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ñø� ÛÊê
�õÀÖõ

ý�ûùÀþÀ� ¥� üÖê�õ Ó�¬�� ,�û�� þÂ �� ÷ �Â� öÀª �ê�®� � � ý¢��� � ��¤£ ¢¤�À÷� µ¨� ñÀõ¢øÀ� �� 2²ó
 ø 1öøÂ���� Â�Ñ÷ üþ�ûÇþ�õ¥� ¤¢ ö� üµ¨¤¢ .Àû¢ üõ ���¤� ü÷��î ùÀª �µ¡��ª¢¤�À÷�µ¨� ñÀõ ,Àû¢üõ ö�È÷ �î ¢¤�¢ ¢��ø ý¢�þ¥ Ûþ�¢ �õa� .´¨� ùÀª Õ�Ö½� 100GeVñÀõ ý�¤ø ×þ��ê �� ¥��÷ Â���� ý�ûý�Â÷� ¤¢ ø ´¨� ß�þ�� ý�ûý�Â÷� ¤¢ Â��õ ý¤�ÿ� ×þ:¢Â� ��÷ ¢¤�À÷�µ¨� ñÀõ ¤¢ ö���üõ �¤ ÛØÈõ �µ¨¢ ø¢ .Ýþ¤�¢ ¢¤�À÷�µ¨�ýÂÑ÷ ��ØÈõ .1ü��Àû�Èõ ��ØÈõ .2ö¢�� ¤�¢ �Â� ø ×þ¤�� ù¢�õ �ÜÿÆõ ,ü÷�þ¤�� ýÂ��Â��÷ �� ö���üõ ü��Àû�Èõ ��ØÈõ �ÜÞ� ¥�.¢Â� ��÷ ö��� üõ �¤ °��Âõ �ÜÆÜ¨ �ÜÿÆõ ,ýÂÑ÷ ��ØÈõ �ÜÞ� ¥� ø ¢Âî ù¤�ª� �û��þÂ��÷ßþ� ¤¢ .Àª��üõ 3üÚ�Üî�� ñÀõ ,�û��þÂ��÷ ö¢Âî ¤�¢ �Â� ý�Â� ¢���õ ý�û���÷�Øõ ¥� üØþý�û��þÂ��÷ ÂÔ¬ Â�è �õa� ×��î �Â� ,ß�Ú�¨ ´¨¢ ´¨�¤ ý�û��þÂ��÷ ö¢Âî �ê�®� �� ñÀõ
Tevatron 1

Lep 2
Seesaw 31



¤¢ �ûö�þ¤�� ¢�Àã� �î Àû¢üõ ö�È÷ ��Àû�Èõ ß���Ýû .¢�¢ ¼�®�� ö���üõ �¤ ¢¤�À÷�µ¨� ñÀõýùÂî) ö�ú� ý�û¤�µ¡�¨ ý�Þû ÂÚþ¢ �¤�±ä �� .Àª��üÞ÷ Â��Â� �ûö�þ¤��¢�� ¢�Àã� �� ö�ú�ñÀõ ý�þ��õ ¥� üØþ .´¨� ùÀª Û�ØÈ� ù¢�õ ¥� (ü÷�ÈØúî ý�û�ª�¡ ø �ûö�ÈØúî ,ß�õ¥¥� üØþ âì�ø ¤¢ .Àû¢ ¼�®�� ��÷ �¤ ö�ú� ü÷�þ¤�� ýÂ��Â��÷ À÷���üõ �î ´¨� ßþ� üÚ�Üî��¥� �þ¤��¨ ßþ� ¤¢ �î Àª��üõ 4Å�Æ���µ³ó ü÷�þ¤�� ýÂ��Â��÷ Ó�¬�� ý�Â� ¢���õ ý�û�þ¤��¨.¢�ªüõ �µêÂð ×Þî üÚ�Üî �� ñÀõ§��Öõ .Àª��üõ °��Âõ �ÜÆÜ¨ ý�ÜÿÆõ ��� ý�û ý�Â÷� ¤¢ ¢���õ ��ØÈõ ¥� ÂÚþ¢ üØþ§��Öõ �� ,¢�ªüõ Ýúõ üõ�µ÷��î Ç÷�Âð ��Â�� ö� ¤¢ �î ,Mp = 2.4 × 1018GeV ,×÷��´±Æ ÷ üð¤� � .¢¤�¢ �ø� Ô � üð¤� � ý�± �Â õ 16 ¢øÀ� ,MEW ≃ 102GeV ,Ó�ã®øÂ µØ ó�Û�Æ÷�µ� ýø¤Â� �õa� ,À�îüÞ÷ ¢�¹þ� ¢¤�À÷�µ¨� ñÀõ ý�Â� üÜØÈõ ¢�¡ý¢�¡ �� Mp/MEW.´¨� ö¤�Ö�Â�� ý�þÂÑ÷ , ÛØÈõ ßþ� âê¤ ý�Â� ¢���õ ý�ûù�¤ ¥� üØþ .¢¤�Áðüõ Â���� �Ú�û¢¤�À÷�µ¨� ñÀõ ýù¤£ Âû ý�¥� �� �þÂÑ÷ ßþ� ¤¢ .´¨�ûöø¥�� ø �ûö��õÂê ß�� ü÷¤�Ö� ö¤�Ö�Â��ö���õ �� �ûö� ß�³¨� �ú�� ´¨� üõ�µ÷��î ¢�Àä� ö�Þû ý�¤�¢ �î ¢¤�¢ ¢��ø ÀþÀ� ýù¤£ ×þ.¢�ªüõ Û� °��Âõ �ÜÆÜ¨ �ÜÿÆõ ÀþÀ� ��¤£ ßþ� öÀª �ê�®� �� .¢¤�¢ �ø�Ô� Ýû �� 1/2üõ �î ¤�Ïö�Þû .´¨� ¢¤�À÷�µ¨� ñÀõ ü��Àû�Èõ ��ØÈõ �ÜÞ� ¥� ×þ¤�� ù¢�õ ý�ÜÿÆõù¢�õ ýùÀ�û¢Û�ØÈ� ýù¤£ .´¨� ùÀª Û�ØÈ� ×þ¤�� ù¢�õ ¥� Ýó�ä À¬¤¢ 23 ¢øÀ� Ý�÷�¢ö� ¢��ø �� üÈ÷�Âð ��Â�� ýø¤ ¥� �ú�� ø ¢¤�À÷ ý�ì ø üÆ�Ï��çõøÂµØó� ý�ûÇ�îÝûÂ� ×þ¤��Àþ�� ¢�ªüõ �µêÂð ÂÑ÷ ¤¢ ×þ¤�� ù¢�õ ý�ÀþÀ÷�î ö���ä �� �î ý�ù¤£ �¹�µ÷ ¤¢ .¢Â� ü� ö���üõÂÞä ¥� ö� ÂÞä �Þ�÷ Ûì�À� �þ Àª�� ¤�Àþ�� ø Àª�� �µª�À÷ ý�ì ø üÆ�Ï��çõøÂµØó� Ç�î ÝûÂ�.¢�ªüõ üêÂãõ ×þ¤�� ù¢�õ ý�Â� ü±¨��õ ý�û�ÀþÀ÷�î ö¤�Ö�Â�� ���¤�� ¤¢ .Àª�� ÂµÈ�� ö�ú�­Âê �� .¢�ªüõ ø¤��ø ¤ ���µþø Âð ¢�¥�õ À�ó�÷ ý�ÜÿÆõ �� ö¤�Ö�Â�� ���¤�� ¤¢ Å�Æ���µ³óù¤ø¢ ý�õ¢ ýø¤ �� ,Àª�� ùÀª À�ó�� üþ�õÂð �¤�¬�� ´¨¢ ´¨�¤ ��þÂ��÷ ßþÂ�×±¨ �îßþ�¤¢ .[9,10.Àª�� Â�ï¤�� 109GeV ¥� Àþ�� TR ´ó�� ßþ� ¤¢ .¢Â�ðüõ ¤�Âì À� TR ,Çþ�õÂð¥��âê¤ ý�Â� ü�ø�Ôµõ ý�ûÛ� ù�¤ .Ýþ�ªüõ ø¤��ø ¤ ���µþø Âð ¢�¥�õ À�ó�� �� üþ��� ý�õ¢ ß���
Leptogenesis 42



¤¢ R ý�µþ¤�� Ëì�÷ ��Þ� ö¢Âî �ê�®� �ûÛ� ù�¤ ßþ� ¥� üØþ .´¨� ùÀª �ÂÎõ ÛØÈõ ßþ�ý�µþ¤�� .[2] ´¨� ùÀª ¢�ú�È�� �ó�ø .  ø ö�¥Âê .ý ý�ó�Öõ ¤¢ Û� ù�¤ ßþ� .´¨� Û�Æ÷�µ�Â��ñÀõ ßþ� ¤¢ .¢�ªüõ Û��ì �ø�Ô� ü÷¤�Ö�Â�� ø üó�Þãõ ��¤£ ß�� �î ´¨� �µÆÆð ö¤�Ö� ×þ RÇû�î üð¤�� �±�Âõ ø¢ TR ,R ý�µþ¤�� Ëì�÷ ��Þ� ö¢Âî �ê�®� �� �î ¢�ªüõ ù¢�¢ ö�È÷´Üä �� �þ¤��¨ ßþ� ���¤�� ¤¢ .¢�� Ý�û��¿÷ ø¤��ø ¤ ���µþø Âð ÛØÈõ �� ÂÚþ¢ ø À�îüõ �À���Þ�÷ �� À�µÆû Ó�ã® Ç�îÝûÂ� ý�¤�¢ �î ü��¤£ ��Þ� ,R ý�µþ¤�� Ëì�÷ ��Þ� ¤�Ì�ý�Â� ü±¨��õ ý�ÀþÀ÷�î À�÷��� üÞ÷ �¹�µ÷ ¤¢ ø À��î üõ üª���ø ÂµÞî �þ 0.1sec ¢øÀ� ýÂÞäÀª�� ×þ¤�� ù¢�õ ý�Â� ü±¨��õ ý�ÀþÀ÷�î À÷��� üõ ö�µþøÂð ý�µÞûÂ�� �õa� .À�ª�� ×þ¤�� ù¢�õ¢¤�õ ë�ê ¢¤�õ �ó�Öõ ßþ� ¤¢ .Àª�� Ýó�ä ÂÞä �Þ�÷ ¥� Ç�� À÷��� üõ ö� ÂÞä �Þ�÷ �î �Â�.Ýþ¥�¢Â�üõ ö� ü¨¤Â� �� �� ßþ� ¤¢ �õ ø ´¨� �µêÂÚ÷ ¤�Âì ü¨¤Â�Å³¨ .Ýþ¥�¢Â�üõ ü÷�þ¤�� ýÂ��Â��÷ ¼�®�� ý�Â� ¢���õ ý�ûñÀõ �� �Àµ�� �õ�÷ö�þ�� ßþ� ¤¢ø üÚ�Üî�� ñÀõ ß���Ýû .¢�ªüõ üêÂãõ ���õ¥ ßþ� ¤¢ Õê�õ �þ¤��¨ ×þ ö���ä �� Å�Æ���µ³ó.¢�ªüõ ü¨¤Â� Å�Æ���µ³ó �� ö� ¯�±�¤�¤�Âì �ãó�Îõ ¢¤�õ °��Âõ �ÜÆÜ¨ �ÜÿÆõ ý�Â� ö� Û� ù�¤ ø ö¤�Ö�Â�� ý�þÂÑ÷ �ø¢ ÛÊê ¤¢üêÂãõ ö� ýÄ÷�Âð� ÓÜµ¿õ ý���� ø 5(MSSM) ���Þî ü÷¤�Ö�Â�� ¢¤�À÷�µ¨� ñÀõ .¢Â�ðüõ.Ýþ¥�¢Â�üõ ü÷¤�Ö�Â�� ��¤£ �Â� Ó�Ï ü¨¤Â� �� ÛÊê ý�úµ÷� ¤¢ ø ¢�ªüõ.Ý��îüõ ö��� �¤ ö� üêÂãõ ý�Â� ��óø� Ûþ�¢ ø Ý��îüõ ÓþÂã� �¤ R ý�µþ¤�� �Àµ�� ��¨ ÛÊê ¤¢.¢�ªüõ ù¢�¢ ¼�®�� Û�ÊÔ� �� R ý�µþ¤�� ËÖ÷ ���¤�� ¤¢ ���µþø Âð ÛØÈõ Û� ù�¤ Å³¨ËÖ÷ ¤�Ì� ¤¢ ×þ¤�� ù¢�õ ý�Â� °¨��õ ý�ÀþÀ÷�î ×þ ö���ä �� �¤ ���µþø Âð ü÷�þ�� ÛÊê ¤¢�¤ ö� ÂÞä �Þ�÷ ø ù¢Âî �±¨�½õ �¤ ö� üª���ø ý�ûÀõ ø Ý�û¢üõ ¤�Âì ü¨¤Â� ¢¤�õ R ý�µþ¤��.Ý��îüõ �Æþ�Öõ ö�ú� ÂÞä ��
Minimal Supersymmetric Standard Model 53



�ø¢ ÛÊê
Å�Æ���µ³ó

ü÷�þ¤�� ýÂ��Â��÷ 1.2¢�À ã � � � ö� ú � ¤¢ (� ûöøÂ �� ÷ ø � ûö� �øÂ �)� ûö� þ¤� � ¢�À ã � À û¢ü õ ö� È ÷ ��À û� È õý�Þû ,� õ ��Àû�Èõ Õ��Îõ .Àª� � üÞ ÷ Â ��Â � (�ûöøÂ �� ÷¢� � ø �ûö� �øÂ �¢� �)�ûö� þ¤� �¢� �ù¢�õ ¥� (�û�ª�¡ ø�ûö�ÈØúî ,�ûù¤�µ¨ ,ß�õ¥ ýùÂî) Ý�� � üõ ö�ú� ¤¢ �î üþ�û¤�µ¡�¨´ó�� ×þ ¥� ö�ú� �î À�îüõ ¢�ú�È�� �ø�Ôµõ ��Ñ��õ .À÷�ùÀª �µ¡�¨ (öøÂµØó� ø ö�þ¤��)Û¬�� üØ�õ��þ¢ ùÀª ùÀû�Èõ ü÷�þ¤�� ýÂ��Â��÷ ø áøÂª ýø�Æõ ö�þ¤��¢�� ø ö�þ¤�� ¢�Àã� ��.´¨� éøÂãõ 1Å�Æ���þ¤�� �� �þ¤��¨ ßþ� .´¨� ùÀª×þ ø ùÀª À�ó�� üØ�õ��þ¢ ,ü÷�þ¤�� ýÂ��Â��÷ �î ¢¤�¢ ¢��ø ­Âê ßþ� ý�Â� Û�ó¢ ø¢ Ûì�À�
Baryogenesis 14



��óø� ¢�Àä� Õ�ì¢ Ý�Ñ�� �� ¥��÷ ,Àª�� ��óø� ¯Âª ×þ ýÂ��Â��÷ ßþ� Âð� . ´¨� ù¢�±÷ ��óø� ¯Âªý�ûüðÄþø ýùÀû�Èõ §�¨� Â� �î ´¨� ßþ� Àª�� ��÷ Â� Ýúõ Àþ�ª �î �øa¢ Û�ó¢ . 2Ýþ¤�¢,´¨� ù¢�¢  ¤ �¤�� , ö�ú� ñ�½� ¥� ý�ù¤ø¢ ¤¢ , ü÷�ú�î ý�û��õøÂØ�õ ý���õ¥ Å� Ç���.´¨� ùÀª Õ�ì¤ üþ�Þ÷ �¤�¬ �� �¤�� ßþ� Û�ó¢ �� ,��aóø� ýÂ��Â��÷ Âû �¹�µ÷ ¤¢��¤£ ¢¤�À÷�µ¨� ñÀõ .¢�ªüõ ��Æ½õ ��¤£ ×þ��ê ¤¢ ï¤�� ý�Þa ãõ ×þ ,ö�ú� ¤¢ ýÂ��Â��÷×þ��ê å�Â¨ �� Û�ó¢ ßþ� �� .´¨� ö����÷ ùÀª ùÀû�Èõ üð¤�� �� ýÂ��Â��÷ ¼�®�� ¤¢ ý¢����.Ýþø ¤üõ ¢¤�À÷�µ¨� ñÀõ ý�¤ø:¢�ªüõ ÓþÂã� Âþ¥ ù�¤ ø¢ ¥� ö�ú� ¤¢ ü÷�þ¤�� ýÂ��Â��÷
η ≡ nB nB̄

nγ

∣

∣

∣

∣

∣

0

= (6.21 ± 0.16) × 10−10 (2.1)
Y∆B ≡ nB nB̄

s

∣

∣

∣

∣

0
= (8.75 ± 0.23) × 10−11 (2.2)ý¢Àä üó�Ú� nγ ,ü÷�þ¤�� ¢�� ý¢Àä üó�Ú� nB̄ , ü÷�þ¤�� ý¢Àä üó�Ú� nB ��ßþ� ¤¢ �î:¢�ªüõ ÓþÂã� Âþ¥ �¤�¬ �� �î Àª��üõ ü�øÂµ÷�
 üó�Ú� s ø ö���ê

s = g∗
2π2
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T 3.Àª��üõ �õ¢ T ø �Þ¨�� ý¢�¥� ���¤¢ ¢�Àã� g∗��ßþ� ¤¢:À�ª��üõ ¯��Âõ Ýû �� Âþ¥ ÕþÂÏ ¥� (2.2) ø (2.1) �Î��¤

Y∆B = (
nγ0
s0

)η ≃ η

7.04:´¨� Âþ¥ �¤�¬ �� ü÷�þ¤�� ýÂ��Â��÷ ö��� ý�Â� ÓþÂã� ß�õ�¨
ΩB ≡ ρB

ρcrit
(2.3):´¨� �µÆ��ø η �� Âþ¥ �Î��¤ ÕþÂÏ ¥� �î

η = 2.74 × 10−8ΩBh
2
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:´¨� Û��û ´��� ��� �Î��¤ ¤¢ h
h ≡ H0

100 · km · s−1 ·Mpc−1
= 0.701 ± 0.013:Àª��üõ ýÂ�ðù¥�À÷� Û��ì ÛÖµÆõ ù�¤ ø¢ ¥� ö�ú� ü÷�þ¤�� ýÂ��Â��÷ ¤�ÀÖõ:[4]Àþ�üõ ´¨¢ �� ΩB ��Â��ç� ý�Â� ����÷ ×þ ©ø¤ ßþ� ¤¢ . 3Ù÷�±úõ üþ��µÆû �µ�¨ (1

0.017 ≤ ΩBh
2 ≤ 0.024 (2.4)��Â��ç� ����÷.(CMB) ü÷�ú�î ý���õ¥ Å� ý�û��õøÂØ�õ ý¢ÂÚ÷�ÆÞû�÷ ýÂ�ðù¥�À÷�(2:[5]©ø¤ ßþ� ¥� ùÀõ� ´¨¢��

0.02149 ≤ ΩBh
2 ≤ 0.02397 (2.5)ý¤�ÿ� ý�û´�aÖê�õ ¥� ÂÚþ¢ üØþ ©ø¤ ø¢ ¥� ùÀõ� ´¨¢ �� ��Â��ç� ����÷ ß�� °ó�� Õê���(.´¨� CMB ý�õ¢ Õ�ì¢ ß��ã� ñøa� ý¥øÂ��).´¨� å�¢ Ù÷�±úõ

éø¤�¡�¨ Íþ�Âª 2.2´¨� ù¢Âî ýÀ��ñ�õÂê ü÷�þ¤�� ýÂ��Â��÷ À�ó�� ý�Â� �¤ ¯Âª �¨ ,ü¨ø¤ ö�ÀØþ��ê ,4éø¤�¡�¨:[16]´¨� Âþ¥ ¤�Âì �� �î
Y∆B 6= 0 �� üµó�� �� Y∆B = 0 ��aóø� ´ó�� ¥� ßµê¤ ý�Â� ¯Âª ßþ� :ü÷�þ¤�� ¢Àä ËÖ÷ (1.´¨� �¥�Â��Â� üµäÂ¨ �� �fÖ�ì¢ ö�þ¤�� À�ó�� À�þ�Âê ,À�ª�� �µÆþ�� CP ø C Âð� :CP ø C ËÖ÷ (2.Àþ�üÞ÷ ¢��ø�� ýÂ��Â��÷ �¹�µ÷ ¤¢ .¢ø¤üõ Ç�� §�Øãõ À�þ�Âêö� ÅØä ´äÂ¨ �� À�þ�Âê ×þ ´äÂ¨ ñ¢�ã� ´ó�� ¤¢ :üØ�õ��þ¢�õÂ� ñ¢�ã� ¥� �øÂ¡ (3

Big bang nucleosynthesis 3
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À�ó�� ö�þ¤�� À�þ�Âê ö� ÅØä ,¢�ª Â¹�õ ö�þ¤�� À�ó�� �� À�þ�Âê ×þ Âð� .´¨� Â��Â� À�þ�Âê.¢�ªüÞ÷ ¢�¹þ� ýÂ��Â��÷ �¹�µ÷ ¤¢ ,¢Â�üõ ß�� ¥� �¤ ùÀª:¢¤�¢ ¢��ø ¢¤�À÷�µ¨� ñÀõ ¤¢ ��� ¯Âª �¨�¤ B − L�î üó�� ¤¢ À��î üõ ËÖ÷ �¤ ü÷�µ³ó ¢Àä ø ü÷�þ¤�� ¢Àä 5 öøÂÜÔ¨�
 ý�ûÀ�þ�Âê (1.À�ª��üõ ¯��Âõ üõ�µ÷��î ý�ûý¤�¹�ûü� �� �ûÀ�þ�Âê ßþ� .À÷¤�¢üõ ù�Ú÷ �µÆþ��Ç�îÝûÂ� .À�îüõËÖ÷ ���È�� �¤�¬ �� �¤ C ¢¤�À÷�µ¨� ñÀõ ¤¢ Ó�ã®Ç�îÝûÂ� (2.À�îüõ ËÖ÷ �ø�Ø¨�õ - üª�þ���î δKM¥�ê ÕþÂÏ ¥� �¤ CP Ó�ã®ø ñøa� ý�±�Âõ ¥�ê ¤�Áð À÷���üõ ,Àµê�üõ ë�Ô�� T ∼ 100GeV ¤¢ �î Ó�ã®øÂµØó� ¥�ê ¤�Áð (3.Àª�� üþ�õÂð ñ¢�ã� ´ó�� ¥� �¤�¡ñÀõ ¤¢ CP ËÖ÷ .¢�ªüõ Ǒ�®¤� Ûõ� î �¤�¬ � � ¢¤�À ÷� µ¨� ñÀõ ¤¢ ñøa� ¯Âª �ú � � � õa�.Àû¢ ¼�®� � �¤ ùÀª ùÀû�Èõ ýÂ ��Â �� ÷ À ÷�� µ � � î ´¨� ö� ¥� Â �×��î ¤� �Æ � ¢¤�À ÷� µ ¨�,Àª�� ×±¨ Àþ�� �Ú�û ýù¤£ ù�ðö� Àª�� ñø� ý�±�Âõ ¥� Ó�ç®øÂµØó� ¥�ê ¤�Áð Âð� ß���ÝûñÀõ �¹�µ÷ ¤¢ .À��î üõ ö��� �¤ mH ≥ 114GeV À� �ûÇþ�õ¥� �î üó�� ¤¢ .mH ≤ 70GeV��� ¶½� �� ��a �� �� .Àû¢ ¼�®�� �¤ ùÀª ùÀû�Èõ ü÷�þ¤�� ýÂ��Â��÷ ¤�ÀÖõ À÷���üÞ÷ ¢¤�À÷�µ¨�:Àû¢ ©ÂµÆð �¤ ¢¤�À÷�µ¨� ñÀõ ù�¤ ø¢ ¥� Àþ�� Ûì�À� ÀþÀ� ×þ��ê.CP ËÖ÷ ÀþÀ� â���õ üêÂaãõ (1ß�Ú�¨ À
 þÀ� �
 �¤£ üª���ø Û·õ).À�ª�� ñ¢�ã� ´ó�� ¥� �¤�¡ �î ýÂÚþ¢ ý�ûÀ�þ�Âê üêÂaãõ (2(ñ¢�ã� ´ó�� ¥� �¤�¡ ¤¢
Å�Æ���þ¤�� ý�ûñÀõ 3.2: ´¨� ùÀª ù¢¤ø� Âþ¥ ¤¢ Å�Æ���þ¤�� ý�û���÷�Øõ ¥� ý¢�Àã�ý�ûöø¥�� üª���ø ÕþÂÏ ¥� ü÷�þ¤�� ýÂ��Â��÷ ���÷�Øõ ßþ� ¤¢ :[11]Å�Æ���þ¤�� GUT (1
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ñÀõ üÜî ü��� Ç�� .¢�ªüõ À�ó�� ,ñ¢�ã� ´ó�� ¥� �¤�¡ ¤¢ ,ï¤�� ¢�½�a� ý¤�ÿ� ß�Ú�¨.´¨� ùÀÈ÷ ùÀû�Èõ ö��î�� �î ´¨� ö��øÂ� üª���ø ï¤�� ¢�½�� ý�û¥�ê ¤�Áð ý�Ü�¨ø �� �î �ûñÀõ ¥� ù¢¤ ×þ �� ��÷ ßþ� :[12]Ó�ã®øÂµØó� Å
 �Æ���þ¤� � (2ßþ� �� ¢¤�À÷�µ¨� ñÀõ �¹�µ÷ ¤¢ .¢�ªüõ ë�Ï� ,À÷�ªüõ �¤�¡ ñ¢�ã� ´ó�� ¥� Ó�ã®øÂµØó�ËÖ÷ ø ´Æ�÷ ý�ì ñøa� ý�±�Âõ ¤¢ ö� ¥�ê ¤�Áð Àª Âî£ ��� ¤¢ �î ¤�Ïö�Þû �õa� ,¢¤�¢ ÕÜã� ù¢¤üØþ .À��î ��¬� �¤ Âó�Ø¨� Û�Æ÷�µ� Àþ�� ù¢¤ ßþ� ¥� üþ�ûñÀõ .´¨� ×��î Ýû ö� CP�¹�µ÷ ¤¢ ,¢¤�¢ ¢��ø �Ú�û SU(2) üþ��ø¢ ø¢ ñÀõ ßþ� ¤¢ .Àª��üõ 2HDM �ûñÀõ ßþ� ¥�ßþ� ¥� ÂÚþ¢ °ó�� ñÀõ .À�ª�� CP Ëì�÷ À�÷���üõ �î ¢¤�¢ ýÂµÈ�� ý�ûÂµõ�¤�� �Ú�û Û�Æ÷�µ�.´¨� Å�Æ���þ¤�� MSSM ù¢¤üª���ø ÂÚþ¢ ��¤£ �� À÷���üõ �î ×�¨�î Âó�Ø¨� ö�À�õ ×þ :[13]6 ßþ�¢-×Ü
ê� ñÀõ (3.Àª��üõ ñÀõ ßþ� ¤¢ ü÷�þ¤�� ýÂ��Â��÷ ýùÀ÷¤ø� ¢��ø�� ,À�îÀ® ø ù¢�õ ýÂ��Â��÷ ¼�®�� ý�Â� üÈ÷�Âð ���õ� ¥� ñÀõ ßþ� ¤¢ :[14]7Å�Æ���µ³ó ýøÂð(4.¢�ª üõ ù¢�Ôµ¨� ù¢�õ¤�� ß�óøa� ý�Â� �î ´¨� Å�Æ���þ¤�� ý�û�þ¤��¨ ßþÂ�Õêa�õ ¥� üØþ :[1,7]8Å�Æ���µ³ó (5.Ý��îüõ �îÂÞ� �þ¤��¨ ßþ� ýø¤ Â� �õ�÷ö�þ�� ßþ� ¤¢ ø À÷¢Âî �ÂÎõ �¤ ö�[7] �À�ð�÷�þ ø �µ���î�ê
üþ�õÂð Å�Æ���µ³ó 4.2�� ü÷�µ³ó ýÂ��Â��÷ �Àµ�� ö� ���¤�� ¤¢ �î ¢�ª üõ ë�Ï� üÜî üõ��÷�Øõ �� Å�Æ���µ³óÛþÀ±� 9 öøÂÜÔ¨� ý�ûÀ�þ�Âê ÕþÂÏ ¥� ü÷�þ¤�� ýÂ��Â��÷ �� ýÂ��Â��÷ ßþ� ù�ðö� ,Àþ�üõ ¢��øÂ� �î ´¨� üóÀõ ,Å�Æ���µ³ó ñÀõ ßþÂ�üÞþÀì ü¿þ¤�� ÂÑ÷ ¥� ø ßþÂ� éøÂãõ .¢�ª üõ

Affleck-Dine 6
gravi-leptogenesis 7

Leptogenesis 8
Sphaleron 9
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Ý�û��¡ �îÂÞ� ñÀõ ßþ� ýø¤ Â� ��÷ �õ�÷ ö�þ�� ßþ� ¤¢.´¨� ¤��µ¨� [8]10üÚ�Üî�� ���÷�Øõ §�¨�.¢Âî���÷�Øõ ÕþÂÏ ¥� ,´¨� ü÷�þ¤�� ýÂ��Â��÷ Ó�¬�� ý�Â� üóÀõ �î ßþ� Â� ùø�ä Å�Æ���µ³óüþ��×� ÀþÀ� ��¤£ .Àû¢üõ ¼�®�� ��÷ �¤ �û��þÂ��÷ ÂÔ¬ Â�è �õa� ×��î �Â� üÚ�Üî��üðÀª´Ô� �î ,À÷�ªüõ üêÂa ãõ üÚ�Üî�� ���÷�Øõ ÕþÂÏ ¥� ,SUC(3) × SUL(2) × UY (1)ÀþÀ� ��¤£ ßþ� ý�÷�¤�þ�õ �Â� .¢¤ø�üõ ¢��ø�� �¤ CP ËÖ÷ ÀþÀ� â±�õ �ûö� ý�ø�î�þüª���ø ñ¢�ã� ´ó�� ¥� �¤�¡ ß�Ú�¨ ø ÀþÀ� ý�û��þÂ��÷ âì�ø ¤¢ ,´¨� ü÷�µ³ó ¢ÀäËì�÷�¤�¬ �� éø¤�¡�¨ ¯Âª �¨ Âû ÂÚþ¢ �¤�±ä �� .À÷¤ø�üõ ¢��ø�� ü÷�µ³ó ýÂ��Â��÷ ø À��îüõýÂ��Â��÷ ,¢¤�À÷�µ¨� ñÀõ¤¢ öøÂÜÔ¨� ý�ûÀ�þ�Âê Ýû ´þ�ú÷ ¤¢ .¢¤�¢ ¢��ø ñÀõ ßþ� ¤¢ üã�±Ï.À��îüõ ÛþÀ±� ü÷�þ¤�� ýÂ��Â��÷ �� �¤ ü÷�µ³ó§��Öõ ¥� �ûö� �Â� �f �Þãõ �î ¢�ªüõ üêÂa ãõ Mi �Â� �� ×þ Âû ��þÂ��÷ Ni ñÀõ ßþ� ¤¢:À�ª��üõ Â�ß�Ú�¨ Ó�ã®øÂµØó� ´ÆØª
Mi ≫ νu��aóø� ý�û��ó�÷�¤¢ .´¨� �µêÂð ¤�Âì �ãó�Îõ ¢¤�õ ý¢Àãµõ ý�ûùøÂð ý�Ü�¨ø�� Å�Æ���µ³óý�¤�¢ ü÷�µ³ó ÝãÏ �î ¢�¢ ö�È÷ ýÀã� ��ãó�Îõ �õa� .´êÂðüÞ÷ ¤�Âì ü¨¤Â� ¢¤�õ ÝãÏ ��Â����Ëì�÷ ý�ûÀ�þ�Âê .¢�ªüõ ¤øÂõ üÚ�Üî�� ñÀõ �Àµ�� ÛÊê ßþ� ¤¢ .[17] Àª��üõ ´�aÞû�.¢�ªüõ ü¨¤Â� Å�Æ���µ³ó ý�Â� ý¥�� ��±¨� ñÀõ ×þ Å³¨ ø �ÂÎõ B+L

üÚ�Üî�� ñÀõ 5.2�� ö¤�Ö� ý¢�¡��¢�¡ ´ÆØª ¥� Àã� ,�ûö�µ³ó ø �ûí¤��î ßþ¢���� ��¤£ ¢¤�À÷�µ¨� ñÀõ ¤¢�Âþ¥ ,À�÷�õüõ üì�� �Â� öøÀ� �û��þÂ��÷ �õa� .À÷�ªüõ ¤�¢�Â� �ø�î�þ üðÀª´Ô� ý�Ü�¨ø
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ö�¨�÷ �ÜÞ� ¥� ýÀû��ª §�¨� Â� ù¥øÂõ� .´¨� ´¨¢´¨�¤ ý�µþÂ��÷ Àì�ê ¢¤�À÷�µ¨� ñÀõ¤�¢�Â� ý�Â� ���÷�Øõ ×þ �� ¥��÷ �¹�µ÷ ¤¢ .À�µÆû ¤�¢�Â� �û��þÂ��÷ �î Ý�÷�¢üõ ,�û��þÂ��÷üó�� ¤¢ ,´¨� 106eV ý�±�Âõ ¥� �ûí¤��î �Â� �î Ý�÷�¢üõ ß���Ýû .Ýþ¤�¢ �û��þÂ��÷ ö¢Âîüõ��÷�Øõ Âû �¹�µ÷ ¤¢ .Àª��üõ 1eV ¥� ÂµÞî �û��þÂ��÷ �Â� �î Àû¢üõ ö�È÷ ��Àû�Èõ �î.Àû¢ ¼�®�� ��÷ �¤ ï¤�� é�µ¡� ßþ� Àþ�� �û��þÂ��÷ ö¢Âî ¤�¢�Â� ý�Â�ý��þÂ��÷ n ñÀõ ßþ� ¤¢ .Àª��üõ 11 üÚ�Üî�� ñÀõ ,�û��þÂ��÷ ö¢Âî ¤�¢�Â� ý�Â� ���÷�Øõ ×þüêÂãõ12 Âµ �� ý�� þÂ �� ÷ �� ÷ � � ,À� µÆû SU(3) × SU(2) × U(1) üþ�µØ � �î ´¨¢ ´¨�¤:´ª�÷ ö���üõ �û��þÂ��÷ ý�Â� üõÂ� ý�ÜÞ� á�÷ ø¢ �û��þÂ��÷ ßþ� öÀª �ê�®� �� .¢�ªüõ:í�Âþ¢ üõÂ� ý�ÜÞ�.1
£D = N̄iM

D
ikνk (2.6):´¨� Âþ¥ �¤�¬ �� �ø�î�þ üðÀª ´Ô� °Æ� Â� MD �î

MD
ik = λik

v√
2

(2.7)
:�÷�¤�þ�õ üõÂ� ý�ÜÞ� .2

£M =
1

2
N̄iM

M
ij N

c
j (2.8):¢�ªüõ ÓþÂã� Âþ¥ �¤�¬ �� N ø ν ��� ¤¢ �î

ν = (νe νµ ντ )
T

N = (N1 N2 ...Nn )T

N c = CN̄T C = iγ2γ0

(2.9).À�ª��üõ n× 3 ÅþÂ��õ ×þ MD ø n× nÅþÂ��õ ×þ MM üÜî ´ó�� ¤¢ ß���Ýûí�Âþ¢ üõÂ� ý�ÜÞ� ,Àª�� ×þ N ü÷�µ³ó ¢Àä Âð� �î ´¨� ßþ� ��ßþ� ¤¢ ���� Û��ì �µØ÷
Seesaw 11
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ËÖ÷ À��ø ø¢ �¤ Ûî ü÷�µ³ó ¢Àä �÷�¤�þ�õ üõÂ� ý�ÜÞ� �õa� À�îüõ �Ô� �¤ ü÷�µ³ó ¢Àä ö¤�Ö�ö���üÞ÷ �¹�µ÷ ¤¢ ¢¤�À÷ U(1) ö¤�Ö� �÷�¤�þ�õ üõÂ� ý�ÜÞ� �î ßþ� ýÀã� ý�µØ÷ .À�î üõö���üõ Å� ,À÷¤�À÷ ý¤�� �÷�ðº�û ´¨¢ ´¨�¤ ý�û��þÂ��÷ .¢�¢ ´±Æ÷ ö� �� ý¤�� º�û.´ª�÷ �÷�¤�þ�õ üõÂ� ý�ÜÞ� �ûö� ý�Â�:¢�� Àû��¡ Âþ¥ ÛØª �� ��þÂ��÷ üõÂ� Ç¿� ýÄ÷�Âð� �¹�µ÷ ¤¢
− £M = N̄iM

D
ij νj +

1

2
N̄iM

M
ij N

c
j + h.c. (2.10):´ª�÷ Âþ¥ �¤�¬ �� ö���üõ �¤ ë�ê ýÄ÷�Âð�

− £M =
1

2

(

ν̄ N̄

)







0 MD

MD MM













ν

N c





 (2.11):��þÂ��÷ üõÂ� ÅþÂ��õ ý�û¤�ÀÖõ ùÄþø
mν = (MD)2

MM

mN = MM
(2.12).¢�ªüõ Â�×��î mν ¤�ÀÖõ ,Àª�� Â�ï¤�� mN ¤�ÀÖõ �î �� Âû ¢�ªüõ ùÀû�Èõ �î ¤�Ïö�Þû´ÆØª §��Öõ ¥� Â�ï¤�� üÜ�¡ mN��Þãõ .À�õ�÷üõ üÚ�Üî�� ñÀõ �¤ ñÀõ ßþ� ´ú� ßþ� ¥�ñÀõ ý�û�� þÂ �� ÷ ÂÔ¬ Â�è �õa� ×��î �Â� À÷�� �üõ ñÀõ ßþ� ø Àª� � üõ Ó�ã®øÂµØ ó�.Àû¢ ¼�®�� �¤ ¢¤�À÷�µ¨�

B+L ËÖ÷ ¤¢ ý¤�¹�û�÷ 6.2�¤ üÞúõ ÇÖ÷ �î ´¨� üó�µ¡�Â�è ü÷�þ¤�� ¢ÀäËì�÷ ý�û Ç�î�ø üêÂãõ Ç¿� ßþ� éÀû©¤�¹�ú�¥�� ýÄ÷�Âð� ¤¢ Lα ü÷�µ³ó ¢Àä ø B ü÷�þ¤�� ¢Àä .À�î üõ ý¥�� Å�Æ���µ³ó ¤¢ö�À�õ ¥� ýÀ��ÂØ�� ,ùÀ�µ¨¢ ý¤�¹�û�÷ °±¨ �� .À�÷�õ üõ üì�� �µÆþ�� ¢¤�À÷�µ¨� ñÀõ ÂþÁ�:�µØ÷).´¨� B + Le + Lµ + Lτ ËÖ÷ ý�Â� üã±�õ �î ¢¤�¢ ¢��ø üó�µ¡� Â�è ý� �÷�Þ��11


