²µ´Ö¥É¸Ö ¢´ÊÉ·Ó ‡¥³²¨ ´  Ê£µ² 3, 3◦ ¨ ¶µ¶ ¤ ¥É
´  Ê£²¥·µ¤´ÊÕ ³¨Ï¥´Ó ³ ²µ£µ ¤¨ ³¥É· , ¤²¨´µ° 160 ¸³.

„²Ö ¶µ²ÊÎ¥´¨Ö ´¥°É·¨´´µ£µ ¶ÊÎ±  Ï¨·µ±µ£µ ¸¶¥±É·  WBB (wide-band
beam) Ëµ±Ê¸¨·ÊÕÐ Ö ¸¨¸É¥³  ¸¶·µ¥±É¨·µ¢ ´  ¨§ É·¥Ì ³ £´¨É´ÒÌ £µ·´µ¢,
µ¶É¨³¨§¨·µ¢ ´´ÒÌ ¤²Ö ¶µ²ÊÎ¥´¨Ö ³ ±¸¨³ ²Ó´µ£µ ´¥°É·¨´´µ£µ ¶µÉµ±  ¢ µ¡² -
¸É¨ Ô´¥·£¨° µÉ 8 ¤µ 25 ƒÔ‚. ‘Ëµ±Ê¸¨·µ¢ ´´Ò° ¶ÊÎµ± π- ¨ K-³¥§µ´µ¢
¶·µÌµ¤¨É Î¥·¥§ · ¸¶ ¤´Ò° ± ´ ² ¤²¨´µ° 800 ³, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ´  ¢Ò-
Ìµ¤¥ ¨³¥¥É¸Ö ´¥°É·¨´´Ò° ¶ÊÎµ± ¸²¥¤ÊÕÐ¥£µ  ·µ³ Éµ¢µ£µ ¸µ¸É ¢ : 98,7 % νµ

(µÉ π±- ¨ K±-· ¸¶ ¤µ¢), 0,85 % ν̄µ (µÉ π−), 0,48 % νe (µÉ µ ¨ K) ¨ 0,02 % ν̄e

(µÉ K0
L).

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥É´Ò¥ ¸¶¥±É·Ò NuMI-¶ÊÎ±µ¢ ¶·¨ · §²¨Î´ÒÌ
Ëµ±Ê¸¨·µ¢± Ì. ‚¨¤´µ, ÎÉµ ¢ ¤ ²Ó´¥³ ¤¥É¥±Éµ·¥ MINOS ¢ É¥Î¥´¨¥ £µ¤  µ¦¨-
¤ ¥É¸Ö ·¥£¨¸É· Í¨Ö µ±µ²µ 3000 νµ-‘‘-¸µ¡ÒÉ¨° ´  1 ±É ³ ¸¸Ò. WBB-¶ÊÎµ±
µ¶É¨³ ²¥´ ¤²Ö ¨§ÊÎ¥´¨Ö µ¸Í¨²²ÖÍ¨°, ¥¸²¨ ∆m2 ∼ 2, 5 ·10−2 Ô‚2. ‘ Ê³¥´ÓÏ¥-
´¨¥³ ∆m2 ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´É  ¶ ¤ ¥É,   ¶·¨ ∆m2 < 5 · 10−3 Ô‚2

¸ É ±¨³ ¶ÊÎ±µ³ ¢µµ¡Ð¥ ´¥¢µ§³µ¦´µ ¨§³¥·¨ÉÓ ¶ · ³¥É·Ò µ¸Í¨²²ÖÍ¨°.
„²Ö ¨¸¸²¥¤µ¢ ´¨Ö ³ ²ÒÌ ∆m2 µ¡¸Ê¦¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö

´¥°É·¨´´µ£µ ¶ÊÎ±  ´¨§±µ° Ô´¥·£¨¨. �¤¨´ ¨§ ¢ ·¨ ´Éµ¢ É ±µ£µ ¶ÊÎ±  ¨³¥¥É
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�¨¸. 9. � ¸Î¥É´Ò¥ ¸¶¥±É·Ò ¶ÊÎ±µ¢ NuMI [38].
‘´¨§Ê ¢¢¥·Ì: c¶²µÏ´ Ö, ÏÉ·¨Ìµ¢ Ö ¨ ÉµÎ¥Î´ Ö
²¨´¨¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ´¥°É·¨´´Ò³ ¶ÊÎ± ³ ´¨§-
±µ°, ¸·¥¤´¥° ¨ ¢Ò¸µ±µ° Ô´¥·£¨¨, ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö ²¨´¨Ö ¸µµÉ¢¥É¸É¢Ê¥É ¨¤¥ ²Ó´µ° Ëµ±Ê-
¸¨·µ¢±¥, ±µ£¤  ¢¸¥ π- ¨ K-³¥§µ´Ò Ëµ±Ê¸¨·Ê-
ÕÉ¸Ö ¢ ´¥· ¸Ìµ¤ÖÐ¨°¸Ö ®± · ´¤ Ï´Ò°¯ ¶ÊÎµ±

¸·¥¤´ÕÕ Ô´¥·£¨Õ 〈Eν〉 = 4, 9 ƒÔ‚
¸ ³ ±¸¨³Ê³µ³ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ±
∆m2 ∼ 8 · 10−3 Ô‚2. �¤´ ±µ
¢ É ±µ³ ¶ÊÎ±¥ Î¨¸²µ ·¥£¨¸É·¨·Ê-
¥³ÒÌ νµ-‘‘-¸µ¡ÒÉ¨° ¸µ¸É ¢²Ö¥É
1/6 µÉ WBB-¶ÊÎ±  (∼ 800 ¸µ-
¡ÒÉ¨°/±É/£µ¤). ’ ±¦¥ ¨¸¸²¥¤Ê-
¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö
¶ÊÎ±  Ê§±µ£µ ¸¶¥±É·  Ô´¥·£¨° Å
NBB (narrow-band beam).

„ ²Ó´¨° ¤¥É¥±Éµ· [37] Ô±¸-
¶¥·¨³¥´É  MINOS ´ Ìµ¤¨É¸Ö ´ 
· ¸¸ÉµÖ´¨¨ 732 ±³ µÉ FNAL ¢
¶µ¤§¥³´µ° ² ¡µ· Éµ·¨¨ ®Soudan¯
´  £²Ê¡¨´¥ 713 ³. �´ ¶·¥¤-
¸É ¢²Ö¥É ¸µ¡µ° 5,4-±É ¸Ô´¤¢¨Î-
± ²µ·¨³¥É·, ¸µ¸ÉµÖÐ¨° ¨§ ¶² -
¸É¨´ ´ ³ £´¨Î¥´´µ£µ ¦¥²¥§ , ¶·µ-
¸²µ¥´´ÒÌ ¶²µ¸±µ¸ÉÖ³¨ ¶² ¸É¨-
Î¥¸±µ£µ ¸Í¨´É¨²²ÖÉµ·  (p¨¸. 10).
Š ²µ·¨³¥É· · §¤¥²¥´ ´  ¤¢  µ¤¨-
´ ±µ¢ÒÌ ¸Ê¶¥·³µ¤Ê²Ö. Š ¦¤Ò°

�¨¸. 10. „ ²Ó´¨° ¤¥É¥±Éµ· MINOS: a) µ¡Ð¨° ¢¨¤ µ¤´µ£µ ¸Ê¶¥·³µ¤Ê²Ö; ¡) ¶µ¶¥·¥Î´µ¥
¸¥Î¥´¨¥ ¤ ²Ó´¥£µ ¤¥É¥±Éµ·  [37]
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¨§ ´¨Ì ¸µ¡· ´ ¨§ 243 µ±É £µ´ ²Ó´ÒÌ ¦¥²¥§´ÒÌ ¶² ¸É¨´ ¸ ¶µ¶¥·¥Î´Ò³ · §³¥-
·µ³ 8 ³ ¨ Éµ²Ð¨´µ° 2,54 ¸³ ¨ É ±µ£µ ¦¥ ±µ²¨Î¥¸É¢  ¶²µ¸±µ¸É¥° ¸Í¨´É¨²-
²ÖÉµ· . ‚¤µ²Ó µ¸¨ ± ¦¤µ£µ ¸Ê¶¥·³µ¤Ê²Ö ¨³¥ÕÉ¸Ö µÉ¢¥·¸É¨Ö, ¢ ±µÉµ·ÒÌ · ¸-
¶µ² £ ÕÉ¸Ö ± ÉÊÏ±¨ Ô²¥±É·µ³ £´¨Éµ¢, ¸µ§¤ ÕÐ¨¥ ¢ ¥£µ µ¡Ñ¥³¥ Éµ·µ¨¤ ²Ó´µ¥
³ £´¨É´µ¥ ¶µ²¥ ´ ¶·Ö¦¥´´µ¸ÉÓÕ 1,5 ’².

Š ¦¤ Ö ¶²µ¸±µ¸ÉÓ ¸Í¨´É¨²²ÖÉµ·  ¸µ¸Éµ¨É ¨§ 192 ¶µ²µ¸ ¤²¨´µ° 8 ³ ¨
Ï¨·¨´µ° 4 ¸³. ‘Í¨´É¨²²ÖÍ¨µ´´Ò¥ ¶µ²µ¸Ò ¨³¥ÕÉ ¢ ¸µ¸¥¤´¨Ì ¶²µ¸±µ¸ÉÖÌ
¢§ ¨³´µ ¶¥·¶¥´¤¨±Ê²Ö·´ÊÕ µ·¨¥´É Í¨Õ. �´¨ ¨§£µÉ ¢²¨¢ ÕÉ¸Ö ¨§ Ô±¸É·Ê-
¤¨·µ¢ ´´µ£µ ¶² ¸É¨Î¥¸±µ£µ ¸Í¨´É¨²²ÖÉµ·  (¶µ²¨¸É¨·µ²Ó´ Ö µ¸´µ¢  ¸ ¤µ¡ ¢-
± ³¨ 1 % PPO ¨ 0,015 % POPOP), ¨³¥ÕÉ ¸¢¥ÉµµÉ· ¦ ÕÐ¨° ¶µ¢¥·Ì´µ¸É´Ò°
TiO2-¸²µ° Éµ²Ð¨´µ° 0,25 ³³ ¨ ± ´ ¢±Ê ¶µ ¢¸¥° ¤²¨´¥ £²Ê¡¨´µ° 1,3 ³³ ¶µ¤
· §³¥· ¢±²¥¨¢ ¥³µ£µ ¢ ´¥¥ WLS-Ë¨¡·  (wave length shifting ˇber). �·¨´Í¨¶
¨¸¶µ²Ó§µ¢ ´¨Ö É ±¨Ì Ë¨¡·µ¢ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ´¥±µÉµ·µ¥ ±µ²¨Î¥¸É¢µ ¨§²Ê-
Î¥´´µ£µ ¢ µ¡Ñ¥³¥ ¸Í¨´É¨²²ÖÉµ·  ¸¢¥É  § Ì¢ ÉÒ¢ ¥É¸Ö Ë¨¡·µ³, ´  ¤·Ê£µ° ¤²¨´¥
¢µ²´Ò ¨§µÉ·µ¶´µ ¶¥·¥¨§²ÊÎ ¥É¸Ö ¨ É· ´¸¶µ·É¨·Ê¥É¸Ö ± ËµÉµ¶·¨¥³´¨± ³, · ¸-
¶µ²µ¦¥´´Ò³ ¸ µ¡¥¨Ì ¸Éµ·µ´ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¶µ²µ¸. �Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö
WLS-Ë¨¡·Ò Bicron BCF-91A ¤¨ ³¥É·µ³ 1 ³³,   ¢ ± Î¥¸É¢¥ ËµÉµ¶·¨¥³´¨±  Å
16-± ´ ²Ó´Ò° ËµÉµÊ³´µ¦¨É¥²Ó Hamamatsy R5900U-00-M16.

„²Ö Ê³¥´ÓÏ¥´¨Ö µ¡Ð¥£µ Î¨¸²  ± ´ ²µ¢ Ô²¥±É·µ´¨±¨ · §· ¡µÉ ´  ¡²µÎ-
´ Ö ¸¨¸É¥³  ²µ£¨Î¥¸±µ° ³Ê²ÓÉ¨¶²¨± Í¨¨ ¸¨£´ ²µ¢. �  ± ¦¤Ò° ¶¨±¸¥²Ó ”�“
¶µ¸ÉÊ¶ ÕÉ ¸¨£´ ²Ò ¸ 8 Ë¨¡·µ¢, ¶·µÉ¨¢µ¶µ²µ¦´Ò¥ ±µ´ÍÒ ±µÉµ·ÒÌ ¢ ¶·µ-
¨§¢µ²Ó´µ³ ¶µ·Ö¤±¥ µ¡Ñ¥¤¨´ÖÕÉ¸Ö ¢ ²µ£¨Î¥¸±¨¥ ³µ¤Ê²¨. ‚ ¤ ´´µ° ¸É·Ê±ÉÊ·¥
¤ ²Ó´¥£µ ¤¥É¥±Éµ·  ¡Ê¤¥É ¨¸¶µ²Ó§µ¢ ´µ 2040 16-± ´ ²Ó´ÒÌ ”�“.

‘Í¨´É¨²²ÖÍ¨µ´´Ò° ¤¥É¥±Éµ· µ¶¨¸ ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¤µ²¦¥´ µ¡¥¸¶¥-
Î¨ÉÓ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ µ±µ²µ 23 %/

√
E ¤²Ö Ô²¥±É·µ³ £´¨É´ÒÌ ²¨¢-

´¥°, 53 %/
√

E ¤²Ö  ¤·µ´´ÒÌ ± ¸± ¤µ¢ (E ¢ ƒÔ‚) ¨ ³¥´¥¥ 12 % ¤²Ö ³Õµ´µ¢ ¢µ
¢¸¥° µ¡² ¸É¨ Ô´¥·£¨° ¶ÊÎ±  NuMI [37].

‚ ¤ ²Ó´¥³ ¤¥É¥±Éµ·¥ MINOS µ¦¨¤ ¥É¸Ö ·¥£¨¸É· Í¨Ö 3000 νµ-‘‘-¸µ¡ÒÉ¨°
´  1 ±É ³ ¸¸Ò ¥¦¥£µ¤´µ. — ¸ÉµÉ  ¸Î¥É  Ëµ´µ¢ÒÌ ¸µ¡ÒÉ¨° µÉ ±µ¸³¨Î¥¸±¨Ì
²ÊÎ¥° ∼ 1 ƒÍ.

�²¨¦´¨° ¤¥É¥±Éµ· [37] · ¸¶µ²µ¦¥´ ´  É¥··¨Éµ·¨¨ FNAL ¢ 290 ³ µÉ
±µ´Í  · ¸¶ ¤´µ£µ ± ´ ²  NuMI ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ê³¥´ÓÏ¥´´Ò°  ´ ²µ£
¤ ²Ó´¥£µ. �´ ¨³¥¥É ¶µ²¥§´ÊÕ ³ ¸¸Ê 1,0 ±É ¨ ¸µ¡¨· ¥É¸Ö ¨§ 280 ¦¥²¥§´ÒÌ
¶² ¸É¨´ ¸ ¶µ¶¥·¥Î´Ò³ · §³¥·µ³ 4, 8 × 3, 8 ³ ¨ Éµ²Ð¨´µ° 2,54 c³. „¨ ³¥É·
´¥°É·¨´´µ£µ ¶ÊÎ±  ¢ ³¥¸É¥ · ¸¶µ²µ¦¥´¨Ö ¡²¨¦´¥£µ ¤¥É¥±Éµ·  Å 1 ³.

Œ¥´ÓÏ¨¥ · §³¥·Ò ¡²¨¦´¥£µ ¤¥É¥±Éµ·  ¶µ§¢µ²ÖÕÉ ¸Î¨ÉÒ¢ ÉÓ ¸¨£´ ²Ò ´¥-
§ ¢¨¸¨³µ ¸ ± ¦¤µ£µ ±µ´Í  ¸Í¨´É¨²²ÖÍ¨µ´´µ° ¶µ²µ¸Ò ¡¥§ ³Ê²ÓÉ¨¶²¨± Í¨¨.
„²Ö ¸Ñ¥³  ¸¨£´ ²µ¢ ¨¸¶µ²Ó§Ê¥É¸Ö 588 16-± ´ ²Ó´ÒÌ ”�“ ¨ É·¥¡Ê¥É¸Ö 9408
Ô²¥±É·µ´´ÒÌ ± ´ ²µ¢ ·¥£¨¸É· Í¨¨.

—¨¸²µ ·¥£¨¸É·¨·Ê¥³ÒÌ νµ-¢§ ¨³µ¤¥°¸É¢¨° ¢ ¡²¨¦´¥³ ¤¥É¥±Éµ·¥ ¸µ¸É ¢¨É
µ±µ²µ 20 ¸µ¡ÒÉ¨° ´  µ¤¨´ ¸¡·µ¸ Ê¸±µ·¨É¥²Ö. �µ²´ Ö § £·Ê§±  ¡²¨¦´¥£µ ¤¥-
É¥±Éµ·  ¢ ¶¥·¥¸Î¥É¥ ´  1 ±É ¶µ²¥§´µ° ³ ¸¸Ò §  £µ¤ ¢ 106 · § ¡µ²ÓÏ¥, Î¥³
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¢ ¤ ²Ó´¥³ ¤¥É¥±Éµ·¥. — ¸ÉµÉ  Ëµ´µ¢ÒÌ ¸µ¡ÒÉ¨° µÉ ¢§ ¨³µ¤¥°¸É¢¨Ö ±µ¸³¨Î¥-
¸±¨Ì ²ÊÎ¥° Å 270 ƒÍ.

Œ¥Éµ¤Ò ¢Ò¤¥²¥´¨Ö ¶µ²¥§´ÒÌ ¸µ¡ÒÉ¨° ¢ MINOS. „¨¸±·¨³¨´ Í¨Ö νµ-CC-
¨ NC-¢§ ¨³µ¤¥°¸É¢¨° ¢ ± ²µ·¨³¥É· Ì MINOS ¶·µ¢µ¤¨É¸Ö ¶µ ¤²¨´¥ ¸µ¡ÒÉ¨Ö.
�´¥·£¥É¨Î¥¸±¨¥ ¶µÉ¥·¨ ¢ ¤¥É¥±Éµ·¥ ¨§ ¦¥²¥§  ¸µ¸É ¢²ÖÕÉ dE/dx ∼ 1, 2 ƒÔ‚/³.
�·¨ ¸·¥¤´¥° Ô´¥·£¨¨ ´¥°É·¨´´µ£µ ¶ÊÎ±  〈Eν〉 = 17 ƒÔ‚ ³Õµ´ ¸ 〈Eµ〉 = 9 ƒÔ‚
¢ ¸·¥¤´¥³ ¶·µÌµ¤¨É 8 ³ ¦¥²¥§ . ‘µ¡ÒÉ¨Ö NC ¸ ¢¨¤¨³µ° Ô´¥·£¨¥° 9 ƒÔ‚ ¨³¥ÕÉ
¶·µ¤µ²Ó´µ¥ · ¸¶·µ¸É· ´¥´¨¥ ³¥´¥¥ 10 Ö¤¥·´ÒÌ ¤²¨´ Å 1,7 ³ Fe. …¸²¨ ³Õµ´
¶·µÌµ¤¨É ¢ ± ²µ·¨³¥É·¥ · ¸¸ÉµÖ´¨¥ µ±µ²µ 1 ³, Éµ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨
ÔËË¥±É¨¢´µ¸ÉÓ ¢Ò¤¥²¥´¨Ö νµ-‘‘ µÉ Ëµ´  νµ-N‘ ³µ¦´µ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ
¢Ò· ¦¥´¨¥³ εCC(Eν) = 1−1, 47/Eν . �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¶·¨ 〈Eν〉 = 17 ƒÔ‚
ÔÉ  ÔËË¥±É¨¢´µ¸ÉÓ ¸µ¸É ¢²Ö¥É ¡µ²¥¥ 90 %.

„²Ö ¢Ò¤¥²¥´¨Ö νe-‘‘-¸µ¡ÒÉ¨°, ¸µ¤¥·¦ Ð¨Ì Ô²¥±É·µ´, ¨¸¶µ²Ó§ÊÕÉ¸Ö É¨-
¶¨Î´Ò¥  ²£µ·¨É³Ò, µ¸´µ¢ ´´Ò¥ ´  Éµ³, ÎÉµ:  ) ¸µ¡ÒÉ¨Ö νe-‘‘ ±µ·µÎ¥, Î¥³
νµ-‘‘; ¡) νe-‘‘ ¡µ²¥¥ ±µ³¶ ±É´Ò, Î¥³ ¸µ¡ÒÉ¨Ö NC, É ± ± ± Ï¨·¨´  Ô²¥±-
É·µ³ £´¨É´µ£µ ²¨¢´Ö ³¥´ÓÏ¥ ¨ µ´ · §¢¨¢ ¥É¸Ö · ´ÓÏ¥, Î¥³  ¤·µ´´Ò° ± ¸± ¤;
¢) νe-‘‘-¸µ¡ÒÉ¨Ö ¨³¥ÕÉ ¡µ²ÓÏ¨° ¢¥¸ ¶µ²´µ£µ ¸¨£´ ² , Éµ£¤  ± ± NC-¸µ¡ÒÉ¨Ö
¸µ¤¥·¦ É ¡µ²ÓÏ¥ ´¥¤µ¸É ÕÐ¥° Ô´¥·£¨¨. �¸´µ¢´µ° Ëµ´ ¢ νe-‘‘-¸µ¡ÒÉ¨ÖÌ ¸µ-
¸É ¢²ÖÕÉ ´¥Ê¶·Ê£¨¥ NC-¸µ¡ÒÉ¨Ö, ¢ ±µÉµ·ÒÌ ¡µ²ÓÏ Ö Î ¸ÉÓ Ô´¥·£¨¨ ¶¥·¥Ï² 
¢ ¥¤¨´¨Î´Ò° π0. �ËË¥±É¨¢´µ¸ÉÓ µÉ¡µ·  νe-‘‘-¸µ¡ÒÉ¨° Å ¸¨²Ó´ Ö ËÊ´±-
Í¨Ö Eν . �·¨ Ô´¥·£¨¨ ´¨¦¥ 2 ƒÔ‚ µ´  · ¢´  ´Ê²Õ,   ³ ±¸¨³Ê³  µ´  ¤µ¸É¨£ ¥É
¶·¨ Eν = 5 ƒÔ‚ (∼ 50 %). �·¨ ¢µ§· ¸É ´¨¨ Ô´¥·£¨¨ Ô²¥±É·µ³ £´¨É´Ò¥ ²¨¢´¨
Ê¤²¨´ÖÕÉ¸Ö ¨ ÔËË¥±É¨¢´µ¸ÉÓ ¶ ¤ ¥É. ‘·¥¤´ÖÖ ÔËË¥±É¨¢´µ¸ÉÓ ¢Ò¤¥²¥´¨Ö
νe-‘‘-¸µ¡ÒÉ¨° ¸µ¸É ¢²Ö¥É µ±µ²µ 26 %.

‚Ò¤¥²¥´¨¥ ντ -¸µ¡ÒÉ¨° ¢µ§³µ¦´µ ´  µ¸´µ¢¥  ´ ²¨§  ±¨´¥³ É¨Î¥¸±¨Ì ¨
Éµ¶µ²µ£¨Î¥¸±¨Ì µ¸µ¡¥´´µ¸É¥° · ¸¶ ¤µ¢ τ -²¥¶Éµ´ . �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸µ-
¢µ±Ê¶´µ¸É¨ · §²¨Î´ÒÌ  ²£µ·¨É³µ¢ µÉ¡µ·  · ¸¶ ¤µ¢ ¶µ ³µ¤ ³ τ → µν̄µντ ,
τ → eν̄eντ ¨ τ → π + X ÔËË¥±É¨¢´µ¸ÉÓ ¢Ò¤¥²¥´¨Ö ²¥¶Éµ´´ÒÌ ³µ¤ ¤µ¸É¨£ ¥É
¢ ¸·¥¤´¥³ 10 %,   ³µ¤Ò τ → π + X Å 2,2 %.

—Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´É  MINOS ± ¶ · ³¥É· ³ νµ → ντ - ¨
νµ → νe-µ¸Í¨²²ÖÍ¨° ¶µ± § ´  ´  ·¨¸. 11. ‚¨¤´µ, ÎÉµ ¨§ NC/CC-É¥¸É  ³µ¦´µ
¶µ²ÊÎ¨ÉÓ µ£· ´¨Î¥´¨Ö ´  ³µ¤Ê νµ → ντ : ∆m2 > 1 · 10−3 Ô‚2 (¶·¨ sin2 2θ =
= 1) ¨ sin2 2θ > 1, 5 · 10−2 ¤²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨° ∆m2. ˆ¤¥´É¨Ë¨± Í¨Ö
ντ -‘‘ ¶µ§¢µ²Ö¥É ¤µ¸É¨ÎÓ ∆m2 > 4 · 10−3 Ô‚2 ¶·¨ sin2 2θ = 1. ’¥¸É ´ 
¶µÖ¢²¥´¨¥ νe ¤ ¥É µ£· ´¨Î¥´¨Ö ´  ³µ¤Ê νµ → νe: ∆m2 > 3 · 10−4 Ô‚2 ¶·¨
sin2 2θ = 1 ¨ sin2 2θ > 2 · 10−3 ¶·¨ ¡µ²ÓÏ¨Ì ∆m2.

”µÉµÔ³Ê²Ó¸¨µ´´Ò° ¤¥É¥±Éµ· ¢ Ô±¸¶¥·¨³¥´É¥ MINOS. ‚ ± ²µ·¨³¥É·¥
MINOS ¨¤¥´É¨Ë¨± Í¨Ö · ¸¶ ¤µ¢ τ -²¥¶Éµ´µ¢ µÉ ¢§ ¨³µ¤¥°¸É¢¨° ντ ¢µ§³µ¦´ 
Éµ²Ó±µ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±¨´¥³ É¨Î¥¸±¨Ì ³¥Éµ¤µ¢, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¥¥ ÔË-
Ë¥±É¨¢´µ¸ÉÓ ´¥¢Ò¸µ± . „²Ö Ê¢¥²¨Î¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ Ô±¸¶¥·¨³¥´É  ± ¢§ -
¨³µ¤¥°¸É¢¨Ö³ ντ ¡Ò²µ ¶·¥¤²µ¦¥´µ ¤µ¶µ²´¨ÉÓ ± ²µ·¨³¥É· ¸¥±Í¨µ´¨·µ¢ ´´Ò³
ËµÉµÔ³Ê²Ó¸¨µ´´Ò³ ¤¥É¥±Éµ·µ³ [118]. …£µ ¡µ²ÓÏÊÕ ¶µ²¥§´ÊÕ ³ ¸¸Ê µ¡¥¸¶¥-
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Î¨¢ ¥É ³¨Ï¥´Ó Å ¸¢¨´Íµ¢Ò¥ ¶² ¸É¨´Ò Éµ²Ð¨´µ° µ±µ²µ 1 ³³, ¢ ±µÉµ·ÒÌ
¶·µ¨¸Ìµ¤¨É µ¸´µ¢´ Ö ¤µ²Ö ν-¢§ ¨³µ¤¥°¸É¢¨°. ‘µ ¸¢¨´Íµ¢Ò³¨ ¶² ¸É¨´ ³¨
Î¥·¥¤ÊÕÉ¸Ö ¸²µ¨ ËµÉµÔ³Ê²Ó¸¨¨, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¶·¥Í¨§¨µ´´ÒÌ ¨§³¥·¥´¨°
Ê£²µ¢ÒÌ Ì · ±É¥·¨¸É¨± É·¥±µ¢ Î ¸É¨Í. �µ²¥¥ ¶µ¤·µ¡´µ ¨¤¥µ²µ£¨Ö ¨¸¶µ²Ó§µ-
¢ ´¨Ö ¸²µ¨¸Éµ° ¸É·Ê±ÉÊ·Ò ËµÉµÔ³Ê²Ó¸¨µ´´µ£µ ¤¥É¥±Éµ·  ¡Ê¤¥É · ¸¸³µÉ·¥´ 
´¨¦¥ ¢ ¸¢Ö§¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ OPERA.

�¨¸. 11. �¡² ¸É¨ ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨° νµ → ντ ( ) ¨ νµ → νe (¡), ¤µ¸ÉÊ¶´Ò¥ ¤²Ö
¨§ÊÎ¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É¥ MINOS (¢´ÊÉ·¨ ±·¨¢ÒÌ). Š·¨¢Ò¥ 1, 2 ¸µµÉ¢¥É¸É¢ÊÕÉ ÎÊ¢-
¸É¢¨É¥²Ó´µ¸É¨ NC/CC-³¥Éµ¤  ¨ ¸· ¢´¥´¨Õ Î¨¸²  νµ-‘‘-¸µ¡ÒÉ¨° ¢ ¡²¨¦´¥³ ¨ ¤ ²Ó´¥³
¤¥É¥±Éµ· Ì; ±·¨¢ Ö 3 Å  ´ ²¨§ Ô´¥·£¥É¨Î¥¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö νµ-‘‘-¸µ¡ÒÉ¨°; 4 Å
É¥¸É ´  ¶µÖ¢²¥´¨¥ Ô²¥±É·µ´µ¢; 5 Å ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ËµÉµÔ³Ê²Ó¸¨¨ [37,118]

�·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¶µ²´ Ö ´ Î ²Ó´ Ö ³ ¸¸  ËµÉµÔ³Ê²Ó¸¨µ´´µ£µ ¤¥É¥±-
Éµ·  ¸µ¸É ¢¨É 100 É,   § É¥³ ¡Ê¤¥É Ê¢¥²¨Î¥´  ¤µ 1000 É. �·¨ ÔÉµ³ ³ ¸¸  Ëµ-
ÉµÔ³Ê²Ó¸¨¨ ¤µ²¦´  ¸µ¸É ¢²ÖÉÓ 10 % µÉ ¶µ²´µ° ³ ¸¸Ò ¤¥É¥±Éµ· . � · ³¥É·Ò
µ¸Í¨²²ÖÍ¨°, ¤µ¸ÉÊ¶´Ò¥ ¤²Ö ¨§ÊÎ¥´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ËµÉµÔ³Ê²Ó¸¨µ´´µ£µ
¤¥É¥±Éµ·  MINOS, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 11.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸É ÉÊ¸ ËµÉµÔ³Ê²Ó¸¨µ´´µ£µ ¤¥É¥±Éµ·  ´¥µ¶·¥¤¥²¥´. „µ
¢¢¥¤¥´¨Ö ¢ ¸É·µ° ± ²µ·¨³¥É·  ¢¸¥ · ¡µÉÒ ¶µ ¥£µ ¸µ§¤ ´¨Õ ¶·¨µ¸É ´µ¢²¥´Ò.

„¥É¥±Éµ·Ò ®Soudan-2¯ ¨ MINOS [37]. „¨ ³¥É· νµ-¶ÊÎ±  µÉ NuMI ¢ ³¥¸É¥
· ¸¶µ²µ¦¥´¨Ö ¤ ²Ó´¥£µ ¤¥É¥±Éµ·  MINOS ¸µ¸É ¢²Ö¥É µ±µ²µ 1 ±³. �µÔÉµ³Ê
¤¥É¥±Éµ· ®Soudan-2¯ [124], ·¥£¨¸É·¨·ÊÕÐ¨° ¶µÉµ±¨  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ
¨ ³Õµ´µ¢ [20], ¨´É¥£·¨·µ¢ ´ ¢ ¶·µ¥±É MINOS ¨ ¶µ²ÊÎ¨² ´ §¢ ´¨¥ THESEUS.



�…‰’�ˆ��›… �‘–ˆ‹‹Ÿ–ˆˆ 1301

„¥É¥±Éµ· ®Soudan-2¯ ¸µ¸Éµ¨É ¨§ 224 ¨¤¥´É¨Î´ÒÌ ³µ¤Ê²¥°, ± ¦¤Ò° ¨§
±µÉµ·ÒÌ ¨³¥¥É · §³¥· 2, 7 × 1, 0 × 1, 1 ³ ¨ ¢¥¸¨É 4,5 É. Œµ¤Ê²Ó ¸µ¡· ´ ¨§
240 £µË·¨·µ¢ ´´ÒÌ ¸É ²Ó´ÒÌ ²¨¸Éµ¢ Éµ²Ð¨´µ° 1,6 ³³, ¢µ ¢¶ ¤¨´Ò ±µÉµ-
·ÒÌ Ê±² ¤Ò¢ ÕÉ¸Ö µ¤´µ³¥É·µ¢Ò¥ ¤·¥°Ëµ¢Ò¥ É·Ê¡±¨, µ¡· §ÊÖ £¥±¸ £µ´ ²Ó´ÊÕ
¸É·Ê±ÉÊ·Ê. ‚ ± ¦¤µ³ ³µ¤Ê²¥ ¨³¥¥É¸Ö 7560 É ±¨Ì ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±. � §³¥·
¢¸¥£µ ¤¥É¥±Éµ·  ®Soudan-2¯ 5, 4 × 8 × 15, 4 ³,   ¢¥¸ Å 963 É.

„µ¶µ²´¥´¨¥ Ô±¸¶¥·¨³¥´É  MINOS ± ²µ·¨³¥É·µ³ ®Soudan-2¯ ¨³¥¥É ¢¥-
¸±¨¥ µ¸´µ¢ ´¨Ö. ‚µ-¶¥·¢ÒÌ, µ´ µ¡¥¸¶¥Î¨É ´¥§ ¢¨¸¨³ÊÕ ¶·µ¢¥·±Ê ¤ ´´ÒÌ ¶µ
µ¡²ÊÎ¥´¨Õ 5,4-±É ¤ ²Ó´¥£µ ¤¥É¥±Éµ· . ‡  µ¤¨´ £µ¤ Ô±¸¶µ§¨Í¨¨ ± ²µ·¨³¥É· 
®Soudan-2¯ ¢ ¶ÊÎ±¥ NuMI ¢ ´¥³ ¡Ê¤¥É § ·¥£¨¸É·¨·µ¢ ´µ µ±µ²µ 4000 νµ-‘‘- ¨
NC-¢§ ¨³µ¤¥°¸É¢¨°, É ± ÎÉµ ¢ µÉ¸ÊÉ¸É¢¨e µ¸Í¨²²ÖÍ¨° ¢¥²¨Î¨´  NCC/Ntot =
0, 314 ± 0, 007. „²Ö ¡µ²ÓÏµ£µ ¸³¥Ï¨¢ ´¨Ö, ±µ£¤  P (νµ → ντ ) ∼= 0, 35
(ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¶ · ³¥É· ³ µ¸Í¨²²ÖÍ¨°, ¶·¥¤¸± §Ò¢ ¥³ÒÌ ®Super-Kamio-
kande¯ [23]), ÔÉ  ¢¥²¨Î¨´  ¸µ¸É ¢¨É NCC/Ntot = 0, 264 ± 0, 008. ‘²¥¤µ¢ -
É¥²Ó´µ, ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢ É¥Î¥´¨¥ £µ¤  ¡Ê¤¥É µ¡´ ·Ê¦¥´ ¸¨£´ ², ¸É É¨¸É¨Î¥-
¸±¨ ¶·¥¢ÒÏ ÕÐ¨° 6σ. ‚µ-¢Éµ·ÒÌ, ¸ÊÐ¥¸É¢¥´´µ ²ÊÎÏ Ö £· ´Ê²¨·µ¢ ´´µ¸ÉÓ
(1,6 ³³ Fe ¶µ ¸· ¢´¥´¨Õ ¸ 2,4 ¸³ ¢ MINOS) ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¡µ²¥¥ ÔË-
Ë¥±É¨¢´µ ¨§³¥·ÖÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·¨´µ ´¨§±¨Ì Ô´¥·£¨° (∼ 1 ƒÔ‚) [20].
� ±µ´¥Í, É ± Ö ¸É·Ê±ÉÊ·  ¤¥É¥±Éµ·  ¶µ§¢µ²¨É ´ ¡²Õ¤ ÉÓ ±¢ §¨Ê¶·Ê£¨¥ ¸µ¡Ò-
É¨Ö ντ , ¸µ¶·µ¢µ¦¤ ¥³Ò¥ · ¸¶ ¤ ³¨ τ → µν̄µντ , τ → eν̄eντ (¶µ Ì · ±É¥·´µ°
¸¨£´ ÉÊ·¥ Å ¨¤¥´É¨Ë¨± Í¨¨ ¶·µÉµ´  ¶·¨ µ¤´µ¢·¥³¥´´µ° ·¥£¨¸É· Í¨¨ ³Õ-
µ´  ¨²¨ Ô²¥±É·µ³ £´¨É´µ£µ ± ¸± ¤  ¨ ´ ²¨Î¨Õ ´¥¤µ¸É ÕÐ¥£µ ¶µ¶¥·¥Î´µ£µ
¨³¶Ê²Ó¸ ), ÎÉµ ¢¥¸Ó³  ¶·µ¡²¥³ É¨Î´µ ¢ ± ²µ·¨³¥É·¥ MINOS.

�±¸¶¥·¨³¥´É OPERA (–…��Äƒ· ´-‘ ¸¸µ). �¥°É·¨´´Ò° ¶ÊÎµ±
CNGS [39]. � Î¨´ Ö ¸ 1976 £. ¶ÊÎµ± ´¥°É·¨´µ ¢Ò¸µ±¨Ì Ô´¥·£¨° µÉ Ê¸±µ-
·¨É¥²Ö –…�� SPS ¸ Ô´¥·£¨¥° ¶·µÉµ´µ¢ 450 ƒÔ‚ ¨¸¶µ²Ó§µ¢ ²¸Ö ¢ · §²¨Î´ÒÌ
Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´É Ì. �µ¸²¥¤´ÖÖ ³µ¤¥·´¨§ Í¨Ö ¶ÊÎ±  ¡Ò²  ¶·µ¢¥¤¥´ 
¢ 1992 £. ¢µ ¢·¥³Ö ¶µ¤£µÉµ¢±¨ Ô±¸¶¥·¨³¥´Éµ¢ CHORUS ¨ NOMAD. „²Ö ´ -
¶· ¢²¥´¨Ö ¶ÊÎ±  ¢ ¸Éµ·µ´Ê ƒ· ´-‘ ¸¸µ É·¥¡Ê¥É¸Ö §´ Î¨É¥²Ó´ Ö ·¥±µ´¸É·Ê±Í¨Ö
¥£µ ±µ³¶µ´¥´Éµ¢.

�·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¸¨¸É¥³  ¡Ò¸É·µ£µ ¢Ò¢µ¤  ¶·µÉµ´´µ£µ ¶ÊÎ±  ¨§ SPS
µ¡¥¸¶¥Î¨É ¥¦¥£µ¤´Ò° ¨´É¥£· ²Ó´Ò° ¸¡·µ¸ ´  ³¨Ï¥´Ó ´¥°É·¨´´µ£µ ± ´ ² 
µ±µ²µ 3 · 1019 ¶·µÉµ´µ¢. „²¨´  ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¤µ
£· Ë¨Éµ¢µ° ³¨Ï¥´¨ ¸µ¸É ¢¨É 830 ³. „²Ö Ëµ·³¨·µ¢ ´¨Ö ´¥°É·¨´´µ£µ ¶ÊÎ± 
Ï¨·µ±µ£µ ¸¶¥±É·  Ô´¥·£¨° Ëµ±Ê¸¨·µ¢±  ¢Éµ·¨Î´ÒÌ π- ¨ K-³¥§µ´µ¢ ¡Ê¤¥É
µ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö ¤¢ÊÌ¸É ¤¨°´µ Å ³ £´¨É´Ò³¨ £µ·´µ³ ¨ ·¥Ë²¥±Éµ·µ³. �  ¢Ò-
Ìµ¤¥ ¨§ · ¸¶ ¤´µ£µ ± ´ ²  ¤²¨´µ° 1000 ³ ¡Ê¤¥É ¶µ¸É·µ¥´ ¦¥²¥§´Ò°  ¤·µ´´Ò°
¶µ£²µÉ¨É¥²Ó · §³¥·µ³ 18 × 4 × 4 ³. ˆ´É¥´¸¨¢´µ¸ÉÓ ¨ ¶·µË¨²Ó νµ-¶ÊÎ±  ¢µ¸-
¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ ¨§³¥·¥´¨¨ ¨´É¥´¸¨¢´µ¸É¨ ¨ ¶·µË¨²Ö µ-¶µÉµ±  ¸¨¸É¥³µ°
±·¥³´¨¥¢ÒÌ ¤¥É¥±Éµ·µ¢.

� ¸Î¥É´Ò° ¸¶¥±É· νµ-¶ÊÎ±  ¨ ¸¶¥±É· νµ-CC-¢§ ¨³µ¤¥°¸É¢¨° ´  ¤¥É¥±Éµ-
· Ì ¢ ƒ· ´-‘ ¸¸µ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 12. ‘·¥¤´ÖÖ Ô´¥·£¨Ö ¶ÊÎ±  ¸µ¸É ¢²Ö¥É
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�¨¸. 12. �µÉµ± νµ (a) ¨ Î¨¸²µ νµ-‘‘-¸µ¡ÒÉ¨° (¡) ´  ¤¥É¥±Éµ· Ì ¢ ƒ· ´-‘ ¸¸µ [39]

〈Eν〉 = 25 ƒÔ‚. —¨¸²µ νµ-‘‘-¢§ ¨³µ¤¥°¸É¢¨°, ¶·µ¨§µÏ¥¤Ï¨Ì ¢ 1 ±É ³ ¸¸Ò
¤¥É¥±Éµ·  ´  ± ¦¤Ò° ¸¡·µÏ¥´´Ò° ´  ³¨Ï¥´Ó ¶·µÉµ´, ¸µ¸É ¢¨É 5, 44 · 10−17.
‚±² ¤ ¢ νµ-¶ÊÎµ± ´¥°É·¨´µ ¤·Ê£¨Ì É¨¶µ¢ ´¥ ¶·¥¢ÒÏ ¥É ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨°:
νe/νµ = 0, 8%, ν̄µ/νµ = 2, 0 %, ν̄e/νµ = 0, 05%.

„¥É¥±Éµ· OPERA [46]. OPERA Å ËµÉµÔ³Ê²Ó¸¨µ´´Ò° Ô±¸¶¥·¨³¥´É ´ 
®¶µÖ¢²¥´¨¥¯, ¢ ±µÉµ·µ³ µ¸Í¨²²ÖÍ¨¨ νµ → ντ ¡Ê¤ÊÉ ¨§ÊÎ ÉÓ¸Ö ¶ÊÉ¥³ ¶·Ö³µ£µ
´ ¡²Õ¤¥´¨Ö · ¸¶ ¤µ¢ τ -²¥¶Éµ´µ¢, µ¡· §µ¢ ´´ÒÌ ¢ ντ -‘‘-¢§ ¨³µ¤¥°¸É¢¨ÖÌ
[40, 46]. �·¥¤¶µ² £ ¥É¸Ö ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ ³µ¤Ò · ¸¶ ¤µ¢ τ -²¥¶Éµ´µ¢, ¸µ-
¤¥·¦ Ð¨¥ µ¤´Ê § ·Ö¦¥´´ÊÕ Î ¸É¨ÍÊ:

τ− → h−ντ (nπ0), τ− → µ−ντ ν̄µ, τ− → e−ντ ν̄e.

‡´ Î¨É¥²Ó´Ò° ¶ ·Í¨ ²Ó´Ò° ¢ÒÌµ¤ ÔÉ¨Ì ± ´ ²µ¢ Å 49,5, 17,7 ¨ 17,8 %
¸µµÉ¢¥É¸É¢¥´´µ ¤²Ö  ¤·µ´´µ°, ³Õµ´´µ° ¨ Ô²¥±É·µ´´µ° ³µ¤Ò,   É ±¦¥ ´¨§±¨°
Ê·µ¢¥´Ó Ëµ´µ¢ÒÌ ¶·µÍ¥¸¸µ¢, ¨³¨É¨·ÊÕÐ¨Ì ÔÉ¨ · ¸¶ ¤Ò, £ · ´É¨·Ê¥É ¢Ò¸µ-
±ÊÕ ´ ¤¥¦´µ¸ÉÓ ·¥£¨¸É· Í¨¨ µ¸Í¨²²ÖÍ¨° νµ → ντ . OPERA É ±¦¥ ÎÊ¢¸É¢¨-
É¥²¥´ ± µ¸Í¨²²ÖÍ¨Ö³ νµ → νe, ÎÉµ ¶µ§¢µ²¨É ¨¸¸²¥¤µ¢ ÉÓ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ
¸³¥Ï¨¢ ´¨Ö ´  µ¸´µ¢¥ É·¥Ì ·µ³ Éµ¢µ£µ  ´ ²¨§ .

‚ Ô±¸¶¥·¨³¥´É¥ OPERA ¡²¨¦´¨° ¤¥É¥±Éµ· µÉ¸ÊÉ¸É¢Ê¥É ¨ ¡Ê¤¥É ¨¸¶µ²Ó-
§µ¢ ´ Éµ²Ó±µ ¤ ²Ó´¨°. �Éµ ¸¢¨´Íµ¢µ-ËµÉµÔ³Ê²Ó¸¨µ´´Ò° ¤¥É¥±Éµ· ³µ¤Ê²Ó´µ°
±µ´¸É·Ê±Í¨¨ ¸ ¶µ²¥§´µ° ³ ¸¸µ°, ¤µÌµ¤ÖÐ¥° ¤µ 2 ±É, ¨§ ±µÉµ·µ° ³ ¸¸  ËµÉµ-
Ô³Ê²Ó¸¨¨ ¸µ¸É ¢²Ö¥É µ±µ²µ 100 É, ÎÉµ ´¥ ¨³¥¥É  ´ ²µ£µ¢ ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ°
Ë¨§¨±¥. ‘É·Ê±ÉÊ·  ¥¤¨´¨Î´µ£µ Ô²¥³¥´É -¡²µ±  µ¶·¥¤¥²Ö¥É¸Ö ¸·¥¤´¥° ¤²¨´µ°
¶·µ¡¥£  τ -²¥¶Éµ´ , ±µÉµ· Ö ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·¨´´µ£µ ¶ÊÎ±  CNGS ¸µ¸É -
¢²Ö¥É µ±µ²µ 1 ³³. �  ·¨¸. 13 ¶µ± § ´  ±µ´Ë¨£Ê· Í¨Ö ¡²µ± : ¸²µ¨ Ö¤¥·´µ°
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�¨¸. 13. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ËµÉµÔ³Ê²Ó¸¨µ´´µ£µ ¡²µ±  ¢ ¤¥É¥±Éµ·¥ OPERA [46]

ËµÉµÔ³Ê²Ó¸¨¨ Éµ²Ð¨´µ° 50 ³±³, ¶µ²¨Éµ° ¸ ¤¢ÊÌ ¸Éµ·µ´ ´  200-³±³ ¶² -
¸É¨±µ¢ÊÕ µ¸´µ¢Ê, Î¥·¥¤ÊÕÉ¸Ö ¸ 1-³³ ¸¢¨´Íµ¢Ò³¨ ¶² ¸É¨´ ³¨. Šµµ·¤¨´ ÉÒ
É· ¥±Éµ·¨¨ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ´  £· ´¨Í¥ Ô³Ê²Ó¸¨¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¢Ò¸µ-
±µ° ÉµÎ´µ¸ÉÓÕ (0,1Ä0,2 ³±³), ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö Ê£²µ¢ ´¥
ÌÊ¦¥ 5Ä8 ³· ¤. …¸²¨ ντ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¢ ± ±µ°-²¨¡µ ¨§ ¸¢¨´Íµ¢ÒÌ ¶² ¸É¨´,
Éµ ¸ ´ ¨¡µ²ÓÏ¥° ¢¥·µÖÉ´µ¸ÉÓÕ · ¸¶ ¤ τ -²¥¶Éµ´  ¶·µ¨§µ°¤¥É ¢ ¸²¥¤ÊÕÐ¥°
§  ´¥° ¶² ¸É¨´¥ ¸¢¨´Í . �·¨ ¶·µ¸²¥¦¨¢ ´¨¨ É·¥±µ¢ ¢ Ô³Ê²Ó¸¨µ´´ÒÌ ¸²µÖÌ,
¶·¨²¥£ ÕÐ¨Ì ± ÔÉµ° ¶² ¸É¨´¥, ´  µ¤´µ³ ¨§ ´¨Ì ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ¸Ö ¨§²µ³.
Š ¦¤Ò° ¡²µ± É ±µ° ±µ´Ë¨£Ê· Í¨¨ ¨³¥¥É ¶µ¶¥·¥Î´Ò° · §³¥· 10, 2× 12, 7 ¸³,
¢¥¸ 8,3 ±£ (7,9 ±£ Å ¸¢¨´¥Í ¨ 0,4 ±£ Å Ô³Ê²Ó¸¨Ö) ¨ ¸µ¤¥·¦¨É 56 ¸¢¨´Íµ-
¢ÒÌ ¶² ¸É¨´ ¨ 58 ¶² ¸É¨´ ¸ ¤¢ÊÌ¸Éµ·µ´´¥° ËµÉµÔ³Ê²Ó¸¨¥°, ÎÉµ ¶·¨ Éµ²Ð¨´¥
7,5 ¸³ ¸µµÉ¢¥É¸É¢Ê¥É 10X0.

‘É¥´± , ¸µ¡· ´´ Ö ¨§ 3264 ¡²µ±µ¢, ¨ ¶·¨²¥£ ÕÐ¨¥ ± ´¥° ¤¢¥ ¢§ ¨³´µ
¶¥·¶¥´¤¨±Ê²Ö·´Ò¥ ¶²µ¸±µ¸É¨ ¸Í¨´É¨²²ÖÉµ·µ¢ ¸µ¸É ¢²ÖÕÉ ³µ¤Ê²Ó ¤¥É¥±Éµ· .
…£µ ¶µ¶¥·¥Î´Ò¥ · §³¥·Ò 6,75 ³,   Éµ²Ð¨´  12 ¸³. ‘ ¶µ³µÐÓÕ ¸Í¨´É¨²²ÖÍ¨-
µ´´ÒÌ ¶²µ¸±µ¸É¥° ¢Ò· ¡ ÉÒ¢ ¥É¸Ö É·¨££¥·´Ò° ¸¨£´ ², ¨ ¢ ¸É¥´±¥ ²µ± ²¨§Ê-
¥É¸Ö ËµÉµÔ³Ê²Ó¸¨µ´´Ò° ¡²µ±, ¢ ±µÉµ·µ³ ¶·µ¨§µÏ²µ ´¥°É·¨´´µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥. ’ ±µ° ¡²µ± ¨§Ò³ ¥É¸Ö ¨§ ¸É¥´±¨, ¸µ¤¥·¦ Ð Ö¸Ö ¢ ´¥³ ËµÉµÔ³Ê²Ó¸¨Ö
¶·µÖ¢²Ö¥É¸Ö ¨ ¸± ´¨·Ê¥É¸Ö,   ´  ¥£µ ³¥¸Éµ Ê¸É ´ ¢²¨¢ ¥É¸Ö ´µ¢Ò°. ‘Í¨´É¨²-
²ÖÍ¨µ´´ Ö ¶²µ¸±µ¸ÉÓ ¸µ¡¨· ¥É¸Ö ¨§ ¶µ²µ¸ µ·£ ´¨Î¥¸±µ£µ ¸Í¨´É¨²²ÖÉµ·  ¸
WLS-¢µ²µ±´ ³¨, ±µÉµ·Ò¥ ¶µ¤¸µ¥¤¨´ÖÕÉ¸Ö ± 16-± ´ ²Ó´µ³Ê ”�“ ®Hamamat-
su¯ R5900-Œ16. �·µ¸É· ´¸É¢¥´´µ¥ · §·¥Ï¥´¨¥ ¸Í¨´É¨²²ÖÍ¨µ´´µ£µ ¤¥É¥±-
Éµ·  µ¶·¥¤¥²Ö¥É¸Ö Ï¨·¨´µ° ¶µ²µ¸Ò ¸Í¨´É¨²²ÖÉµ·  ∼ 25 ³³.
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�¨¸. 14. �¡Ð¨° ¢¨¤ ¤¥É¥±Éµ·  OPERA [46]

‘¥±Í¨Ö ³¨Ï¥´¨, ¸µ¸ÉµÖÐ Ö ¨§ 24 ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ³µ¤Ê²¥°, ¨ § ³Ò-
± ÕÐ¨° ¥¥ ¸¶¥±É·µ³¥É· ³Õµ´µ¢ µ¡· §ÊÕÉ ´ ¨¡µ²¥¥ ³ ¸ÏÉ ¡´ÊÕ ¸É·Ê±ÉÊ·Ê
¤¥É¥±Éµ·  Å ¸Ê¶¥·³µ¤Ê²Ó ¢¥¸µ³ 652 É (623 É Å ¸¢¨´¥Í ¨ 29 É Å Ô³Ê²Ó¸¨Ö).
’·¨ ¸Ê¶¥·³µ¤Ê²Ö µ¡· §ÊÕÉ ¤¥É¥±Éµ· �PERA (·¨¸. 14).

‚ ±µ´Í¥ ± ¦¤µ£µ ¸Ê¶¥·³µ¤Ê²Ö OPERA Ê¸É ´ ¢²¨¢ ¥É¸Ö ³Õµ´´Ò° ¸¶¥±-
É·µ³¥É·, ¸µ¸ÉµÖÐ¨° ¨§ ¤¨¶µ²Ó´µ£µ ³ £´¨É  ¨ ¶²µ¸±µ¸É¥° ¶µ§¨Í¨µ´´µ-ÎÊ¢¸É¢¨-
É¥²Ó´ÒÌ ¤¥É¥±Éµ·µ¢. Œ £´¨É ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤¢¥ ¸É¥´±¨, ´ ¡· ´´Ò¥ ¨§ 12
¦¥²¥§´ÒÌ ¶² ¸É¨´ Éµ²Ð¨´µ° 5 ¸³, ±µÉµ·Ò¥ ´ ³ £´¨Î¨¢ ÕÉ¸Ö Éµ±µ³ 1200 �,
Í¨·±Ê²¨·ÊÕÐ¨³ ¢ ¢¥·Ì´¥° ¨ ´¨¦´¥° ³¥¤´ÒÌ µ¡³µÉ± Ì. ‚ ·¥§Ê²ÓÉ É¥ ¸µ-
§¤ ¥É¸Ö ³ £´¨É´µ¥ ¶µ²¥ ´ ¶·Ö¦¥´´µ¸ÉÓÕ ∼ 1, 5 ’² ¸ ¢¥·É¨± ²Ó´Ò³¨ ¸¨²µ-
¢Ò³¨ ²¨´¨Ö³¨, ¨³¥ÕÐ¨³¨ ¢ ¸É¥´± Ì ¶·µÉ¨¢µ¶µ²µ¦´µ¥ ´ ¶· ¢²¥´¨¥. Šµµ·-
¤¨´ É´ÊÕ ¨´Ëµ·³ Í¨Õ µ¡¥¸¶¥Î¨¢ ÕÉ: ¢´¥ ³ £´¨É  (³¥¦¤Ê ¸Ê¶¥·³µ¤Ê²Ö³¨) Å
¶²µ¸±µ¸É¨, ¸µ¡· ´´Ò¥ ¨§ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±, ¢´ÊÉ·¨ Å RPC-¤¥É¥±Éµ·Ò. �´¥·-
£¥É¨Î¥¸±¨¥ ¶µÉ¥·¨ ³Õµ´ , ¶¥·¥¸¥± ÕÐ¥£µ Ô³Ê²Ó¸¨µ´´ÊÕ ³¨Ï¥´Ó, ¸µ¸É ¢²ÖÕÉ
1,7 ƒÔ‚,   ¢ ³ £´¨É´µ³ ¸¶¥±É·µ³¥É·¥ Å 0,6 ƒÔ‚. ’ ±¨³ µ¡· §µ³, ³Õµ´Ò, ±µ-
Éµ·Ò¥ ¶¥·¥¸¥± ÕÉ ¢¥¸Ó ¸Ê¶¥·³µ¤Ê²Ó, ¨³¥ÕÉ ÔËË¥±É¨¢´µ¸ÉÓ ¨¤¥´É¨Ë¨± Í¨¨,
¡²¨§±ÊÕ ± 100 %.

—Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ OPERA ± ¶ · ³¥É· ³ µ¸Í¨²²ÖÍ¨°. �·¨ §´ Î¥´¨¨
∆m2 = 3, 2 · 10−3 Ô‚2 · ¸Î¥É´ Ö ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¢¸¥Ì ³µ¤ · ¸-
¶ ¤µ¢ τ -²¥¶Éµ´  (τ → e−, τ → µ−, τ → h−) ¤µ¸É¨£ ¥É 8,7 %. �¦¨¤ ¥³µ¥
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’ ¡²¨Í  3. ‘É É¨¸É¨±  ¸µ¡ÒÉ¨° · ¸¶ ¤µ¢ τ -²¥¶Éµ´µ¢, · ¸¸Î¨É ´´ Ö ¤²Ö Ô±¸¶¥·¨-
³¥´É  OPERA ¶·¨ · §´ÒÌ ∆m2

Œµ¤  —¨¸²µ ¶µ²¥§´ÒÌ ¸µ¡ÒÉ¨° ”µ´

τ -· ¸¶ ¤  ∆m2 = 1, 5 · 10−3 Ô‚2 ∆m2 = 3, 2 · 10−3 Ô‚2 ∆m2 = 5, 0 · 10−3 Ô‚2

τ → e− 1,7 7,7 18,5 0,19
τ → µ− 1,3 5,7 13,8 0,13
τ → h− 1,1 4,9 11,8 0,25
‚¸¥£µ: 4,1 18,3 44,1 0,57

¢ OPERA ±µ²¨Î¥¸É¢µ ¸µ¡ÒÉ¨° · ¸¶ ¤µ¢ τ -²¥¶Éµ´µ¢ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¨´É¥-
£· ²Ó´µ£µ ¸¡·µ¸  §  5 ²¥É · ¡µÉÒ Ê¸É ´µ¢±¨ 2, 25 · 1020 ¶·µÉµ´µ¢ ´  ³¨Ï¥´Ó
¶µ± § ´µ ¢ É ¡². 3.

�¨¸. 15. —Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´É 
OPERA ± ´ ¡²Õ¤¥´¨Õ νµ → ντ -µ¸Í¨²-
²ÖÍ¨°. �  Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨ 90 % ¶µ-
± § ´Ò µ¡² ¸É¨ ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨°,
¤µ¸É¨¦¨³Ò¥ ¶·¨ ¤¢ÊÌ- (±·¨¢ Ö 1), É·¥Ì-
(±·¨¢ Ö 2) ¨ Î¥ÉÒ·¥Ì£µ¤¨Î´µ° (±·¨¢ Ö 3)
Ô±¸¶µ§¨Í¨¨ ¤¥É¥±Éµ·  [46]

—Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´É 
OPERA ± νµ → ντ -µ¸Í¨²²ÖÍ¨Ö³ ¶µ± -
§ ´  ´  ·¨¸. 15. �·¨ ¶µ²´µ³ ¸³¥Ï¨-
¢ ´¨¨ ´  Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨ 90 %
³µ¦´µ ¤µ¸É¨ÎÓ §´ Î¥´¨Ö ∆m2 = 1, 2×
10−3 Ô‚2 ¨ ¶·¨ ¡µ²ÓÏ¨Ì ∆m2 ¶µ²Ê-
Î¨ÉÓ µ£· ´¨Î¥´¨¥ ´  Ê£µ² ¸³¥Ï¨¢ ´¨Ö
sin2 θµτ < 6, 2 · 10−3.

ˆ§ÊÎ ÉÓ ¢ OPERA νµ → νe-µ¸Í¨²-
²ÖÍ¨¨ ¶·¥¤¶µ² £ ¥É¸Ö ¶µ ´ ¡²Õ¤¥´¨Õ
νe-‘‘-¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¨¤¥´É¨Ë¨-
± Í¨¨ Ô²¥±É·µ´µ¢ ¶µ¸·¥¤¸É¢µ³ ¨§³¥-
·¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó. �Ë-
Ë¥±É¨¢´µ¸ÉÓ ¨¤¥´É¨Ë¨± Í¨¨ Ô²¥±É·µ-
´µ¢ ¢µ§· ¸É ¥É ¸ Ô´¥·£¨¥° Eν : ¶·¨
10 ƒÔ‚ µ´  ¸µ¸É ¢²Ö¥É µ±µ²µ 50 %, ¶·¨
20 ƒÔ‚ Å 60 %,   ¶·¨ 40 ƒÔ‚ ¶· ±É¨-
Î¥¸±¨ ¢ÒÌµ¤¨É ´  ¶² Éµ ∼ 80 % [40].
�¥µ¡Ìµ¤¨³µ ±µ··¥±É´µ ÊÎ¨ÉÒ¢ ÉÓ ¨¸-
ÉµÎ´¨±¨ Ëµ´  Å ¢±² ¤ νe ¢ νµ-¶ÊÎµ±,
  É ±¦¥ Ô²¥±É·µ´Ò µÉ ¤ ²¨ÉÍ-· ¸¶ ¤µ¢
´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢, ·µ¦¤¥´´ÒÌ ¢
NC-νµ-¢§ ¨³µ¤¥°¸É¢¨ÖÌ (π0 → e+e−γ), ¨ ±µ´¢¥·¸¨Õ γ-±¢ ´Éµ¢ ¢ ¸¢¨´Íµ-
¢ÒÌ ¶² ¸É¨´ Ì (π0 → 2γ). ‘É É¨¸É¨Î¥¸±¨¥ µÏ¨¡±¨, ¸¢Ö§ ´´Ò¥ ¸ ÔÉ¨³
Ëµ´µ³, µ£· ´¨Î¨¢ ÕÉ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢ νµ → νe-
µ¸Í¨²²ÖÍ¨° §´ Î¥´¨Ö³¨ ∆m2 = 1, 4 · 10−3 Ô‚2 ¤²Ö ¶µ²´µ£µ ¸³¥Ï¨¢ ´¨Ö ¨
sin2 2θµe

∼= 1, 5 · 10−2 ¶·¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ∆m2.
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6. Œ����›… ��Š��ˆ’…‹œ�›… Š�‹œ–�
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�±¸¶¥·¨³¥´ÉÒ ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ, § ¶² ´¨·µ¢ ´´Ò¥ ´  ¡²¨-
¦ °Ï¨¥ £µ¤Ò, ¸±µ·¥¥ ¢¸¥£µ, ·¥Ï É ¢µ¶·µ¸ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ´¥°É·¨´´ÒÌ µ¸-
Í¨²²ÖÍ¨°. �¤´ ±µ µ´¨ ´¥ ¡Ê¤ÊÉ ¢ ¸µ¸ÉµÖ´¨¨ µ±µ´Î É¥²Ó´µ µ¶·¥¤¥²¨ÉÓ Ô²¥-
³¥´ÉÒ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö, ¨§³¥·¨ÉÓ ¢¸¥ ´¥°É·¨´´Ò¥ ³ ¸¸Ò ¨ ´ ¡²Õ¤ ÉÓ
CP -´ ·ÊÏ¥´¨¥ ¢ ²¥¶Éµ´´µ³ ¸¥±Éµ·¥. �µÔÉµ³Ê ´¥¤ ¢´µ ¢µ§´¨±²¨ ¨¤¥¨ ¸µ§¤ -
´¨Ö ´µ¢µ° £¥´¥· Í¨¨ Ê¸±µ·¨É¥²¥° Å ³Õµ´´ÒÌ ±µ²² °¤¥·µ¢, ´  ¡ §¥ ±µÉµ·ÒÌ
¢µ§³µ¦´µ Ëµ·³¨·µ¢ ´¨¥ ¶ÊÎ±µ¢ ´¥°É·¨´µ · §²¨Î´ÒÌ  ·µ³ Éµ¢. ’ ±µ° Ê¸±µ-
·¨É¥²Ó´Ò° ±µ³¶²¥±¸ ¶µ²ÊÎ¨² ´ §¢ ´¨¥ ´¥°É·¨´´µ° Ë ¡·¨±¨, É ± ± ± Ö¢²Ö-
¥É¸Ö ´µ¢Ò³ É¨¶µ³ ¨¸ÉµÎ´¨±  ´¥°É·¨´µ, ¶µ§¢µ²ÖÕÐ¨³ ¶µ²ÊÎ ÉÓ ¨´É¥´¸¨¢´µ-
¸É¨ ¶ÊÎ±µ¢ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¡µ²ÓÏ¥, Î¥³ ÔÉµ ¢µ§³µ¦´µ ¶·¨ É· ¤¨Í¨-
µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ´¥°É·¨´´µ£µ Ê¸±µ·¨É¥²Ó´µ£µ ± ´ ²  [125]. „²Ö Éµ£µ
ÎÉµ¡Ò ¶µ²´µ¸ÉÓÕ ·¥ ²¨§µ¢ ÉÓ ¶µÉ¥´Í¨ ² ´¥°É·¨´´ÒÌ Ë ¡·¨±, ´¥µ¡Ìµ¤¨³ 
¨ ´µ¢ Ö ·¥£¨¸É·¨·ÊÕÐ Ö  ¶¶ · ÉÊ·  [126]. �±¸¶¥·¨³¥´ÉÒ ´  ´¥°É·¨´´ÒÌ
Ë ¡·¨± Ì ¤µ²¦´Ò ¸É ÉÓ µÉ¶· ¢´µ° ÉµÎ±µ° ¢ ¶µ´¨³ ´¨¨ ¶·¨·µ¤Ò  ·µ³ Éµ¢
±¢ ·±µ¢ ¨ ²¥¶Éµ´µ¢, ³¥Ì ´¨§³  ´ ·ÊÏ¥´¨Ö CP -¸¨³³¥É·¨¨,   É ±¦¥ ¢ ¢Ò¡µ·¥
¶· ¢¨²Ó´µ° GUT-É¥µ·¨¨ ¨²¨ ¶·¨¢¥¸É¨ ±  ²ÓÉ¥·´ É¨¢´µ° Ë¨§¨Î¥¸±µ° É¥µ·¨¨
µ¶¨¸ ´¨Ö ¶·¨·µ¤Ò.

‚ 1997 £. ¢ ‘˜� ¡Ò²  µ¡· §µ¢ ´  · ¡µÎ Ö £·Ê¶¶  ®Muon Collaider Col-
laboration¯, ¸µ¸ÉµÖÐ Ö ¨§ Ë¨§¨±µ¢ ´ Í¨µ´ ²Ó´ÒÌ ² ¡µ· Éµ·¨° BNL, FNAL,
�¥·±²¨ ¨ ·Ö¤  Ê´¨¢¥·¸¨É¥Éµ¢ ¸ Í¥²ÓÕ ¨¸¸²¥¤µ¢ ´¨Ö É¥Ì´¨Î¥¸±¨Ì ¢µ§³µ¦´µ-
¸É¥° · §· ¡µÉ±¨ ¨ ¸µ§¤ ´¨Ö ³Õµ´´µ£µ ±µ²² °¤¥· . �¥±µÉµ·µ¥ ¢·¥³Ö ¸¶Ê¸ÉÖ
¢ …¢·µ¶¥ É ±¦¥ ¶µÖ¢¨²µ¸Ó ¶·¥¤²µ¦¥´¨¥ ¶µ ¸É·µ¨É¥²Ó¸É¢Ê ¢ –…�� ³Õµ´´µ£µ
´ ±µ¶¨É¥²Ó´µ£µ ±µ²ÓÍ  ¨ ¸µ§¤ ´¨Õ ´¥°É·¨´´µ° Ë ¡·¨±¨ [127]. �¸´µ¢´Ò¥
§ ¤ Î¨, ¶·¥¤² £ ¥³Ò¥ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢ ÔÉ¨Ì ¶·µ¥±É Ì: ´ ¡²Õ¤¥´¨¥ · §-
²¨Î´ÒÌ ³µ¤ µ¸Í¨²²ÖÍ¨° ´¥°É·¨´µ ¢¸¥Ì  ·µ³ Éµ¢, µ¶·¥¤¥²¥´¨¥ ´¥°É·¨´´ÒÌ
³ ¸¸ ¨ ¢Ò¡µ· ³µ¤¥²¥°,  ¤¥±¢ É´µ ¨Ì µ¶¨¸Ò¢ ÕÐ¨Ì, ¨§³¥·¥´¨¥ ¢¸¥Ì Ê£²µ¢
¸³¥Ï¨¢ ´¨Ö ¨ ¨¸¸²¥¤µ¢ ´¨¥ CP -´ ·ÊÏ¥´¨Ö.

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µÖ¢¨²µ¸Ó §´ Î¨É¥²Ó´µ¥ Î¨¸²µ · ¡µÉ, ¢ ±µÉµ·ÒÌ µ¡-
¸Ê¦¤ ¥É¸Ö Ë¨§¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ´¥°É·¨´´ÒÌ Ë ¡·¨±. ‚ · ¡µÉ¥ [128] · ¸-
¸³ É·¨¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö ³µ¤ µ¸Í¨²²ÖÍ¨° νµ(ν̄µ) → ντ (ν̄τ ) ¨
νe(ν̄e) → ντ (ν̄τ ) ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´¥°É·¨´´µ£µ ¶ÊÎ±  µÉ
20-ƒÔ‚ ³Õµ´´µ£µ ´ ±µ¶¨É¥²Ó´µ£µ ±µ²ÓÍ  ¨ Ê¤ ²¥´´µ£µ µÉ ´¥£µ ´  2000 ±³
¤¥É¥±Éµ· . „²Ö  ´ ²µ£¨Î´µ° ¶µ¸É ´µ¢±¨ Ô±¸¶¥·¨³¥´É  ¢ · ¡µÉ¥ [129] µ¡¸Ê-
¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò µ¶·¥¤¥²¥´¨Ö ´¥°É·¨´´ÒÌ ³ ¸¸. ‚ ´¥° ¶µ± § ´µ, ÎÉµ
¶·¨ µ¤´µ¢·¥³¥´´µ³ Ë¨É¨·µ¢ ´¨¨ ± ´ ²µ¢ νµ → νµ, ν̄e → ν̄µ µÉ · ¸¶ ¤µ¢ µ−

¨ ν̄µ → ν̄µ, νe → νµ µÉ µ+-· ¸¶ ¤µ¢ ¢µ§³µ¦´µ µ¶·¥¤¥²ÖÉÓ §´ ± ∆m2
32, ¥¸²¨

ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ Ô±¸¶¥·¨³¥´É  ± ¨§³¥·¥´¨Õ ¶ · ³¥É·  µ¸Í¨²²ÖÍ¨° sin2 2θ13

¸µ¸É ¢²Ö¥É 10−3. ‚µ§³µ¦´µ¸ÉÓ µÍ¥´±¨ ¢²¨Ö´¨Ö ÔËË¥±Éµ¢ ³ É¥·¨¨ ¶·¨ ´ ¡²Õ-
¤¥´¨¨ ¢ ®¤ ²Ó´µ¡ §µ¢ÒÌ¯ Ô±¸¶¥·¨³¥´É Ì µ¸Í¨²²ÖÍ¨° ´¥°É·¨´µ ¶µ ± ´ ² ³
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νµ → νe, ντ -¢Ò¡Ò¢ ´¨Ö ¨ νe → νµ-¶µÖ¢²¥´¨Ö · ¸¸³µÉ·¥´  ¢ [130]. �±¸¶¥·¨-
³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ µ¸Í¨²²ÖÍ¨° ´  ±µ·µÉ±µ° ¶·µ²¥É´µ° ¡ §¥ (L ≈ 100 ±³)
µÉ ´¥°É·¨´´µ° Ë ¡·¨±¨ µ¡¸Ê¦¤ ÕÉ¸Ö ¢ [131]. �´ ²¨§ ¢¸¥° ¸µ¢µ±Ê¶´µ¸É¨
¨´Ëµ·³ Í¨¨, ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ¢ Ô±¸¶¥·¨³¥´É Ì ´  ´¥°É·¨´´ÒÌ
Ë ¡·¨± Ì, ¶·µ¢¥¤¥´ ¢ [132].

‘µ§¤ ´¨¥ ´µ¢µ£µ É¨¶  Ê¸±µ·¨É¥²Ö Å ³Õµ´´µ£µ ´ ±µ¶¨É¥²Ó´µ£µ ±µ²ÓÍ  ¨
¥£µ ¨¸¶µ²Ó§µ¢ ´¨¥ ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ´¥°É·¨´´ÒÌ ¶ÊÎ±µ¢ [125] µ¸´µ¢ ´µ ´ 
´µ¢ÒÌ ¢µ§³µ¦´µ¸ÉÖÌ ¸µ¢·¥³¥´´ÒÌ É¥Ì´µ²µ£¨°. ‚ ¨¤¥°´µ³ ¶² ´¥ ´  Ê¸±µ·¨-
É¥²¥ ´¥µ¡Ìµ¤¨³µ ¸µ§¤ ÉÓ ¡ ´Î¨, ¸µ¤¥·¦ Ð¨¥ ∼ 1012 ³Õµ´µ¢, §  ¢·¥³Ö ∼ 1 ³±¸
(¶µ±  ¡µ²ÓÏ Ö Î ¸ÉÓ ³Õµ´µ¢ ´¥ · ¸¶ ² ¸Ó) ¸¦ ÉÓ ¢ 105−106 · § ¨Ì Ë §µ¢µ¥
¶·µ¸É· ´¸É¢µ,   § É¥³ Ê¸±µ·¨ÉÓ ¤µ Ô´¥·£¨° ¢ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ƒÔ‚. �¤´ 
¨§ ¢µ§³µ¦´ÒÌ ¸Ì¥³ ¸µ§¤ ´¨Ö ´  ¡ §¥ ³Õµ´´µ£µ ±µ²² °¤¥·  ´¥°É·¨´´µ° Ë -
¡·¨±¨ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 16. �¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¨²Ó´µÉµÎ´Ò° ¶·µ-
Éµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥° ´¥¸±µ²Ó±µ ƒÔ‚ ¨ ³µÐ´µ¸ÉÓÕ 4 Œ‚É. �ÉµÉ ¶ÊÎµ±
¸¡· ¸Ò¢ ¥É¸Ö ´  ¦¨¤±µ³¥É ²²¨Î¥¸±ÊÕ ¸É·Ê°´ÊÕ ³¨Ï¥´Ó (É¢¥·¤Ò¥ ³¨Ï¥´¨
· §·ÊÏ ÕÉ¸Ö ¢ ¶ÊÎ±¥ É ±µ° ³µÐ´µ¸É¨). �¡· §µ¢ ¢Ï¨¥¸Ö ¢ ³¨Ï¥´¨ ¶¨µ´Ò
Ëµ±Ê¸¨·ÊÕÉ¸Ö ¸¨¸É¥³µ° ³ £´¨É´ÒÌ £µ·´µ¢. „²Ö ³µ´µÌ·µ³ É¨§ Í¨¨ ¶¨µ´µ¢
¨¸¶µ²Ó§ÊÕÉ¸Ö Ô²¥±É·¨Î¥¸±¨¥ ¶µ²Ö ¸ ´ ¶·Ö¦¥´´µ¸ÉÖ³¨ ∼ 1 Œ‚É/³. ‚ · ¸¶ ¤-
´µ³ ± ´ ²¥ ¶·µ¨¸Ìµ¤¨É ¨Ì · ¸¶ ¤ π+ → µ+ + νµ. ŒÕµ´Ò ¨³¥ÕÉ Ï¨·µ-

�¨¸. 16. �¤´  ¨§ ¢µ§³µ¦´ÒÌ ¸Ì¥³ ³Õµ´´µ£µ ±µ²² °¤¥·  ¨ ´¥°É·¨´´µ° Ë ¡·¨±¨ [127]
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±µ¥ Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ, ±µÉµ·µ¥ ¶µ¸·¥¤¸É¢µ³ ¨µ´¨§ Í¨µ´´µ£µ µÌ² ¦¤¥´¨Ö
³µ¦´µ ¸¦ ÉÓ ¢ 105−106 · §. ˆ¤¥Ö É ±µ£µ µÌ² ¦¤¥´¨Ö ¸¢µ¤¨É¸Ö ± Éµ³Ê, ÎÉµ
³Õµ´, ¶·µÌµ¤Ö Î¥·¥§ ¸¨¸É¥³Ê ¶µ£²µÉ¨É¥²¥°, É¥·Ö¥É Ô´¥·£¨Õ §  ¸Î¥É ¨µ´¨§ -
Í¨µ´´ÒÌ ¶µÉ¥·Ó. ‚ ·¥§Ê²ÓÉ É¥ ¢ ±µ´Í¥ ± ´ ²  µÌ² ¦¤¥´¨Ö ³Õµ´Ò ¨³¥ÕÉ
¨³¶Ê²Ó¸ ∼ 100 ŒÔ‚/¸ (¶· ±É¨Î¥¸±¨ Éµ²Ó±µ ¥£µ ¶·µ¤µ²Ó´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ).
�  ¸²¥¤ÊÕÐ¥³ ÔÉ ¶¥ ³Õµ´Ò Ê¸±µ·ÖÕÉ¸Ö ¸´ Î ²  ¢ ²¨´¥°´µ³ Ê¸±µ·¨É¥²¥ ¤µ
Ô´¥·£¨¨ ∼ 2 ƒÔ‚,   § É¥³, ± ± ¶µ± § ´µ ´  ·¨¸. 16, ¢ ¸¶¥Í¨ ²Ó´µ³ Ê¸±µ·¨É¥²¥
¸ µ·¡¨Éµ° ¢ Ëµ·³¥ · ¸Ï¨·ÖÕÐ¥°¸Ö ¸¶¨· ²¨ ¤µ Ô´¥·£¨¨ ∼ 50 ƒÔ‚. �·¨ ¶·µ-
¥±É¨·µ¢ ´¨¨ ³Õµ´´µ£µ ±µ²² °¤¥·  ¶·¥¤¶µ² £ ¥É¸Ö ¢Ò¢µ¤¨ÉÓ ¢ ´ ±µ¶¨É¥²Ó-
´µ¥ ±µ²ÓÍµ ¡ ´Î¨ ³Õµ´µ¢ c · §´Ò³¨ §´ ± ³¨ § ·Ö¤ , ±µÉµ·Ò¥, Í¨·±Ê²¨·ÊÖ
´  µ·¡¨É¥ ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ, ¡Ê¤ÊÉ ¸É ²±¨¢ ÉÓ¸Ö ¢ ÉµÎ± Ì
¶¥·¥¸¥Î¥´¨Ö ¶ÊÎ±µ¢ ¤µ É¥Ì ¶µ·, ¶µ±  ´¥ · ¸¶ ¤ÊÉ¸Ö. ‚ ·¥¦¨³¥ · ¡µÉÒ Ê¸±µ-
·¨É¥²Ö, ±µ£¤  µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢Ò¢µ¤ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ 1016

§  ¸¥±Ê´¤Ê, 1014 ³Õµ´µ¢ §  ÔÉµ ¦¥ ¢·¥³Ö ³µ¦¥É ¡ÒÉÓ ¨´¦¥±É¨·µ¢ ´µ ¢ ´ ±µ-
¶¨É¥²Ó´µ¥ ±µ²ÓÍµ. ‚ É¥Î¥´¨e £µ¤  ¸Ê³³ ·´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ³Õµ´µ¢ ³µ¦¥É
¡ÒÉÓ ¤µ¢¥¤¥´  ¤µ 1022. „²Ö ¸µ§¤ ´¨Ö ´¥°É·¨´´µ° Ë ¡·¨±¨ ³Õµ´Ò ¢Ò¢µ¤ÖÉ¸Ö
¢ · ¸¶ ¤´Ò° ÊÎ ¸Éµ± ¶¥É²¥¢¨¤´µ° £¥µ³¥É·¨¨, ¢ ±µÉµ·µ³ µ´¨ ¢ § ¢¨¸¨³µ¸É¨
µÉ §´ ±  § ·Ö¤  · ¸¶ ¤ ÕÉ¸Ö ´  Ô²¥±É·µ´ ¨²¨ ¶µ§¨É·µ´ ¨ ¤¢  ´¥°É·¨´µ (´ -
¶·¨³¥·, µ+ → e+ + νe + ν̄µ). �  ¶·Ö³µ²¨´¥°´ÒÌ ÊÎ ¸É± Ì ¶¥É²¨ · ¸¶ ¤ -
ÕÐ¨¥¸Ö ³Õµ´Ò ¶·µ¨§¢µ¤ÖÉ ¢Ò¸µ±µ¨´É¥´¸¨¢´Ò¥ ´¥°É·¨´´Ò¥ ¶ÊÎ±¨, ±µÉµ·Ò¥
³µ£ÊÉ ¡ÒÉÓ ´ ¶· ¢²¥´Ò ´  · §²¨Î´Ò¥, ¢ Éµ³ Î¨¸²¥ ¨ ´  Ê¤ ²¥´´Ò¥ ´  ¡µ²Ó-
Ï¨¥ · ¸¸ÉµÖ´¨Ö, ¤¥É¥±Éµ·Ò. �·¨ ¨§³¥´¥´¨¨ §´ ±  § ·Ö¤  µÉ¡¨· ¥³ÒÌ ¶¨µ´µ¢
¢µ§³µ¦¥´ ¤·Ê£µ° ´ ¡µ· ´¥°É·¨´µ: ν̄e + νµ.

�¥·¢Ò³ Ï £µ³ ´  ¶ÊÉ¨ ¨¸¸²¥¤µ¢ ´¨Ö ¢µ§³µ¦´µ¸É¨ ËÊ´±Í¨µ´¨·µ¢ ´¨Ö
´¥°É·¨´´µ° Ë ¡·¨±¨ ¸É ² Ô±¸¶¥·¨³¥´É HARP (Hadron Production) ´  ¶·µ-
Éµ´´µ³ ¸¨´Ì·µÉ·µ´¥ PS ¢ –…�� [133]. …£µ µ¸´µ¢´µ° § ¤ Î¥° Ö¢²Ö¥É¸Ö ¶µ-
²ÊÎ¥´¨¥ ÉµÎ´ÒÌ ¤ ´´ÒÌ µ ¢ÒÌµ¤ Ì ¶¨µ´µ¢, ¶·µ¨§¢¥¤¥´´ÒÌ ¶·¨ ¢§ ¨³µ¤¥°-
¸É¢¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ · §²¨Î´Ò³¨ ³¨Ï¥´Ö³¨. „·Ê£ Ö ¢ ¦´ Ö § ¤ Î  Ô±¸-
¶¥·¨³¥´É  µ¡Ê¸²µ¢²¥´  ´¥¤µ¸É ÉµÎ´µ Ìµ·µÏ¨³ §´ ´¨¥³ ¸¶¥±É·   É³µ¸Ë¥·-
´ÒÌ ´¥°É·¨´µ. HARP ¶µ§¢µ²Ö¥É ¸ ¶·¥Í¨§¨µ´´µ° ÉµÎ´µ¸ÉÓÕ ¨§³¥·¨ÉÓ ¸¶¥±-
É·Ò π+- ¨ π−-³¥§µ´µ¢, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ± 
PS (Ô´¥·£¨Ö µÉ 2 ¤µ 15 ƒÔ‚) ¸ Ö¤· ³¨ ¢µ¤µ·µ¤  ¨  §µÉ , ¨ É¥³ ¸ ³Ò³ Ô±¸-
¶¥·¨³¥´É ²Ó´µ Ê¸É· ´¨ÉÓ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ · ¸Î¥É Ì ¶µÉµ±µ¢  É³µ¸Ë¥·´ÒÌ
´¥°É·¨´µ. ‚ ¦´µ, ÎÉµ ¡Ê¤¥É ¨¸¸²¥¤µ¢ ´ µÎ¥´Ó ¡µ²ÓÏµ° ¤¨ ¶ §µ´ ¨³¶Ê²Ó-
¸µ¢ ¢Éµ·¨Î´ÒÌ ¶¨µ´µ¢. �¨§±µÔ´¥·£¥É¨Î¥¸± Ö µ¡² ¸ÉÓ (´ Î¨´ Ö µÉ 100 ŒÔ‚/¸
¤µ ´¥¸±µ²Ó±¨Ì ƒÔ‚/¸) ¢ ¦´  ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¸  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ,
¶·µ³¥¦ÊÉµÎ´ Ö (∼ 10 ƒÔ‚/¸) ¢ ¦´  ¤²Ö ´ ¤¥¦´µ° ¨´É¥·¶·¥É Í¨¨ ·¥§Ê²ÓÉ -
Éµ¢ Š2Š. ˆ¸¶µ²Ó§ÊÖ ¶ÊÎ±¨ ¨µ´µ¢ £¥²¨Ö, µ¡² ¸ÉÓ ¨³¶Ê²Ó¸µ¢ ¢Éµ·¨Î´ÒÌ ¶¨-
µ´µ¢ ³µ¦´µ · ¸Ï¨·¨ÉÓ ¤µ ∼ 100 ƒÔ‚/¸, ÎÉµ ¢ ¦´µ ¤²Ö  ¸É·µË¨§¨±¨ ¶·¨
µ¶·¥¤¥²¥´¨¨ ¸¶¥±É·  § ·Ö¦¥´´µ° ±µ³¶µ´¥´ÉÒ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥°.

„¥É¥±Éµ· HARP ¸µ¡· ´ ´  µ¸´µ¢¥ ¤¥É¥±Éµ·µ¢, ¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö · ´¥¥
¢ · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É Ì –…��. ˆ§³¥·¥´¨Ö dE/dx ¨ ¨³¶Ê²Ó¸  Î ¸É¨Í
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µ¡¥¸¶¥Î¨¢ ¥É ¶·µÉµÉ¨¶ ¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± ³¥·Ò (TPC) ¨§ Ô±¸¶¥·¨³¥´É 
ALEPH. ˆ³¶Ê²Ó¸ Î ¸É¨Í, ¢ÒÏ¥¤Ï¨Ì ¨§ ’�‘, ¨§³¥·Ö¥É¸Ö ¢ ¤·¥°Ëµ¢ÒÌ ± -
³¥· Ì Ô±¸¶¥·¨³¥´É  NOMAD. ‘¶¥±É·µ³¥É·µ³ Ö¢²ÖÕÉ¸Ö ³µ¤Ê²¨ ± ²µ·¨³¥É· 
CHORUS ¸ ³ £´¨É ³¨ µÉ ¸¶¥±É·µ³¥É·  ¨§ �·¸Ô. ‘¶¥Í¨ ²Ó´µ ¤²Ö HARP
¸µ§¤ ´ Éµ²Ó±µ ¶µ·µ£µ¢Ò° Î¥·¥´±µ¢¸±¨° £ §µ¢Ò° ¤¥É¥±Éµ·, · ¡µÉ ÕÐ¨° ¶·¨
 É³µ¸Ë¥·´µ³ ¤ ¢²¥´¨¨. �±¸¶¥·¨³¥´É ¡Ò² ¶·µ¢¥¤¥´ ¢ ¸¦ ÉÒ¥ ¸·µ±¨ Å ¢¥¸´µ°
2001 £. ¤¥É¥±Éµ· µ¡²ÊÎ ²¸Ö ¢ ¶·µÉµ´´ÒÌ ¶ÊÎ± Ì,   ¢ 2002 £. Å ¢ ¶ÊÎ± Ì Ö¤¥·
¤¥°É¥·¨Ö ¨ £¥²¨Ö.

‡�Š‹�—…�ˆ…

�·µ¢¥¤¥´¨¥ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶µ¨¸±Ê µ¸Í¨²²ÖÍ¨° ¢ ¶ÊÎ± Ì ¤ ²Ó´¨Ì ´¥°-
É·¨´µ ¢Ò§¢ ´µ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ´ ¤¥¦´µ£µ µ¶·¥¤¥²¥´¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ
¸¢µ°¸É¢ ´¥°É·¨´µ Å ¥£µ ³ ¸¸Ò ¨ Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö. •µÉÖ µ¸Í¨²²ÖÍ¨µ´-
´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¶ · ³¥É· ³ ¸³¥Ï¨¢ ´¨Ö ´¥°É·¨´µ,
¨³¥ÕÐ Ö¸Ö ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¨´Ëµ·³ Í¨Ö µ ¸ ³µ³ ¸ÊÐ¥¸É¢µ¢ ´¨¨ µ¸-
Í¨²²ÖÍ¨° ¤µ¢µ²Ó´µ ¶·µÉ¨¢µ·¥Î¨¢ . �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É Ì
¸ ¥¸É¥¸É¢¥´´Ò³¨ ¨ ¨¸±Ê¸¸É¢¥´´Ò³¨ ¨¸ÉµÎ´¨± ³¨ ´¥°É·¨´µ ¨§ÊÎ ÕÉ¸Ö · §²¨Î-
´Ò¥ µ¡² ¸É¨ ¶ · ³¥É·µ¢ µ¸Í¨²²ÖÍ¨°. —Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨°
¸ ¸µ²´¥Î´Ò³¨ ´¥°É·¨´µ ¸µµÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ ¢¥²¨Î¨´Ò L/Eν ∼ 1010−
1011 ±³/ƒÔ‚, ¸  É³µ¸Ë¥·´Ò³¨ ´¥°É·¨´µ Å L/Eν ∼ 10−103 ±³/ƒÔ‚, Ê¸±µ-
·¨É¥²Ó´ÒÌ ¨ ·¥ ±Éµ·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¤¥É¥±Éµ· ³¨, · ¸¶µ²µ¦¥´´Ò³¨ ´ 
±µ·µÉ±µ° ¡ §¥, Å L/Eν ∼ 10−2−10 ±³/ƒÔ‚.

‚ µ¡§µ·¥ ¡Ò²¨ ¶·µ¤¥³µ´¸É·¨·µ¢ ´Ò µ¸´µ¢´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥  ·£Ê-
³¥´ÉÒ, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨¥ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°. …Ð¥
· § ¢Ò¤¥²¨³ ¤µ¶Ê¸É¨³Ò¥ ÔÉ¨³¨ ¨¸¸²¥¤µ¢ ´¨Ö³¨ µ¡² ¸É¨ ¶ · ³¥É·µ¢ µ¸Í¨²-
²ÖÍ¨°:

1. �´µ³ ²¨Ö ¸µ²´¥Î´ÒÌ ´¥°É·¨´µ ¤µ¶Ê¸± ¥É ¸²¥¤ÊÕÐ¨¥ ·¥Ï¥´¨Ö:  ) µ¸-
Í¨²²ÖÍ¨¨ νe → νµ, ντ ¨²¨ νster ¢ ¢¥Ð¥¸É¢¥ ‘µ²´Í  ¸ MSW-ÔËË¥±Éµ³ ¶·¨
(∆m2)sun ≈ 10−5−10−6 Ô‚2 ¢ µ¡² ¸É¨ ³ ²ÒÌ (sin2 2θ ≈ 10−3) ¨²¨ ¡µ²Ó-
Ï¨Ì (sin2 2θ ≈ 0, 8−1) Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö; ¡) ¢ ±ÊÊ³´Ò¥ νe → νµ, ντ - ¨²¨
νster-µ¸Í¨²²ÖÍ¨¨ ¸ ®just-so¯-³¥Ì ´¨§³µ³ ¸ ¶ · ³¥É· ³¨ (∆m2)sun ≈ 10−10−
10−11 Ô‚2 ¨ sin2 2θ ≈ 0, 8−1. ‘µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
´ ¨²ÊÎÏ¨³ µ¡· §µ³ Ë¨É¨·Ê¥É £¨¶µÉ¥§  MSW-µ¸Í¨²²ÖÍ¨° νe → νµ ¨²¨ ντ ¸
¡µ²ÓÏ¨³¨ Ê£² ³¨ ¸³¥Ï¨¢ ´¨Ö.

2. „¥Ë¨Í¨É  É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´ νµ → ντ -
¨²¨ νµ → νster-µ¸Í¨²²ÖÍ¨Ö³¨ (³µ¤  νµ → νe ¨¸±²ÕÎ¥´  Ô±¸¶¥·¨³¥´Éµ³
CHOOZ, ÎÉµ ¶µ¤É¢¥·¦¤¥´µ ¢ Ô±¸¶¥·¨³¥´É¥ ®Super-Kamiokande¯) ¸ ¶ · ³¥-
É· ³¨ (∆m2)atm ≈ 10−2−10−3 Ô‚2 ¨ sin2 2θ ≈ 0, 8−1. � ¨²ÊÎÏ¥¥ µ¶¨-
¸ ´¨¥ ¢¸¥Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤ ¥É ³µ¤  νµ → ντ ¶·¨ §´ Î¥´¨ÖÌ
∆m2 = 3, 0 · 10−3 Ô‚2 ¨ sin2 2θ = 0, 99.
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3. ˆ§¡ÒÉµ± ¸µ¡ÒÉ¨°, ´ ¡²Õ¤ ¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ LSND, ¶·¥¤¶µ² £ ¥É
νµ → νe-µ¸Í¨²²ÖÍ¨¨ ¢ µ¡² ¸É¨ ¶ · ³¥É·µ¢, ´¥ § ¶·¥Ð¥´´µ° ¤·Ê£¨³¨ Ô±¸¶¥-
·¨³¥´É ³¨: 0, 3 � (∆m2)LSND � 2, 2 Ô‚2 ¨ sin2 2θ ≈ 10−2−10−3.

�¤´ ±µ ± ´µ´¨Î¥¸±¨ ²ÊÎÏ¨° Ë¨É ¤²Ö ÔÉ¨Ì É·¥Ì £·Ê¶¶ ¨§³¥·¥´¨° ´¥ ¶µ¤-
É¢¥·¦¤ ¥É £¨¶µÉ¥§Ê É·¥Ì ²¥£±¨Ì  ·µ³ Éµ¢, É ± ± ± ¢±²ÕÎ ¥É É·¨ ´¥¶¥·¥±·Ò¢ -
ÕÐ¨¥¸Ö µ¡² ¸É¨ ¶µ ∆m2. “¸É ´µ¢¨ÉÓ ¨¸É¨´´Ò° ¨¸ÉµÎ´¨± ÔÉµ£µ ¶·µÉ¨¢µ·¥-
Î¨Ö Å µ¸´µ¢´ Ö Í¥²Ó ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ. ‚ Ô±¸-
¶¥·¨³¥´É¥ Š2Š ¤¥É¥±Éµ· ®Super-Kamiokande¯ ¸¶µ¸µ¡¥´ ·¥£¨¸É·¨·µ¢ ÉÓ Ê¡Ò-
¢ ´¨¥ ¶µÉµ±  ¶ÊÎ±µ¢ÒÌ νµ ¨ ´ ¡²Õ¤ ÉÓ ¶µÖ¢²¥´¨¥ νe. �±¸¶¥·¨³¥´É OPERA
µ·¨¥´É¨·µ¢ ´ ´  ·¥£¨¸É· Í¨Õ ντ ¨ ¶·¥¢µ¸Ìµ¤¨É ¢¸¥ ¤·Ê£¨¥ µ¶ÒÉÒ ¶µ ÎÊ¢¸É¢¨-
É¥²Ó´µ¸É¨ ± ³µ¤¥ νµ → ντ . MINOS, ¤µ¶µ²´¥´´Ò° ¤¥É¥±Éµ·µ³ ®Soudan-2¯,
¢ · §´µ° ¸É¥¶¥´¨ ÎÊ¢¸É¢¨É¥²¥´ ± ± ± Ê¡Ò¢ ´¨Õ νµ-¶µÉµ± , É ± ¨ ± ¶µÖ¢²¥-
´¨Õ νe ¨ ντ . ‘µ¢µ±Ê¶´µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì,
µ¡¥¸¶¥Î¨É Î¨¸ÉÊÕ ¤¨¸±·¨³¨´ Í¨Õ ³µ¤ νµ → νe, νµ → ντ ¨ νµ → νster.

‚ µ¡² ¸É¨ ³ ¸¸ ∆m2
LSND ∼ 1 Ô‚2 ¨ Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö sin2 2θ ∼ 10−3

ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¢¸¥Ì Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ ¤µ¸É ÉµÎ´ 
¤²Ö Éµ£µ, ÎÉµ¡Ò ¶µ¤É¢¥·¤¨ÉÓ ¨²¨ µ¶·µ¢¥·£´ÊÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´¥°É·¨´´ÒÌ
µ¸Í¨²²ÖÍ¨°, µ¡´ ·Ê¦¥´´ÒÌ ´  Ê¸É ´µ¢±¥ LSND.

‚¸¥ ¨¸¸²¥¤µ¢ ´¨Ö ¸ ¶ÊÎ± ³¨ ¤ ²Ó´¨Ì ´¥°É·¨´µ ¨³¥ÕÉ ³ ±¸¨³Ê³ ÎÊ¢-
¸É¢¨É¥²Ó´µ¸É¨, ²¥¦ Ð¨° ¢ µ¡² ¸É¨  É³µ¸Ë¥·´µ°  ´µ³ ²¨¨ Å ∆m2

atm ∼
10−2−10−3 Ô‚2 ¨ sin2 2θ ∼ 1. ‘²¥¤Ê¥É µ¸µ¡µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É Ì
Š2Š, MINOS ¨ OPERA ´ ·Ö¤Ê ¸ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ¶ÊÎ±µ¢ÒÌ ¤ ²Ó´¨Ì ´¥°-
É·¨´µ ¡Ê¤ÊÉ ¶ · ²²¥²Ó´µ ·¥£¨¸É·¨·µ¢ ÉÓ¸Ö ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö  É³µ¸Ë¥·´ÒÌ
´¥°É·¨´µ.

‚¸¥ ³µ¤¥²¨, ¶µ¸ÉÊ²¨·ÊÕÐ¨¥ ¸ÊÐ¥¸É¢µ¢ ´¨¥ µ¸Í¨²²ÖÍ¨°, ¶·¨§´ ÕÉ ¸¶· -
¢¥¤²¨¢µ¸ÉÓ É¥±ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éµ¢ Éµ£µ ¨²¨ ¨´µ£µ ±² ¸¸ . …¸²¨ ¢¸¥ ´ ¡²Õ-
¤ ¥³Ò¥ ¸¥£µ¤´Ö ÔËË¥±ÉÒ (¨§¡ÒÉµ± ¸µ¡ÒÉ¨° LSND ¨ ¤¥Ë¨Í¨É ¸µ²´¥Î´ÒÌ ¨
 É³µ¸Ë¥·´ÒÌ ´¥°É·¨´µ) ¤¥°¸É¢¨É¥²Ó´µ ¸ÊÐ¥¸É¢ÊÕÉ ¨ Ö¢²ÖÕÉ¸Ö ¶·µÖ¢²¥´¨¥³
´¥°É·¨´´ÒÌ µ¸Í¨²²ÖÍ¨°, Éµ µ´¨ µ¡Ö§ É¥²Ó´µ ´ °¤ÊÉ ¸¢µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ ¢
Ô±¸¶¥·¨³¥´É Ì ¸ ¤ ²Ó´¨³¨ ´¥°É·¨´µ. �Éµ ¡Ê¤¥É µ§´ Î ÉÓ, ÎÉµ É·¥Ì ·µ³ Éµ-
¢Ò° ¸Í¥´ ·¨° ¸³¥Ï¨¢ ´¨Ö ´¥ ·¥ ²¨§Ê¥É¸Ö ¨ ´¥µ¡Ìµ¤¨³µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶µ
±· °´¥° ³¥·¥ µ¤´µ£µ ¸É¥·¨²Ó´µ£µ ´¥°É·¨´µ. …¸²¨ ¢ ¶·¨·µ¤¥ ¤¥°¸É¢¨É¥²Ó´µ
·¥ ²¨§Ê¥É¸Ö ¸Í¥´ ·¨° ¸ Î¥ÉÒ·Ó³Ö ³ ¸¸¨¢´Ò³¨ ´¥°É·¨´µ, Éµ ÔÉµ ¡Ê¤¥É ¶·µ-
Ö¢²¥´¨¥³ Ë¨§¨±¨ §  £· ´¨Í ³¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨.

�·µ¢¥¸É¨ 6-¶ · ³¥É·¨Î¥¸±¨°  ´ ²¨§ ¢ É· ¤¨Í¨µ´´µ° É·¥Ì ·µ³ Éµ¢µ° ¸Ì¥-
³¥ ¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ ¶µ²´µ° 3×3-³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¡Ê¤¥É
¢µ§³µ¦´µ Éµ²Ó±µ ¢ Ô±¸¶¥·¨³¥´É Ì ´µ¢µ£µ ¶µ±µ²¥´¨Ö ´  ´¥°É·¨´´ÒÌ Ë ¡·¨-
± Ì, £¤¥ ¡Ê¤ÊÉ ¤µ¸ÉÊ¶´Ò ¶ÊÎ±¨ ´¥°É·¨´µ · §´µ£µ  ·µ³ É . ‚ ¸¢µÕ µÎ¥·¥¤Ó, ÔÉµ
¶µ± ¦¥É ¸¶· ¢¥¤²¨¢µ¸ÉÓ Éµ° ¨²¨ ¨´µ° É¥µ·¥É¨Î¥¸±µ° ³µ¤¥²¨, µ¶¨¸Ò¢ ÕÐ¥°
³¥Ì ´¨§³ £¥´¥· Í¨¨ ¨ ¸¶¥±É· ´¥°É·¨´´ÒÌ ³ ¸¸.

‚ § ±²ÕÎ¥´¨¥  ¢Éµ· ÌµÉ¥² ¡Ò ¢Ò· §¨ÉÓ ¸¢µÕ ¨¸±·¥´´ÕÕ ¡² £µ¤ ·´µ¸ÉÓ
‘. ‘. ƒ¥·ÏÉ¥°´Ê, ƒ. ’. ‡ Í¥¶¨´Ê, ˆ. ‘. ’·µ¸É¨´Ê ¨ ‚. �. – ·¥¢Ê §  ³´µ£µÎ¨-
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¸²¥´´Ò¥ µ¡¸Ê¦¤¥´¨Ö ¢µ¶·µ¸µ¢, ¸¢Ö§ ´´ÒÌ ¸ É¥³µ° ´ ¸ÉµÖÐ¥£µ µ¡§µ· ,   É ±¦¥
Î²¥´ ³ ±µ²² ¡µ· Í¨° MINOS ¨ NOE, ¢ µ¸µ¡¥´´µ¸É¨ ¨Ì ²¨¤¥· ³ ‘. ‚µ°Î¨É¸±¨
¨ „¦. � ·¡ ·¨´µ, §  ³´µ£µ²¥É´ÕÕ ¸µ¢³¥¸É´ÊÕ · ¡µÉÊ ¢ · ³± Ì ¶µ¤£µÉµ¢±¨
ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éµ¢.
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