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 A�r�¤ rkJ

: ¨bn�� �wq� T�A�tF� ,¢�A�}± �Sf�� Tbs� ¤ ¢�®�� ¤ rkK�� �y�s� ¨l� A��z� «C�

£dþþþþm�  ®�� ºrm�� rkJ T�®� :�y� Am� ¤ .« ¢l�� rkK§ �� xAn�� rkK§ �� �� »

�wls� ¨��d¡  � Yl� ��¤ z� ¢l� ¯¤� rkK�A� rkJ Am� �hn� �¤r`m�� �t� �m�

rkK�A� P�� Am� .E¤Af� �hny� ¤ ¨ny�  A�  �¤ �l`�� �¡�� ¢bKt��¤ ��b�� �§rV

ÐAtF� ,�y�� L§r�� Cwsy�¤rb�� ,­r�@m�� £@¡ �@¡ Yl� �rKm�� �§rk�� ©ÐAtF�

£�r§ A� Y�� ¨nh�w§ �� 	t�� A� �� ­º�r� Yl� AO§r�  A� dq� ,��y� T`�A��

.rkK�� r��¤ ¨n� ¢l� ,AbFAn�

T`�A�� ÐAtF� ,dym��� db� �y�w� Cwsy�¤rb�� :��rk�� ­@�AF±� ­ As�� rkJ� Am�

T`�A�� rRA�� ÐAtF� ,Mw`� �yb� Cwt�d��¤ ,TK�Anm�� Tn�� x�r� ¢�wbq� ��y�

A�wk§  � Amh�wbq� ,�lK�� T`�A�� rRA�� ÐAtF� ,T�A�w� H§C � Cwt�d��¤ ,��y�

�A��� rb�m� ¨�@�AF� rkK�� Tm¶Aq� �yR� Am� .TK�Anm�� £@¡ ¨� �yn�tmm��

rtFA� - T§r\n�� ºA§zyf�� �s� ¨� �®y�z�� �� ¤ ,��y� T`�A�� T§r\n�� ºA§zyf��

.ºA�d�A� ¨�wsn§ ��¤ ¨�w`�J �y� ,( A�¤Cw� T`� ) 2020 T`� - 2

¨� ¨n�A�� ¤� ­d¶A� ¨� �d� �� �� ¤ ,Tm§rk�� ¨tl¶A`� ©rkJ �§z�� �dq�� �ry��¤

 �zy� ¨� �hlm� �`�§  � ¤ �ry� ¨n� �h§z�§  � ¢l�� ��F�¤ ,�R�wtm�� �m`�� �@¡

.�h�Ans�
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1 
Ab��

T�dq�

d§d`�� �rV w¡ ,�F�w��  wk�� �@h� Anl��� T\�� An�wq�¤ An�A¡Ð� C Ab§ d� A� �¤�

�� w¡ �rW§ d� A� �¤�¤ ,d¶�z�� An�wS� �AbJ³ Ahn� T�A�³� T�¤A��¤ Tl·F±� ��

�A�wk� ¨¡A� ?
`n} �ÐA� �� ?An�w� ¨t�� �As�±� £@¡ �}�A� ?�y�wnO� ��� �ÐA�


ql� �¯¦Ast�� £@¡ �� ? ¯ �� Ty�E� ¨¡ �¡¤ A¡rm� A�¤ Ahl}� w¡A�¤ ­ Am�� £@¡

��b�� ¨� T§A�l� �dy� �z�A� 
�Ak� TK¡d��¤ �w¡@�� �� A�w� Ty�As�³� xwf� ¨�

 wkt� Ah�§d�� Annkm§ An�� ¯� ¨fsl� ��AV ��Ð Tl·F±� £@¡  � �� ��r�A� ,�AKt�³�¤

ºA§zyf�� C¤ �dq�  � An� 	lWt§ �@¡¤ ­r�@m�� £@¡ ¨� MAqnl� Tl�A� Tyml� Tl·F�

.Ahn� T�A�³� ¨� T�§d���

�A�A�� �§dq� ¨� Tym¡±� T§A� ¨� C¤ ( Standard Model ) ©CAy`m�� �Ðwmnl�  A�

,{`b�� AhS`� �� Ah�®�Af�¤ ­ Aml� TyFAF±� �A�wkm�� �O§ Ð� ,�¯¦Ast�� �� ­ry��

	y�rt��¤ �wbq�� 
�¯ T§r\� �b}�¤ d��¤ �Ðwm� �mR «w� �®� ��C � �� ¢nkm�¤

­C A� �k� �� Ah�� ¯� ,T§r\n�� £@¡ ¢tqq� ©@�� �A�n�� ��C ,�y��Ab��¤ ºAml`�� �d�

	bF rysf� �� ¢nkm� �d� Ahny� ��¤ ,��AKm�� {`b� �A�Ab��¤ ��rysf� �§dq� Yl�

(CP) rZAnt�� �Aht��  � �¤r`� w¡ Am� ,Ty�A`�� �A�AW�� dn� (CP) rZAnt�� �Aht�� 
Ay�

¨� ��Ð rh\§¤ ( Tfy`S�� �®�Aft�� ¨� ©� ) TSf�nm�� �A�AW��  ¤d� ¨� A��A�

�A�AW�� dn� Ty�As� �Aylm� º�r�� 	`O�� �� ¢�± ,�A�¤¤Ak�� �� Tlm� �¯®�mR�

�wq�� An� �ms§ ¨�At�A�¤ ,©r\� �kK� �A�� Ansf�� d�� �@h�¤ ,( QCD ) þ� TSf�nm��

�d�§ (CP) rZAnt�� �Aht��  � �S�� d� �k� ,¨�A� ry� T§wq�� �®�Aftl� Anmh�  �

Annkm§ ­ry�O�� Tmyq�� £@¡¤ ,θ < 10−9 �y� (θ) þ� ¨mF XyFw� ��Ð  d�¤ T�dO�A�

¨Rr� �� d�w§ ¯ T�As�� d�� ¢�� ¤db§A� Yl� �k� ,T§wq�� (CP) TlkK� Y�� Ahbs�
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) �� ®� £�dmt�� �� w¡ ¯wb� �¯ ©@�� dy�w�� ���A� ,�kKm�� �@¡ QwO��

( Peccei Quinn mechanism þ� 
ymF Ty�� ¨� ��m�¤ ( �§w� �yl¡ )¤ ( ¨ky� w�ry�¤C

�A�AW�� �AW� ¨� Ay¶Aql� rsk§ ©@��¤ ��AK�� �§w� ¨Kty� rZAn� �dq� Ty�µ� £@¡¤ ,)

, wys�±A� �r`m��¤ �tFd�w�  ¤Ew�  w�w� ¥bnt�� T§r\n�� £@h� T�ytn�¤ ,Ty�A`��

Tfyf� Ty�¤Ew� Tmys� Ah�wk� ryb� �Amt¡A� 
\� Tmys��� £@¡  � r�@�A� �ym���¤

�CAOt�� ( WIMPs ) ��Aft�� Tfy`R Tm�R �Amys�� ThybJ P¶AO� �lm� ­d§d�

Tm¶A� ¨� ­C�dO�� �t�� Ahl`�A� �@¡¤ ,( Weakly (Interacting Massive Particles ) þ�

£@¡  w�¤  � Ysn� ¯¤ ,( Dark Matter ) Tml\m�� ­ Am�� T`ybV d§d�t� �y�Jrtm��

�y� ,Ty�wk��¤ Tyklf�� Ty¶A§zyf�� �A�Ayb��¤ 
CA�t�� ¨� Ah�  ¤d� �R¤ �� Tmys���

( �w�Am§r� ry��� �§rV �� Tyklf�� ºA§zyf�� ¨� �A�wys�±� £@¡ CdO� d§d�� ��

º� ws�� ­ Am�� d§d�� Y�� T�AR³A� ,�w�n��¤ HmK�� ¨� �d�� ¨t�� Primakoff effect )

,( Vaccuum mis alignment ) þ� Yms� Ty�� ¨nb� �®� �� rkbm��  wk�� ¨� Tyqbtm��

An�� ¯� �A�wys�±� �Amys�  w�¤ Yl�  µ� Yt� �VA� �y� ry�w� �d� �� ��r�A�

.(LHC) rybk�� �A�¤C Ah�� � AO� ¨� A¡ w�¤ �Ab�� Y�� �wt� An�EA�

�Ðwmn�� �� TyFAF±� �y¡Afm�� {`� An�¤An� ­r�@m�� £@¡ �� ¨�A��� �Of�� ¨�

TyRA§r�� �y¡Afm�� �� ry�k�� �m� �y� ;ºAsfys� T�A�m� d`§ ©@�� ©CAy`m��

¯� Tym¡±� T§A� ¨� Ty�� TF�C Y�� An�rW� Am� ,­d��¤ T§r\� �mR Ty¶A§zyf��¤

rs� �¤d� dn� Ty�¤±� �Amys�l� Tltk�� �nm� Ah�� Ahn� �¤r`m��¤ ,z�y¡ Ty�� ¨¡¤

T`Wqtm�� ��rZAnt�� TF�C Y�� An�rW� dql� ��A��� �Of�� ¨� A�� .¨¶Aqlt�� rZAnt��

�Aht�� �d�§ �§�¤ 
AbF� Yl� An�r`�¤ ¨��CwnybF �q� Yl� Ah��ry��� rh\§ �y�¤

¨t�� T§wq�� (CP) TlkK� Y�� T�AR³A� �A�¤¤Ak�� Tlm� ¨� �d§d�t� , (CP) rZAnt��

T§¤�z�� d�� 	bF ¨� ,�yy¶A§zyf�� �y��Ab��¤ ºAml`�� rk� ��K� 
��z�¤ 
�A� Am�AV¯

�rtqm�� dy�w�� ���� Y�� An�rW� Am� ,θ < 10−9  ¤d� ¨� ­ry�} Tmy� T�dO�A� (θ)

 wys�±� Tmys� Ahny� ��¤ ��AJ rZAn� Amhynb�¤ �yy¶A§zyf�� �ym�A`�� �rV ��

,Ah� �S�� ¨t��  wyq��¤  wys�±� Tmys� �wRw� An��A� Am� ,¨Kty� Ty�µ T�ytn�

,(ALPs)  wys�±A� ThybJ �Amys�� �®�mR¯�¤ � AOm�� ¨� Ty¶A§zyf�� Ty�An�� ��

HmK�� ¨� Ah�At�� Ty��¤ �Amys��� £@¡ CdO� �� Tyklf�� ºA§zyf�� ¨� An�d�� Am�

( Vaccuum mis Ty�µ� r�Ð Y�� T�AR³A� Ah�A`b�� º�r� ��ry�� �� �d�§A�¤ ,�w�n��¤

�A�wys�±A� Tql`tm�� Tyqbtm�� Tml\m�� ­ Am�� T�A�� d§d�� ¨� T`btm�� alignment )

¨� �y¶A§zyf�� �d� Ty�A`� r��±� �ÐAmn�� r�Ð Y�� An�rW� ���r�� �Of�� .Ay�w�wmFw�

AS§� AnfR�¤ ¨¶r� ry�¤ ¨¶rm��  wys�±� ¨�Ðwm� An��A� �db� ¹ A� ;­ry�±� T�¤±�
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Yl� ­¤®�¤ ,©CAy`m�� �Ðwmn�� �Amys� ��  wys�±� Ah� �S�§ ¨t�� �A��rt�³� �¡�

( XENON1T T�r�� �¶At�¤ �A�wys�±� �� ¢y� An�d�� �Wqm� �Of�� Anyh�� ��Ð

{¶A� CwhZ T�ytn�� 
�A�¤ ,Tml\m�� ­ Am�� T`ybV �� �Kk�� Y�� �dh� ¨t�� )

¨smK��  wys�±� ­CAJ� T\�®� 
m� ��Ð �� ­¤®� ,Ty�¤rtk�³� �� �d�C³� ¨�

.Tm�A��� ¨� �¶Atn�� �m�� Py�lt� Anm� ry�±� ¨� ,TlSfm�� ­CAJ³� A¡¤rbt��¤



2 
Ab��

Ty�¤±� �Amys��� ºA§zyf� ©CAy`m�� � wmn��

T�wm�� T�d� �O� T§r\� ¢��� ,�Amys��� ºA§zy� ¨� ©CAy`m�� �Ðwmn�� �r`§

;TysyVAn��¤rhk��¤ Tfy`S��¤ T§wq�� T§¤wn�� �®�Aft�� ¨� Tl�mtm�� r¡�w\�� ��

r�A\t� ­rm� ¤ T�yt� d`§¤ ,©C@�� 
�t�� «wtsm�� Yl� �Amys��� �y� �d�� ¨t��

CAk�±� �¡� Ahm� 
CA�� ­d`� �w�A� �y� ; ¤A`t�� ��  wq`� �y��Ab��¤ ºAml`��  wh�

Tybsn�� ¨� T�A� ¹ Ab� �mSt� TyRA§C �¯ A`� Q®�tFA� 
ht�� ¨t�� T§r\n��

.T§C@��  ¤ �Amsy�  w�¤ dy��t� Aht�}  A¡r� ��¤ ,¨mk�� �y�Akym��¤ T}A���

ºAn� ¨� ryb� �kK� 
m¡AF ¨t�� �y¡Afm�� �¡� |r� �¤A�nF �Of�� �@¡ ¨�¤

�y�An§ w�¤rk�� ¨t§r\� �� ,TyFAF±� �®�Aft��¤ �Amys��A� T§�d� ©CAy`m�� �Ðwmn��

( Electroweak Theory Tfy`R¤rhk�� ¤ ,( Quantum Chromodynamics Theory ) ¨mk��

( Spontaneous ¨¶Aqlt�� rZAnt�� rs� :¨¡ Tym¡±� T§A� ¨� �CAk�� L�An� �� ��¤ )

�®� �� Tlt� Ty�¤¯� �Amys��� 	s� Ty�� Yl� �r`t��¤ Symmetry Breaking )

�Ðwmn�� ��AK�¤ �A�A�� r�@� �Of�� �@¡ ¨hn�¤ ,( Higgs mechanism ) z�y¡ Ty��

.©CAy`m��

©CAy`m�� � wmn�� Tyn� 1

:¨¡  wk�� «w� ��C� �}� �� «w� �®� dy�w� ©CAy`m�� �Ðwmn�� �A�A�� ��

 Ak� ;d��¤ �Ðwm� �mR Tfy`S�� T§¤wn��¤ T§wq�� T§¤wn�� ­wq�� ,TysyVAn��¤rhk��

,��z�� �� ­rt� ¨� º¨J �� T§r\n� :©CAy`m�� �Ðwmn�� Tyms� �A�n�� �@¡ º�C¤ ��

Ty�ÐA��� ­w� ��C � ¨� ¢lKf� �Amk�� T�C Y�� �w}w�� �� ¢nkm� �� ­ AJ³� £@¡  � ¯�

:Yms� X¶AF¤ ¤� �®�A� rb� �qn� «wq�� £@¡¤ ,�Ðwmn�� �@h� «wq�� Tyq� ��

8
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.[1] «wq�� �®�A�

�®�Aft�� TysyVAn��¤rhk�� Tfy`S�� T§wq�� Ty�ÐA��� �Amys�l� Tltk�� ºAW��

XyFw��  w�wf��  ¤Ew� 3 �A�wyl�8  wty��r� z�y¡

zy�rt�� γ W±, Z0 g G H

Ty¶A�rhk�� Tn�K�� 0 0 0 * 0

�ybs�� 1 1 1 * 0

(GeV ) Tltk�� 0 80, 90 0 0 125.4

AhW¶AF¤ P¶AO�¤ �®�Aft�� : 1.2 �¤d�

Ty�¤±A� 
ymF ( Fundamental particles or elementary particles ) : Ty�¤±� �Amys���

Ty�wy�CA� : A�w� ¨¡¤  wk�� ¨� ­ w�w� ­ A� �k� Ty�¤±� Tynb�� Ah�� xAF� Yl�

,­d��¤ T§r\� �mR �Amys��� £@¡ �®�Af� �O§ ©CAy`m�� �Ðwmn�� ¤ ,Ty�¤Ew�¤

¨� £ w�¤ �Ab�� �� �ys� (25) �§rK�¤ Asm� �mSt§ ©CAy`m�� �Ðwmn��  µ� d��¤

.�A�rsm��

 A`btF³� �dbm� �S��¤ ( half integer ) �y�} - �O� �ybF Ah� �Ay�wy�CAf��

�dbm� �S�� ¯¤ �y�} �ybF Ahl� �A�wy�CAf�� Hk� Yl� ¨h� ;�A�¤Ewb�� A�� ,¨�¤A�

�®�An� 
yms� ;�®�Aft�� ¨� ¯A`� �C¤ 	`l� Ahtl`� ­zy� Ahbs�� A� �@¡¤ ,¨�¤A�

¨� ­r� d�w�¯ - �A�C�wk��¤ �A�wtbyl�� :�� AFAF�  wkt� �A�wy�CAf�� ¤ «wq��

�ys� �ys� �k�  � Ysn� ¯¤ ,�A�¤C Ah�� �ykK� ¨� ��d� ­ry�±� £@¡ ,- T`ybW��

.Tn�K�� ¨� ¢s�A`§ ¢nk� �ybs��¤ Tltk�� ¨� ¢� ©¤As�  AS�

.©CAy`m�� �Ðwmn�� �Amys� : 1.2 �kJ1.2

1.2
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.AhO¶AO�¤ Ty�¤±� ry�¤ Ty�¤±� �Amys��� {`� �ynO� : 2.2 �kJ

( Non Abelian ) (Tyl§db� 
sy�) Tyly�� ry� T§CAy`� T§r\� ©CAy`m�� �Ðwmn��

:[2]r�z�� rZAn� Yl� zk�r§ ,Ty�¤±� �Amys�l�

SU(3)C ⊗ SU(2)L ⊗ U(1)Y (2.1)

:�y�

.( Color charge ) Ty�wl�� Tn�K�� ��m� (C) ¤ T§wq�� �®�Aft�� �O� SU(3)C •

. Tfy`R¤rhk�� �®�Af� SU(2)L ⊗ U(1)Y •

.( Hypercharge ) Tq¶Af�� Tn�K�� (Y ) ¤ Tq¶Af�� Tn�Kl� rZAnt�� ­r�E U(1)Y •

( Weak isospin�y`S�� �ybF¤z§³� (L) ¤ Tfy`S�� �®�Aft�� rZAn� ­r�E SU(2)L •

.)

¨mk�� �y�An§ w�¤rk�� 2

( QFT = Quantum Tymk�� �wq��� T§r\� ¨¡ : (QCD) ¨mk�� �y�An§ w�¤rk�� T§r\�

T§r\� ¨� �AOm�� ¨ly�� ry� CAy`� Yl� T§r\n�� £@¡ dnts� �y� ,Field Theory )

�A�C�wk�� �y� �d�� ¨t�� T§wq�� �®�Aft�� �}w� �th� ¨t��¤ ,SU(3)c ­r�z�A� r�z��

2.2

)
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( �A�C�wk�� �y� r�An�¤ 
ÐA�� �A\� �� rb`� r�� ryb`t� ) ¤� ,­ ASm�� �A�C�wk��¤

.�A�wyl��� AhWFwt�

�}  �  Atb§r��A� Amhf}¤ �km§  A�zy� Ah� ¨mk�� �y�An§ w�¤rk�� T§r\�

( ( dyyqt��¤� ) CAO��³�¤ ( Asymptotic freedom ) T�CAqm�� T§r��� :Am¡ ryb`t��

( Coupling αS  �rt�¯� 
�A� Y�d§ ��A�� Xb�r� (QCD)  �rt��  � �y� ,Confinement)

,­rybk��¤ ­ry�O�� �A�AW�� �lF T�¯ �m�§¤ �yty}A��� �y�A¡ �� ��An�� constant )

( running ©CA���  �rt�³A� ¢yms� T�AW�� �ls� �l`tm��  �rt�³�  � �¤r`m�� ��¤

�A�AW�� �lF dn�  � z� ¢tmyq� �A�AW�� �lF 	s� ¢tmy� ryy�t� 
�A��� �@¡¤ ,coupling )

AnyW`� ¨t�� Ty�A`�� �A�AW�� �lF dn� Pqn�¤ CAO��³� Ty}A� AnyW`� ¨t�� T\f�nm��

.T�CAqm�� T§r��� Ty}A�

:[3] ¨mk�� �y�An§ w�¤rk�� ¨� ©CA���  �rt�¯�

 �rt�¯� ��� �� β(g) T��d��¤ ,�A�wy�CAf��  d� Nf ¤ SU(N) T§CAy� ­r�E ��� ��

:gs ©CAy`��

β(gs) =
β0

(4π)2
g3s +O(g5s) (2.2)

�slst� rKn�
�rWR³� T§r\� ¨� Ah�As� �km§¤ (β−function) T�� Yms� �y�

:gs¨�

2β (gs) = − β0
2π
g2s −

β1
4π2

g3s −
β2

64π3
g4s − ... (2.3)

:þ� �r`� Y�¤±� �®�A`m��  � rKn�� �@¡ �� Pl�ts�  � Annkm§ ¨�At�A�¤

β0 = −(
11

3
Nc −

4

3
Nf ) (2.4)

Nc = 3 ��� ��

β0 = −(11− 4

3
Nf ). (2.5)

:�kK�� �@h�  wk§ αs (µ) T�¯d� ��¤ E³� �§r`� Y�� T�AR³A�

αs(µ) =
αs (µ1)

1− α (µ1)
|β0|
(2π)

ln
(
µ
µ1

) . (2.6)

:[4](QCD) ¨���r�®��
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:T§wq�� �®�Aft�� ¨���r�®� - ¨kyF®k�� - �A`�� �kK��

LQCD = LSU(3)C = −1

4
F a
µνF

aµν +
∑
i=r,b,g

qi (iγ
µ∂µ −m) qi (2.7)

qi =


qr

qb

qg

 . (2.8)

zt��C w� Ew�C µ; ν ,i = r, b, g ,Ty�C�w� �wq� qi �y�

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabcGb
µG

c
ν . )2.9(

,�A�¤wl�l� T�wlm�� Ty�Am��� �wq��� ��m§ Ga
µ ,(QCD)  �rt�³� 
�A� ��m§ gs �§�

:¨�At�� �kK�A� �r`m�� Tynb�� ��A� ��m§ fabc ,a = 1...8 �y�

[λa, λa] = 2ifabcλ
c )2.10(

f156 = f367 = −1
2
,f147 = f246 = f257 = f345 = 1

2
f123 = 1 :w¡ SU(3) þ� Tynb�� 
�A�¤

d`� ¨���r�®� ¨lk�� �kK��¤ .[5](QCD) �y}Af� ¨� r��� �m`tl� .f458 = f678 =
√
3
2
¤

:þþ� YW`� �ymkt��

LQCD = LSU(3)C = Lgluon + Lquarks + Lgauge−fixing + Lghost

Lgluon = −1

4
Ga
µνG

aµν

Lquarks = q̄ (iγµ −m) q

Lgauge−fixing =
1

2ξ
∂µG

a
µ∂

µGaµ

Lghost = −Ca∂µDab
µ Cb = C̄a

(
δab∂mµ ∂

µ
)
Cb + gsf

abcC̄a∂µGcµCb, )2.11(

:�y�

�wq�� ( Propagator ) rJAn�� �AqtJ� ¨� d�As§ d��� �@¡ CAy`�� 
yb�� :Lgauge−fixing
. ¤wl���

.Tyly��¯ T§CAy� T§r\� ��� �� ¢�At�� ( Ghost ) �bK�� d� :Lghost
.CAy`�� ­r�z� ( adjoint ) �y�m� ¨� rJ¥�¤ ,( Fadeev Popov Ghost ) �q� :CbC̄a

(2.9)

(2.11)
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Tfy`R¤rhk�� T§r\n�� 3

,Tfy`S�� �®�Aft�� T§r\� ¯¤� r�@ts� Tfy`R¤rhk�� �®�Aft�� �� �§d��� �b�

(β) �®�mR¯� ��A� ©@�� ( Fermi ) ( ¨�CA� ) þ�1934 TnF Aht§�d� Tqyq�  w`� ¨t��¤

�A�AW�� �AW� ¨� ¯� ¯wb� �l� �� T§r\n�� £@¡¤ ,Tymk�� �wq��� T§r\� CAV� ¨�

T§r\n� Yms§ A� �ybWt� Ahyl� 
l� � ¨t�� �Anys�t�� �� ��r�Ab� ,Xq� TSf�nm��

( Feynman and Gell (  A� �y� ¤  Amn§A� ) �rV �� (V −A = V ector Axial Theory)

- T§r\� Ah�wk� Ty�A`�� �A�AW�� �A�� ¨� �bWt� T��A� �k� �� Ah�� ¯� ,[6] Man )

( T§ A�±� �db� �Aht�� Y�� T�AR³A� �ynqt�� ­ A�³ Tl�A� ry� - �s�m�� ¨�CA� �Ðwm�

�� �wf�wt§ �� ºAml`��  � ¯� ry�k�� 
�A� T§r\n�� £@¡  � �� ��r�A�¤ , Unitarity )

­ A�³ Tl�A� Tq¶¯ T§r\� T�Ay} Y�� �wl}w� �y� ,Pqn�� �@¡ �AmktF¯ �wl�  A�§�

©r\� CAV� ¨� TysyVAn��¤rhk�� T§r\n��¤ Tfy`S�� T§r\n�� ��Ð Yl� Tynb� ,�ynqt��

ºA�rhkl� ©CAy`m�� �Ðwmn�A�  µ� �r`§ ©@��¤ ,SU(2)L ⊗ U(1)Y ¨l�� ry� ©CAy`�

.Tfy`S��

:rZAntl� ¨¶Aqlt�� rsk�� 4

CA�µ� �y� ��¤ Ay¶Aql� rskl� ��A� rZAnt�� �@¡¤ ,rZAn� ¢� © Am�� �A\n��  � ºAml`�� �f��

(�tFd�w� T§r\n� :Yms§ A� �@¡¤ Tlt� ®� ��E�rV  w�¤ ­r¡A\�� £@¡ 
b�� ¨t��

­C¤rS�A� �d�§ ©@�� ��AK�� rZAntl� ¨¶Aqlt�� rsk��  � ©� ,Goldstone Theory )

Xl��� ¨�bn§ ¯¤ ,�A�w�w� 
sy� ¨¡ �bW�A� Tlt�  ¤d� �Amys� CwhZ Y�� © ¥§

Ah�� ¨n`§ ,Am¶� Ahyl� _Af��� �t§ ¨t�� Ty¶A�rhk�� Tn�K�A� Xb�r� ��Ð  ± Amhny�

�A�¤Ew� :Y�d� �Amys� ¯� ¨¡A� T��An�� �Ams���¤ ,��r� rZAn� 
sy�¤ ��AJ rZAn�

¢�� ��Ð Yl� ­¤®� .T§¤Ast� Tymk�� A¡ �d��¤ ,TymlF ¢bJ ¤� ,TymlF  wk� �tFd�w�

, A·�Akt� ��rfl� T`�wtm�� Tmyq��¤ ¨¶Aqlt�� rZAnt�� rs� Tymk�� �wq��� T§r\� ¨�

¨� rh\� ¯¤ ,¨¶Aqlt�� rZAnt�� rs� ¨� AhqybW� T�A�� rh\� �tFd�w� T§r\�¤

.CAy`m�� T§r\� ¨� ¨¶Aql� �kK� rZAnt�� rs� �q�� ¨h� z�y¡ Ty�� A�� ,CAy`m�� T§r\�

�A�¤Ew�  � r�@�� �bF Amk� ;�EA�� Tyml`�� ��rysft�� {`� �§dq� �¤A�� �wF

�§r} �kK� A¡CwhZ �t§ ¯ ��AK�� rZAnt�� rsk� Tql`t� Cwh\�� Tlmt�m��  wtFdl�

Tm§d� «r�±� ¨¡ T§CAy� �A�¤Ew� �� d�t� ¨h� ��Ð �� ¯d�¤ ,¨¶A§zyf�� �yW�� ¨�

¨� T§r\n�� �yW� �Am��rt�� º�r� Tm�R �A�¤Ew� �At��� r�±� ¨htn§ �y� ,Tltk��
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A§¤As� A¡ d� Tlt� 
bst�� ¨t�� �A�¤Ewb��  � Ayb§r�� �yb�¤ ,rZAntm�� ry��� ��rf��

Tyqyq� Ty¶A§zy� ¯wq� �bO� T§CAy`�� �A�¤Ewb�� £@¡ �y� , wtFdl� �A�¤Ew�  d`�

.TyFAF±� «wq�� �q� ¨� �¡As�

Y�� �w}wl� ry§A`�¤ HF� Y�� �At�� An�� �AF�Cd�� �ym� ¨� ¢� �wm`� w¡ Am�

TF�C �yhst� TS�� Ty¶A§zy� r§ Aq� Y�� T�A�� ��� �A�m�� �ybF Yl`� , wKn� w¡A�

¯¤� rsk�� �@¡ �mS� ¨k� £r�Ð �bF Amk� ; ¹CAql� Ah�whf� 	§rq�¤ z�y¡ Ty��

TF�Cd� A�w�K�¤ ,Tyty�CA¡ ¨���r�®��  wk� Yt� Ab�r�¤ ,Φ AymlF ®q� CAt��

.Tfy`S�� �®�Aft�� ¨� SU(2)L ⊗ U(1)Y rZAnt�� rs�

:[7] ¨�At�� �kK�A� �r`m�� 	�rm�� ( Scalar doublet ) �¤Ðzm�� ¨mls�� �q��� �ky�

Φ =

 φ+

φ0

 =

 φ+

1√
2
(φ1 + iφ2)

 . (2.12)

 wmk��¤ ,	y�rt�� Yl� T§ Ay� Tn�J¤ Tb�w� Tn�J Tb�r� TymlF �wq�φ0φ+

:þ� �r`m�� ¨mls��

V (Φ∗Φ) = −µ2Φ∗Φ + λ (Φ∗Φ)2 . (2.13)

 d�� T�AW�� T�A� �� Y� ±� d��� �y� ,µ¤ λ �yt�A� Yl� ©wt�§  wmk�� �@¡

:Y�Ð±� d��� Yl� �wO�l� .��rf��

∂V

∂φ1

=
∂V

∂φ2

= 0. (2.14)

:T� A`m�� £@¡ ��� �yt�A� �An¡

Am� dy�¤ ¨h§d� �� d�w§ T�A��� £@¡ ¨� λ > 0 ¤ µ2 > 0 ��� �� :Y�¤±� T�A��� •

.rZAnt�� rs� d�w§ ¯ Yn`m� φ1 = φ2 = 0 �S�

�� ¨¶Ah�¯  d� d�w§ T�A��� £@¡ ¨� λ > 0 ¤ µ2 < 0��� �� :Ty�A��� T�A��� •

.­dy�¤ 
sy� ��rf�� T�A�  Ð� ¨¶Aql� rZAnt�� rs� d�w§ Yn`m� �wl���

3.2�kK�� ¨� �yt�Rw� �yt�A��� ®�
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.��rfl� (CAs§) rskn� ry� ¤ (�ym§) rskn� rZAn� T�A� : 3.2 �kJ

Yl� �O�t�¤ Ay¶Aql� rZAnt�� rskn§ λ > 0 ¤ µ2 < 0 Am�

〈0 |φ∗φ| 0〉 = 〈φ∗φ〉 = −µ
2

2λ
=
υ2

2
,

υ =

√
−2µ2

λ
. )2.15(

T�At� Annkm§ ©�

φ =
1√
2

 0

υ +H (x)

 . )2.16(

�kK�A� ¨mls��  wmk�� �bO§ ¢n�¤

V (Φ∗,Φ) = −λ(υ2H (x)2 + υH (x)3 +
1

4
H4 (x)). )2.17(

þ� YW`� r�yh�� �ys� Tlt�  � ©�

mH =
√

2λυ2. )2.18(

: ¤d� ��C� ��  wkt§ (EW ) Tfy`R¤rhk�� �®�Aft�� ¨���r�®��

LEW = LSU(2)L⊗U(1)Y ,

= Lgauge + Lhiggs + Lfermion + Lyukawa. )2.19(

:Lgauge CAy`�� ¨���r�®�� d� •

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

 3.2  3.2
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Lgauge = Lboson + Lgauge−fixing + Lghost, (2.20)

= −1

4
FµνF

µν − 1

4
BµνB

µν . (2.21)

Lboson = −1

4
WµνW

µν − 1

4
BµνB

µυ. (2.22)

�t� �nm� z�y¡ Ty��  � £r�Ð �bF Am� :LHiggs z�yh�� ¨���r�®�� d� •

,LHiggs ¨� ¨¶Aqlt�� rZAnt�� rs� �¤d� dn� ��Ð¤ T§CAy`�� �A�¤Ewbl�

:[8] ¨l§Am� �r`�LHiggs ¨�At�A�¤

L (ΦΦ) = DµΦ∗DµΦ− V (Φ∗Φ). (2.23)

r§A�t�¯ �tKm��¤

Dµφ = (∂µ + ig
τ

2
W a
µ − ig′

Y

2
Bµ)φ. )2.24(

T§CAy`�� �wq��� T�wfO� ��m� W a
µ ,( Pauli Dirac ) T�wfO� ��m�τ �y�

Wµ =
1

2

 W 3
µ

1√
2

(
W 1
µ − iW 2

µ

)
1√
2

(
W 1
µ + iW 2

µ

)
W 3
µ

 =
1

2

 W 3
µ W−

µ

W+
µ −W 3

µ

 . )2.25(

¨l§ Am� ¨���r�®�� �bO§ ,T§CAy`�� �A�¤Ewb�� ��� ��

LHiggs =
1

2
(∂µH)2 +

g2

8
(υ +H)2

(
W+
µ W

µ−)+
1

8
(υ +H)2

(
gW 3

µ − g′Bµ

)2
− λυ2H2 − λυH3 − λ

4
H4. )2.26(

:¨�At�A� ¨W� �z� ��Ð ­d�A`t� Ty¶A§zy� T§CAy� �wq� �§r`� �ky�¤

W±
µ =

1√
2

(
W 1
µ ± iW 2

µ

)
;Z =

gW 3
µ − g′Bµ√
g2 + g′2

;A =
g′W 3

µ − gBµ√
g2 + g′2

. )2.27(

d�� (2.26) T� A`m�� ¨� (2.27) T� A`m�� {§w`t�¤

LHiggs =
1

2
(∂µH)2 − λυ2H2 − λυH3 − λ

4
H4 +

g

4
(υ +H)2W+

µ W
µ−

+
1

8
(υ +H)2

(
g2 + g′2

)
ZµZ

µ, )2.28(

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)
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:¨�At�� Xsbm�� ¢lkK� z�yh�� ¨���r�®�� Yl� �O�� Xysbt��¤ rKn�� Tylm� º�r�A�

LHiggs =
1

2
(∂µH)2 − λυ2H2 − λυH3 − λ

4
H4 +

g

4
υ2W+

µ W
µ− +

g

4
H2W+

µ W
µ−

+
g

2
υHW+

µ W
µ− +

1

8
υ2
(
g2 + g′2

)
ZµZ

µ +
1

8
H2
(
g2 + g′2

)
ZµZ

µ )2.29(

+
1

4
υH

(
g2 + g′2

)
ZµZ

µ.

�y�

Y�� T�AR¯A� ¨qyq� ¨mlF z�y¡ �q� ��m§ :
1
2

(∂µH)2 − λυ2H2 − λυH3 − λ
4
H4 •

.¢sf� �� z�y¡  ¤Ewb� Ty�A�r��¤ Ty�®��� TyW��� �®�Aft��

T§CAy`�� �A�¤Ewbl� Tyltk��  ¤d��� ¨� ��mt§ :
g
4
υ2W+

µ W
µ− + 1

8
υ2 (g2 + g′2)ZµZ

µ •

.Ty�A`K��

�@¡¤ :
g
4
H2W+

µ W
µ−+ g

2
υHW+

µ W
µ−+ 1

8
H2 (g2 + g′2)ZµZ

µ + 1
4
υH (g2 + g′2)ZµZ

µ •

Ty¶A§zyf�� T§CAy`�� �A�¤Ewb�� �� z�y¡ �A�¤Ewb� TyW��� �®�Aft�� ��m§ d���

.(W±); (Z)

Tlyq� «r�� �Amys�¤ (γ)  w�wf�� Tltk�� Tm§d� Tmys� �r`�  � An�Ak��� An¡ ��¤

�A�wy�CAf�� �mK� ) T�w�Km�� Tfy`S�� �®�Aft�� XFwt� ­ry�±� £@¡¤ ,(W±); (Z)

�� ®�  �rt�� �mK� ) ­d§A�m�� Tfy`S�� �®�Aft��¤ ( Xq� left hunded T§CAsy��

�y� ,	y�rt�� Yl� ( right left handed T§CAsy��¤ Tynymy�� �A�wy�CAf��

Aµ = − sin θWW
3
µ + cos θWW

3
µ . (2.30)

Zµ = cos θwW
3
µ + sin θWW

3
µ . (2.31)

. ( Weinberg ) þ� �zm�� T§¤�E (θW ) ¤

sin θW =
g′√

g2 + g′2
; cos θW =

g√
g2 + g′2

. (2.32)

�y�

(2.29)
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mW± =
1

2
g2υ2. (2.33)

mZ =
1

2

(
g2 + g′2

)
υ2 = m2

W cos−2 θW . (2.34)

mγ = 0. (2.35)

Tfy`R¤rhk�� �®�Aft���O§¨�wy�CAf�� d��� :[9]Lfermions �A�wy�CAf�� ¨���r�®�� d�

 ¤d� Y�� ¢t¶z�� Annkm§ d��� �@¡ ¨� ©� ,�A�C�wk��¤ �A�wy�CAf�� Ahss�t� ¨t��

Ah�wS� �� �A�C�wk�� ��Aft� r�±� ºz���¤ �A�wtbyl�� ��Aft� QA� ºz� ,Tflt��

�ky�¤ ,��ryk�� rZAnt�

Lfermions = i¯̀L /Dµ`L + i¯̀R /Dµ`R + iq̄L /DµqL + iūR /DµuR + id̄R /DµdR (2.36)

LEW−lepton =i¯̀L /Dµ`L + i¯̀R /Dµ`R

=i¯̀γµ∂µ`ν̄iγ
µ1− γ5

2
ν − e¯̀γµ`Aµ

+
g

2
√

2

[
ν̄γµ (1− γ5) `W+

µ + ¯̀γµ (1− γ5) νW−
µ

]
+

g

4 cos θW

[
ν̄γµ (1− γ5) ν + ¯̀γµ

(
4 sin2 θW − 1 + γ5

)
`
]
Zµ

(2.37)

T§CAy`�� �A�¤Ewb�� ��Af� �O§ �¤A�w§ ��Af� :LY ukawa �¤A�w§ ¨���r�®�� d� •

 w� �� d�¯ Tltk�� �tn� ¨k�¤ ,mW± = mfermions = 0 �y� �A�wy�CAf�� ��

Tbsn�A�
1
2
M2WµW

µ
�wn�� �@¡ �� Tylt�  ¤d� Yl� ©wt�§ �¤A�w§ ¨���r�¯

.CAy`�� �§w�� 
�� ­d�A} ¨¡¤ ,�A�wy�CAfl� Tbsn�A� mff¤ T§CAy`�� �A�¤Ewbl�

Lyukawa = −ge ¯̀Lφ`R︸ ︷︷ ︸
LY ukawa−leptons

+ gqQ̄LφqR︸ ︷︷ ︸
LY ukawa−quarks

+ h.c︸︷︷︸
Hermitian−gauge

,

= −ge ¯̀LφeR + gν ¯̀
LφνR + gdQ̄LφdR + guQ̄Lφ̃uR + h.c. (2.38)

¢�± wn§r�wyn��  A`btF� ��  ¤rtk�³� w¡¤ �A�wtbl�� �� d��¤ �w� TF�Cd� ¨n�ts�

:�kK�� �@h�  wk§ �¤A�w§ ¨���r�®�� ¨�At�A�¤ ,Tltk�� �§d�
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Lyukawa−leptons = −ge ¯̀LφeR + h.c, (2.39)

¨���r�®�� �bO§ ,�A�wtbl�� ��� �� .( hermitian gauge ) ¨ty�r¡ CAy`� d� h.c

:¨l§ Am�

Lyukawa−leptons = −ge`L

 1√
2

 0

υ + h(x)

 eR + h.c,

= −ge`L
[

1√
2

(υ + h (x))

]
eR + h.c,

= −geυ√
2
`L

[
1 +

h (x)

υ

]
eR + h.c,

= − ge√
2
υ ¯̀

LeR −
ge√

2
¯̀
LeRh (x) + h.c. (2.40)

: ¤rtk�³� Tlt�¤

me =
ge√

2
eLeR. (2.41)

An§d� ,�A�C�wk�� Y�� Tbsn�A� A��

Lyukawa−up−down−quarks =gQ̄LφdR − guQ̄Lφ̃uR + h.c,

=− gd√
2
υ

[
d̄LdR + d̄LdR

h (x)

υ

]
− gu√

2
υ

[
ūLuR + ūLuR

h (x)

υ

]
+ h.c.

)2.42(

	y�rt�� Yl� ( down quark ) ¨lfs�� �C�wk�� ¤ ( up quark ) ©wl`�� Tlt�

mu =
gu√

2
υ,md =

gd√
2
υ. (2.43)

z�yh�� �y� �¤A�w§  �rt�� �O� ¨t�� �A�wfO� Pl�ts�  � An�Ak��� An¡ ��¤

 � Anyl� 	�wt§ �A�wy�CAf�� £@h� Tltk�� �mS� ¨k�¤ ,�A�wy�CAf�� �Ahk�¤ dy�w��

TOl�tsm�� �A�wfOm�� £@¡ A�wm� .Y = ±1
2
Tq¶Af�� Tn�K�� �� z�yh�� �q� �dq�

:¨¡ A¡ryWq� Tylm�¤ ,­rWq� T�wfO� 
sy�
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V +
u muVu = diag(mu,mc,mt),

=


mu 0 0

0 mc 0

0 0 mt

 . (2.44)

V +
d mdVd = diag(md,ms,mb), (2.45)

=


md 0 0

0 ms 0

0 0 mb

 . (2.46)

V +
e meVe = diag(me,mµ,mτ ),

=


me 0 0

0 mµ 0

0 0 mτ

 . (2.47)

:©CAy`m�� �Ðwmn�� ��AK�¤ �A�A�� 5

¢tl`� ¨t��¤ ,©CAy`m�� �Ðwmn�� z§z`� ¨� ryb� �kK� 
m¡AF ¨t�� �A�A�n�� ��

Ahny� ��¤ , wkl� Ty`ybW�� r¡�w\�� �¶Aq� {`� rysf� ¨� ­C�dO�� �t�§  µ� Yt�

¨� (Z) ¤ (W±) T§CAy� �A�¤Ew� �AKt�� Ahn� r�@� ,�Amys��� {`�  w�¤ �Ab��

 ¤Ew� �AKt�� ¤1995 TnF ( Top ) �C�w� ,1983 TnF Tfy`R¤rhk�� �®�Aft�� �AW�

¨t�r�� �A�Ay� ��AW� �®� �� Ayb§r�� £ w�¤ �Ab�� ��A� r�� w¡¤ ,2012 TnF z�yh��

�� (CERN) ¨� (LHC) rybk�� ¨�¤C Ah�� � AOm�� ¨� ��r�m�� (CMS) ¤ (ATLAS)

©CAy`m�� �Ðwmn��  � �� ��r�A� .©CAy`m�� �Ðwmn�� ¨� z�yh��  ¤Ew� �®�mR� ¤ �At��

�� �nm§¯ �@¡  � ¯� ,Ty�r�t�� �¶Atn�� �� Aq��w� ¤ ¯wb� r��±� �A§r\n�� �� d`§

CwO� �w� �¶Aq� �§dq�¤ rysft� ¢�Cd� �d� ¨� AbbF 
�A� ¨t�� ��r���� {`�  w�¤

:[10] A¡dF ¨� ©CAy`m�� �Ðwmn�� z�� 
b�� ¨t�� ��r���� {`� r�Ð �¤A�nF , wk��

r�E �®�� 
rR w¡ ©CAy`m�� �Ðwmn�� £®�� A�r�Ð Am� :T§CAy`�� TlkKm�� •

 �rt�³� 
��w� �m� Yl� Cdq§ �� ¢�� ¯� ,SU(3)C ⊗ SU(2)L ⊗ U(1)Y T§rZAn�
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�ms§ �� ¢�� Am� ,�Ofn� �kK� �A�As��� ¨� Ah� ��A`t� ��znl� d��¤ ��A� ¨�

¤ ,Tfy`R¤rhk�� �®�Aft�� ºz� ¨� Xq� rh\§ ©@�� ��ryk�� �y�m� 	bF rysft�

.Ty¶A�rhk�� Tn�K�� �ymk� Yl� ¢�Cd� �d`� T`ybWl� TyFAF±� Tqyq��� �rK§ ��

Tl·F±� �� T�A�³� ¨� £z�� AS§� rh\§ ©CAy`m�� �Ðwmn�� :�A�wy�CAf�� TlkK� •

�bnt§ �� �ÐAm� ? 3 ��r�� dn� �A�wy�CAf�� �®¶A�  d� ��wt§ �ÐAm� Ah�rV �� ¨t��

Ayb§r�� 
\�w� ¨t�� �A�wy�CAf�� �t� �y�  w�wm�� �®t�³� �rJ �d� ? Ahltk�

¯w}¤  ¤rtk�³� �� A�®W�� 5 Tb�r� ry�t§ ©@��¤ ,( hierarchy ) ¨�rh�� Xm� ¨�

 ¤rtk�³�¤ ( Top ) �C�wk�� ¨tlt� �y� Tbsn�A� Cdq§ ©@��¤ ,( Top ) �C�wk�A�

.
mt
me
∝ 109

¨��w��

( Majorana ) A��Cw§A� 
�A� �Ð� A� ¢tlt� T`ybV  d�� �� wn§r�wyn��  � Am� •

{`� ¨� �rtK� ­ ASm�� �Amys��� ¤ �Amys���  � ��C .(Dirac) ��r§ ¤�

¨�At�A� ¤ ,rZAn�®�� ¢yms� �§Abt�� �@¡ ¤ ,A¡ d� ¨� ��Ay� d�w§ ¢�� ¯� P¶AO���

Tbsn�� rysf� �d� Y�� T�AR³A� �§Abt�� �@¡ CdO�  d�§ �� ©CAy`m�� �Ðwmn��

.(CP) rZAnt�� �Aht�¯ - A§rb�� �rhZ ¨t�� - Tlylq��

	Wq�� �A\��¤  w�¤rb�� �®�mR�¤ ­d§A�m�� ��CAytl� ­ry�tm�� Thkn�� �m� •

� d� ©CAy`m�� �Ðwmn�� º�wt�� �®� �� rh\� ¨t�� ��AKm�� �m� :¨¶A�rhk��

:��� �®§w�t��¤ �A�w�¤rb�� �®�mR� ��w� ¨t�� ,TyRr`�� ��rZAnt�� ��

�� ¨¶A�rhk�� 	Wq�� �A\�� �m� Y�� «Ð� ;­r�K�� «wts� Yl� K+ → π+νν̄

�Ðwmn��  �dt�� �� T��An�� ­d§d��� �®�Aft��¤ , ¤r�wyn�� ¤  ¤rtk�³� ��CÐ ���

��AK� �A��  wk� �@h�¤ ,��rZAnt�� £@¡ ��� �Aht�� ¨� A¡r�� rh\§ ©CAy`m��

( FCNC = Flavor ¤ (EDMs = Electric Dipole Moments ) ­CwW��� Tlmt��

.Changing Neutral Current)

T§¤�z��  A��� rysf� ¨� ©CAy`m�� �Ðwmn�� z�� rh\§ :T§wq�� (CP ) TlkK� •

θ < 10−9 r�}  � ©� ,Ah� �bnt§ �� ¢�± T§wq�� �®�Aft�� ¨� ­ry�} Tmyq� (θ)

,Ty�wk�� r¡�w\�� ¨� «r��¤ ( Phenomenological ) ¨� TyO� ��AK� Y�� © ¥§

.­r�@m�� £@¡ �� 3 �Of�� ¨� �kKm�� �@¡ �� �y}Af� L�AnnF¤

­d��¤ T§r\� �mR Ty�ÐA��� �R ¨� ©CAy`m�� �Ðwmn�� �K� d`§ :Ty�ÐA��� •

Tq§rV d�w� ¯ T�As�� d�l� ,TlkK� r�@�� Tf�As�� «r�±� �®�Aft�� ��

£@¡ �� ���wt§ ¯ ©CAy`m�� �Ðwmn�A� ,T�A`�� Tybsn�� T§r\� �ymkt� T�R�¤
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T§r\� Ahl`�� 	s�� �� d�w§ ¯¤ ­ d�� 
sy� Ty�ÐA���  � ��Ðw,T§r\n��

.Ty�wm�

©� �dq§ ¯ ©CAy`m�� �Ðwmn��¤ ; wk�� �� %24 Tbs� ��m� ¨t�� :Tml\m�� ­ Am�� •

�Amys��A� TWb�r�  wk�  � �mt�m�� �m� ,Tml\m�� ­ Am�� T`ybV �w� ��rysf�

 wys�±� Tmys� T�Jrm�� �Amys��� �y� ��¤ ,Ahyl� £r�wt� �r\� Ty�¤±�

.Ayb§r�� A¡ w�¤ �Ab�� �d`� TyR�rt�� Tmys� rbt`� ¨t��¤

�¤dqt��¤ Ay�As� A¡r§dq� ��  wk�� ��%72 Tbs� ��m� ¨t�� :Tml\m�� T�AW�� •

�Ðwmn�� �k� ,��r�m�� ��rV� T�rF ­ A§E¤  wk�� �Fw� �� T�¤¥sm�� ¨¡ Ah��

. Tml\m�� T�AW�� Tqyq� �Kk�  wk�� �@¡ ­rfJ �� �� �kmt§ �� ©CAy`m��

ry�k�� �zf� ©CAy`m�� �Ðwmn�� ¨� ­ w�wm�� ��AKm�� £@¡ ��  � �wq�� Annkm§

¯wl� A¡d`�¯ �k� �wl��� {`�  A�§� �� QAOt�³� �@¡ ¨� �y��Ab��¤ ºAml`�� ��

L�AnnF �yy��wm�� �ylOf�� ¨� ¤ ©CAy`m�� �Ðwmnl� �� �dt��  r�� ¨h� Tmlk�� Yn`m�

.Tml\m�� ­ Am�� TlkK� ¤ T§wq�� (CP) ¨tlkK�



3 
Ab��

(CP) þ� ©wq�� rZAnt�� �Aht�� TlkK�

�A�wys�±�¤

(CP) rZAnt�� �Aht��¤ T`Wqtm�� ��rZAnt�� 1

:( Discrete symmetries ) T`Wqtm�� �rZAnt��

Tb�A� ­r\� �d� wh� ,© Am�� �A\n�� �O� T§r\� ©� ¨� Tym¡±� ��A� �whf� rZAnt��

Ah�wS� d`� �Amys��� P¶AO� �O§ Ð� , wk��¤ ºA§zyf�� �y��wq� ryb`t�� �}  �

�Aym� �tn§ rZAnt�� ©CAy`m�� �Ðwmn�� T§r\� ¨f� ,��rZAnt�� �� Tflt�� T�w�m�

T�A� �y¡Afm� Ahyl� �r`t� An� T`Wqtm�� ��rZAnt�� P¶AO� TF�C �b�¤ ,TZwf��

Hk� rZAn� w¡ :( Parity ) ,( Charge conjugate ) Tq��rm�� Tn�K�� rZAn� �y� :¯¤�

(  Ak�z�� ºAS� ¨� TWq� �kt� .��z�� Hk� rZAn� w¡ ( Time reversal ) ¤ ºASf��

�y� ,x = (t, ~x) :þ� T�r`� Space Time )

(t,−→x )
P−→ (t,−−→x ),

(t,−→x )
T−→ (−t,−→x ). )3.1(

,[11] (CP ) ¤ (P ) ,(C) ��rZAnt�� P¶AO� E�r�� �¤A��

23

(3.1)
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:ψ (x) ¨�A§CwnybF �q� ¨� •

ψ (x)
C−→ ψc (x) = Cψ (x)C−1 = Cψ̄τ (x) = −γ0Cψ†τ

ψ (x)
P−→ ψp (x) = Pψ (x)P−1 = ηγ0Cψ

(
x0,−~x

)
ψ (x)

T−→ ψcp (x) = C
(
Pψ (x)P−1

)
C−1 = Cψp (x)C−1 = C

(
ψ̄p
)τ

= Cψ†τ ;

)3.2(

:Aµ �q� ¨� •

Aµ (x)
C−→ Acµ (x) = −Aµ (x)

Aµ (x)
P−→ Apµ = PAµ (x)P−1 = PAµ

(
x0,−→x

)
P−1 =

(
A0,− ~A

)
(x0,−~x) )3.3(

Aµ (x)
T−→ Acpµ (x) = C

(
PAµ (x)P−1

)
C−1 = CApµ (x)C−1 = −

(
A0,− ~Aµ

)
(x0,−~x) .

�lt�� Ah� �S�� ¨t�� (T ) ¤ (P ) ,(C) ��rZAnt�� P¶AO� �� �m�� �¤d��� �@¡ ¨�

.µ = 1, 2, 3 ��� �� (−1)µ ≡ −1 ¤ µ = 0 ��� �� (−1)µ ≡ 1 �y� ,�A�wy�CAf��

ψ̄ψ iψ̄γ5ψ ψ̄γµψ ψ̄γµγ5ψ ψ̄σµνψ ∂µ

C +1 +1 −1 +1 −1 +1
P +1 −1 (−1)µ − (−1)µ (−1)µ(−1)ν (−1)µ

T +1 −1 (−1)µ (−1)µ − (−1)µ(−1)ν − (−1)µ

CPT +1 +1 −1 −1 +1 −1

.�A�wy�CAf�� Yl� (CPT ) 	��r�¤ TlOfnm�� (T ) ¤ (P ),(C) �®§w�� ry��� :1.3 �¤d�

�¤d� 1.3 :

: CP rZAnt�� �Aht��

,1964 TnF ( Cornin, Fitch et al ) �ym�A`l� (CP) rZAn� �Aht�� �AKt�� �}�  w`§

©@�� ,­ ASm�� �Amys���¤ �Amys��� �y� rZAnt�� �Aht�� (CP) rZAnt�� �Aht�A� dOq§¤

w¡¤ ­d§d� �rW� ¢sf� rh\§ (CP) �Aht�� ¤ ,Ahny� T§r¡w� �A�¤r�  w�¤ rh\§

¤ Tfy`S�� �®�Aft�� TWF�w� �t§ �y� ,(T )��z�� Hk� rZAn� �Aht�¯ A�Am� ¸�Ak�

�®�Af� ¨� ¯� �Aht�¯� �@¡ �d�§¤ ,AS§� Ah`� Tq��wt� «r�±� �®�Aft�� Ysn� ¯

Tlm� ¨� Ayb§r�� ­r� �¤± 
\�w� ¤ ,Xq� �A�C�wk�� �� T�wkm�� �Amys���

(3.2)

(3.3)

3.1
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Ty�� �b� 
fKt�� �y� ,(K0) ¤(K̄0) �z� dn� ( neutral kaons ) ­d§A�m�� �A�w§Ak��

AS§� Aht\�®� 
m� Am� ,��wnF 10 ¨��w�� ( Cabibbo Kobayashi Maskawa Matrix )

�Aht�� TF�Cd� ¨ftk� An¡ �k� ,­ry�±� ��wns�� ¨� (B)  ¤zym�� �®�mR� �m� ¨�

.Ty�§CAt�� ¢tym¡± ��Ð¤ (K) �A�w§Ak�� Tlm� ¨� (CP)

|r� �¤A�� �A�w§Ak�� Tlm� ¨� (CP) rZAnt�� �Aht�� TF�C ¨� |w��� �b�

w¡¤  AS� �C�w�¤ �C�w� �m�§ ry�±� �@¡ ; π w§A�  ¤zyml� (CP) P¶AO�

Tymk�� £ �d�� d§A�m�� ) π0 = uū, dd̄ ¨¡¤ �A�¤zy� T�®� Y�� ¢msq�  � �km§ £C¤d�

�ky� .( π+ : ud̄) π+
,(¢sf� w¡ ¢� ­ ASm�� Tmys��� ¤ 0 =�ybF¤ ,0 = ¢tn�J T�¤d`�

:[12]

Cπ0 = +1, Cπ± = −1

Pπ0 = −1, Pπ± = −1

CPπ0 = −1, CPπ± = +1 (3.4)

rWs�� ¨� Tl�m� Ty}A��� £@¡¤ ( self conjugate ) Tq��rm�� ¨��Ð ¢�� π0
�r`§¤

.T� A`m�� £@¡ �� �¤±�

{K0, K̄0} �A�w§Ak�� Tlm� 2

£ d�¤ K̄0 = d̄s ,K0 = ds̄,�yt�A� �� Tym� Tlm� �kK� ­d§A�m�� �A�w§Ak�� Tlm�

T�wk� Thknl� Ty��@�� �¯A���¤ ,	y�rt�� Yl� −1 ¤ 1 ©¤As§ ( strange ) 	§r��� ¨mk��


sy� �¯A��� £@¡ �k� �Amys��� � AO� ¨� 
lkK�¤ T�d� T�r`� �A�C�w� ��

¯wl� A¡rbt`� Tlm��� �@h� Ty¶A§zyf�� �¯A��� £@¡ T�r`m�¤ ,(CP)rZAntl� Ty��Ð �¯A�

.T�d� �§ d�� rm�¤ Tlt� Ah� �kft�¤ rKtn� ¨t�� �¯A���  � ©� CwWt�� �¯ A`m�

: Am¡r�@� ryb`t�� �}  � �yty�� ¤� �y�w� Y�� AhfynO� �km§  w§Ak�� �¯®�mR�  �

�y� (2π) Y��  w§Ak�� �®�mR� •
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K0 → 2π0 :

C(π0π0) = Cπ0.Cπ0 = +1.+ 1 = +1

P (π0π0) = Pπ0.Pπ0 = −1.− 1 = +1

CP (π0π0) = CPπ0.CPπ0 = −1.− 1 = +1 (3.5)

: d�� Tq§rW�� Hfn�¤

K0 → π+π− :

C(π+π−) = Cπ+.Cπ− = −1.− 1 = +1

P (π+π−) = Pπ+.Pπ− = −1.− 1 = +1

CP (π+π−) = CPπ+.CPπ+ = −1.− 1 = +1 )3.6(

Tq��rm�� Tn�K�� ry���  wk§ ¨�At�A�¤ ,−1  wk§ (π±)  w§A� Yl�(P ) ry���  � �l`�

( Ty��Ð T�A� ¨� �d�� Ah�� ^�®� £®�� �®�mR³� Tylm� �®� �� ,¢� ®�Am� ¢yl�

.CP even )

:Am¡ �®�mR³� �@¡ �� �y�w� d�w§ �y� (3π) Y�� d§A�m��  w§Ak�� �®�mR�

�y� ­d§A�� �A�w§A� Y�� ¢�®�mR� •

K0 → 3π0 :

C(π0π0π0) = Cπ0.Cπ0.Cπ0 = +1.+ 1.+ 1 = +1

P (π0π0π0) = Pπ0.Pπ0.Pπ0 = −1.− 1.− 1. = −1

CP (π0π0π0) = CPπ0.CPπ0.CPπ0 = −1.− 1.− 1 = −1 (3.7)

�y� T�w�K�¤ ­d§A�� �A�w§A� Y�� ¢�®�mR�¤ •

K0 → π+π−π0 :

C(π+π−π0) = Cπ+.Cπ−.Cπ0 = −1.− 1.+ 1 = +1

P (π+π−π0) = Pπ+.Pπ−.Pπ0 = −1.− 1.− 1 = −1

CP (π+π−π0) = CPπ+.CPπ+.CPπ0 = −1.− 1.+ 1 = +1 )3.8(

(3.6)

(3.8)
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¨� .( CP odd ) Ty��Ð T�A� ¨� �d�� Ah�� ^�®� £®�� �®�mR³� Tylm� �®� ��

,¨W� �z� ¨¡ �¯A��� £@¡  �� T`ybW�� �� 
�rt�� (CP) rZAnt�� �Ð� A� T�A�

�¯A��� �r`� (CP) r�¥m� Ty��Ð �¯A� ¨¡¤ (K2 = K0 − K̄0) ¤ (K1 = K0 + K̄0)

:þ� 	y�rt�� Yl� (CP) þ� Ty��@�� �yq��¤ (K2) ¤ (K1) þ� Ty��@��

∣∣K0
1

〉
=

1√
2

[∣∣K0
〉

+
∣∣K̄0

〉]
,∣∣K0

2

〉
=

1√
2

[∣∣K0
〉
−
∣∣K̄0

〉]
, )3.9(

¤

CP
∣∣K0

1

〉
= +1

∣∣K0
1

〉
⇒ cp− even,

CP
∣∣K0

2

〉
= −1

∣∣K0
2

〉
⇒ cp− odd, )3.10(

:�r`�  � Annkm§ (CP) rZAnt�� �Aht�� 
Ay� ¨�

Ks =
∣∣K0

1

〉
=

1√
2

[∣∣K0
〉

+
∣∣K̄0

〉]
, )3.11(

KL =
∣∣K0

2

〉
=

1√
2

[∣∣K0
〉
−
∣∣K̄0

〉]
. )3.12(

�r� d��  w§Ab�� Tlt� �� mKL/S ' 497.6Mev  w§Ak�� Tlt� T�CAqm� �wq� w�

��ry�k� rb��  wk� (2π) �®�mR¯ T�Atm�� CwW�� T�As� �R�w�� ��¤ Ab§rq� ryb�

( τS = 0.910−10sec rm`�� XFwt�) (K0
S)  � Pl�ts� ¢n�¤ , (3π) þ� �®�mR� T�As�

Tlm� ¨� (CP)þ� Ty��@�� �¯A��� ¨� �k�t� (τL = 5.210−8sec rm`�� XFwt� ) (K0
L) ¤

rb�� ( CP odd ) þ� rm`�� XFwt�  wk§ �y� ;Tqy� ­CwO� Hy� �k� ,�A�w§Ak��

rZAnt�� �Aht��  � d�� £r�Ð �bF A� Yl� � Amt�� .( CP even ) rm`�� XFwt� �� ry�k�

¤ (3.11) �®� �� ��Ð Yl� ��rysf� �§dq� �km§¤ ,d§A�m��  w§Ak�� ¨� �d�§ (CP)

Ah�r`�  � �km§ Ð� ,(K2) ¤ (K1) þ� Tqy� ­CwO� Ty��@�� �¯A��� �� rb`� ¯ (3.12)

:�y� d§d� �kK�

K0
L =

K2 + ε1K1√
1 + ε21

, K0
S =

K1 + ε2K2√
1 + ε22

. )3.13(

ε2 ¤ ε1 Tb�r� X¶AF¤  ¤d�� �A�w§Ak�� Tlm� ¨� (CP) rZAnt�� �Aht�� AS§� �}w§¤

.[13, 14] 10−3 Amhtb�C ¤ Tflt�� Amhtmy� �y�

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)
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T§wq�� CP TlkK� 3

©CAy`m�� �Ðwmn�� ��AK� «d�� T§wq�� (CP) TlkK�  � ¨�A��� �Of�� ¨� A�r�Ð Am�

T§wq�� �®�Aft�� �ÐAm� �¦Ast�� �@¡ �rV �yy¶A§zyf�� �`� A� �@¡¤ ,T§A�l� ry�� z��¤

Y�� T�AR³A� ,(CP) rZAnt�� ^f�� Ah�� Ahyl� �CA`t� w¡ Am� ?(CP) rZAnt�� �htn�

d�w� ¯ ©CAy`m�� �Ðwmn��  � �� ��r�A�¤ ,Thkn��¤ ¨�w§CAb��  d`�� ^f�� Ah�� ��Ð

�htn� (CP) � ^�®� ��  µ� d�� ¢�� ¯� ,(CP) rZAnt�� �Aht�� �¤d�� ���w� ¢y�

,T§wq�� (CP) TlkKm� Tyqyq��� TOq�� �� �d�t� �wF �Wqm�� �@¡ ¨�¤ ,Ah�®� ��

�Ay�µ�¤ �wl��� Y�� T�AR³A� ,T§wq�� �®�Aft�� ¨� U (1)ArZAnt�� TlkKm� Yms§ A� ¤�

.¨`ybW�� ry��� �Aht�³� �@¡ rysf� ¨� T§r\n�� £@¡ ¨� ­Anbtm��

­d��¤ Thk� ��� �� ��r§ ¨���r�®�� rbt`n� :�A�wy�CAf�� Tlt�¤ Tl�AK�� ��rZAnt��

:CAy`�� �q��  rtq� �A�wy�CAf�� ��

L = ψ̄
(
i /Dµ −m

)
ψ

=
(
ψ̄Li /DµψL + ψ̄Ri /DµψR

)
−m

(
ψ̄LψR + ψ̄RψL

)
. )3.14(

:�r`�¤

U (1)V : ψL → exp (−iα)ψL;ψR → exp (−iα)ψR,

U (1)A : ψL → exp (−iα)ψL;ψR → exp (iα)ψR, )3.15(

:¨�At�� �§w�tl� ¸�Ak� (3.15) T� A`m�� �� ¨�A��� rWs��¤

ψ → exp (iαγ5)ψ, )3.16(

�y�

ψ = (ψL + ψR) ,

ψL,R = Pψ =
1± γ5

2
ψ. )3.17(

ÐA��� Y�� T�AR³A� ,ry�t�®�� �tKm�� Dµ �y� ,	�rm�� CAy`�� �y�m� ¨� ψL,R |rfn�

Yl� ,Aynym§ ¯¤ A§CAs§ ¯  rtq�¯  wy�CAfl� Ty�r���  ¤d���  �  AmS� {γ5, γµ} = 0

�y� ,Tltk��  ¤d� Hk�

−mψ̄ψ = −m
(
ψ̄LψR + ψ̄RψL

)
)3.18(

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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�y� ,U (1) ��AK�� rZAnt�� 
�� ­d�A} £®�� T�r`m�� ¨���r�®��  � �l`� Am�

rZAnt�A� Yms§A� �@¡¤ CwW�� Hfn� A¡r§¤d� �t§ ψ þ� Tynymy��¤ T§CAsy�� �Ab�rm��

A¡r§¤d� �y� ¨� ,AS§� �§w�t�� �@¡ 
�� ­d�A} ¨���r�¯� ¨�At�A�¤ ,U (1)V ¨�A`K��

¨���r�¯� ¨�At�A�¤ ,U (1)A ©Cw�m�� rZAnt�� Yms§ rZAnt�� �@¡  �� xwk`� CwW�

.[15] �§w�t�� �@¡ 
�� ­d�A} 
sy�

(u) �A�C�wk�� �� ­d��¤ Tl¶A� �� T§wq�� �®�Aft�� �®�Aft�� rbt`� :U(1)A TlkK�

�®�Aft�� d���¤ ,mu,d � ΛQCD �y�,limmu,d = 0 Ty�C�wk�� Tltk��  ¤d� ¨� (d) ¤

Ayl`� U (1)V Ty�A`K�� Tb�rm��  � �l`� ,U(2)V ⊗ U(2)A ��AJ rZAn� Ah� T§wq��

¨¶Aql� CAsk�� ¢y� �d�§ U(1)A ©Cw�m�� ºz���¤ Ty�wmk�� �A�y�Ot�� d`� TZwf��

Tlt� 	stk� Ah�� T�ytn��¤ ,(π)  w§A�  wtFd�w�� �A�¤Ew� �®� CwhZ Y�� «Ð� Am�

 wk§  � ¢nkm§ ¯ Ð� U (1)A þ� �l`t� rh\§ ry�m�� �kKm�� �@¡¤ ,mu,d 6= 0 	bs�

Am� ,( Parity doubling ) ��AS� ¥�Akt��  wk�  � �km§ T�A��� £@¡ ¨�w,�dy� �rZAn�

�y� ��¤ ,���r��  wtFdl�  ¤Ew� CwhZ Y�� © ¥§ ¨¶Aqlt��rZAnt�� rs� �¤d�  �

�Ð� A� T�A� ¨� |r��A� ¨f�¯ Ah�� ¯� (η′) ¤ (η) �A�¤zym�� ¨¡ ­dy��� �A��rm��

Yl� ¢`R¤ �km§ ©@�� Yl�±� d��� Ahtlt� E¤A�t� ��Ð¤  wtFdl�  ¤Ewb� ��K�

An��þ�¤ ryb`t�� �}  � �wq�� Annkm§ �@h�¤ ,mη  w§Ab��  ¤zy� �� T�CAq� �htlt�

.T§wq�� �®�Aft�� ¨� U(1)A TlkKm� Yms§ A� �@¡¤ 
A� Y�� X¶A��� �§w�� �¤A��

©Cw�m�� CAytl� T§ rf�� Thkn�� �§rV �� U(1)A TlkK� �� 
m� :U(1)A TlkK� ��

�m�� ¨t�� ( Nother Theorem ) CA�w� T§r\� Y�� ­ w`�� Annkm§ T§�d� ,( Axial current )

:¨RA§r�� �kK�� ��Ð ,T`ybW�� �y��w� rZAn� ¤ TZwf�m�� T§ Am�� �Aymk�� �y� T�A���

Jµ (x) =
∂µL

∂ (∂µφ (x))
δφ (x)− ∂L

∂ (∂µφ)

∂φ

∂xν
− gµνLδxν )3.19(

= ψ̄ (x) γµψ (x) . )3.20(

:_wf�� CAyt��

∂µJ
µ (x) = 0,

Q =

∫
d3xJ0 (x) . )3.21(

Xb�r� ©Cw�m��CAyt��¤ ,CAyt�� ^f�� ��rZAnt�� ��  � Y�� ­CAJ³� Ysn� ¯¤

Yl� ( axial current )©Cw�m�� CAyt�� �r`§ �y� ,(3.16) T� A`m�� ¨� ��mm�� �§w�t�A�

:�kK��

(3.19)

(3.21)

(3.22)

0

(3.21)
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Jµ5 = −ψ̄iγµiγ5ψ. (3.22)

Tymk�� £@¡  � Am� ,( Adler Bell Jackiw anomaly ) (ABJ) Ð¤@J ��m� A¡C¤d� ¨¡¤

 �� �wq�� �km§ ,Amh�¤ ¯A`� �C¤ 	`l� Ah�� d`bts� ¯ �k� ,An� T�w���ry� Ah�� ¤db�

r§@���¤ ,�Ð¤@J AykyF®� Yms§ Tymk�� T�AyO�� ¨� ¨���r�¯� rZAnt� �r� �¤d�

¨� rh\� CA�� Ð¤@K�� £@h�  � £�r�A� �k� ,AhlykK� dy`�  � Annkm§¯ ¢�� An¡ r�@�A�

.T§CAy`�� �A§r\n��

An§d�

∂µJ
µ
5 = (∂µψ̄)γµγ5ψ + ψ̄γµγ5(∂µψ), )3.23(

 � �l`�¤

ψ̄(iγµ∂µ −m)ψ = 0,

⇒ ψ̄iγµ∂µψ = ψ̄mψ, )3.24(

¤

(
∂µψ̄

)
γµ = imψ̄; γµ∂µψ̄ = −imψ̄, )3.25(

d�� (3.23) T� A`m�� ¨� (3.25){§w`t� �y�

∂µJ
µ
5 = (imψ̄)γ5ψ − ψ̄(−imγ5ψ) = 2imψ̄γ5ψ, )3.26(

�kK�� Yl� 	tk§ � A`�¤ �§d� �kK� ©Cw�m�� CAyt��  ��m = 0 T�¤d`� Tltk�� T�A� ¨�

�®�Aft�� ¨� Ayb§rq� �rZAn� ©Cw�m�� �§w�t��  wk§ T�A��� £@¡ ¨� �y� ,(3.22)

�yS� ,Jµ5 ©Cw�m�� CAyt�� Yl� ( Chiral Anomaly ) ��ryk�� Ð¤@K��ry��� �hf� .T§wq��

Tylm`�� £@¡ �y� , wy�rf�� �� �®�Af� ¢y� ©@�� ¨���r�®� Aµ5 ©Cw��  ¤Ew�

�®�Aft�� �� Ð¤@K�� ¨� −g′Jµ5A5µ  wk� ¨t�� �®�Aft�� ,©Cw�� rZAn�  w�¤ ¨�A��

Y�� © ¥� ¨���r�®�� £@¡ ,�wq��� T§r\n� ¨mk�� «wtsm�� Yl� ,TysyVAn��¤rhk��

.XW�ml� ­d��¤ Tql� �®� �� ©CAy`��  ¤Ewb�� Y�� ©Cw�m��  ¤Ewb�� �� �Aqt�³�

(3.23)

(3.24)

(3.25)

(3.26)
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 w�w� - wys�±� ��Aft�� �� �¤¥sm��  Amn§A� XW�� : 1.3 �kJ

,( Ward identity ) ºAfytF� �d� Y�� �@¡ © ¥§ ,��r�A§d�� T`s� �§d`� º�r���¤

CAytl� ¨�A�r�� d�Abt�� �� ryb`t�� w¡ ºASf�� Ty`R¤ ¨� ( Ward identity ) ��Aqm�A�

d� T�At� Annkm§ ,T§wq�� �®�Aft�� Y�� ­ w`�A� ,¨�AR� d� ¸Kn§ ©@��¤ ,∂µJ
µ

�kK�� �@h� Tltk��  ¤d� ¨� ©CAy�  ¤Ewb�  ¤wl���¤  wy�CAf��

∂µJ
µ
5 = −Nf

g2s
32π2

εµνρσTr (GµνGρσ) ≡ −Nf
g2s

16π2
Tr
(
GµνG̃

µν
)
. (3.27)

�r`§ Gµν
�q���¤ , levi cevita rZAn�¯ εµνρσ �C�wk�� �Ahk�  d�Nf�y�

Gµν = λaG
µν
a , (3.28)

Annkm§¤ ,©wq��  ¤wl��� �q� r�w� ��m§ Gµν
a ,SU(3) ­r�z�� ��d�w� ��m§ λa �y�

�§r`� (3.27) T� A`m�� ��

Tr
(
GµνG̃

µν
)

= Tr
(
λaG

µν
a λbG̃

b
µν

)
=

1

2
Gµν
a G̃

a
µν , (3.29)

�y�

G̃µν =
1

2
εµνρσGρσ, (3.30)

.G þ� (dual) �§ r�� r�wm�� ��m§

CAyt�� ^f��¯ ��ryk�� Ð¤@J rZAn� ¨�At�A�¤ ∂µJ
µ
5 6= 0 � d�� (3.27) T� A`m�� ��

TlkK� �� ¨� �¡As§ ��ryk�� Ð¤@J rZAn�  �� �wq�� Annkm§ �@¡ Yl� ­¤®� ,©Cw�m��

.d`bts§ £®�� ¢�w� ��A�  � ©� U(1)A

1.3
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:d�� (3.27) ¨� ( 3.27) ¤ (2.9) �yt� A`m�� {§w`t�

∂µJ
µ
5 ≡ −Nf

g2s
32π2

GµνG̃
µν
,

≡ −Nf
g2s

32π2
εµνρσGµνGρσ,

= −Nf
g2s

32π2
∂µK

µ,

Kµ = εµνρσAaν

[
Ga
ρσ −

gs
3
fabcAbρA

c
σ

]
. )3.31(

:þ� ©Cw�m�� CAyt�� �§r`� ­ A���

∂µĴ
µ
5 ≡ ∂µ

(
Jµ5 +Nf

g2s
32π2

Kµ

)
= 0,

∂µJ
µ
5 = −∂µ

(
Nf

g2s
32π2

Kµ

)
,

= Nf
g2s

32π2
∂µ

(
εµνρσAaν

[
Ga
ρσ −

gs
3
fabcAbρA

c
σ

])
, )3.32(

CA�w� T§r\�  � �l`�¤ TZwf�� Tym� Ĵµ5 ©Cw�m�� CAytl� d§d��� �§r`t�� �@¡ �y�

.�kKm�� ­ w� ®`� ¨�At�A�¤ ®�AJ �rZAn�  wk�  � d�¯

:d�� (3.27) T� A`m�� ��¤

δL = α∂µJ
µ
5 = −αNf

g2s
16π2

Tr
(
GµνG̃

µν
)
, )3.33(

S =
∫
d4xL �`f��  ± Ty¶A§zy� ��AK� d�w�¯ ¢��� �k�� �y�Aky� Y�� ­ w`�A�

­ A���¤ ,¨�A�r�� d�Abt�� ©¤As§ ¤� ©rf} δL  w�¤ T�A� ¨� �k� ,AZwf�� Yqb§

Xq�¤ ¯� ��Ð  wk§¤ ,ry��� ¢� Hy� (α) XyFw��  � d�� An��� ¨���r�®�� Y�� r\n��

�wq���  �� ­ At`m�� ­r\n�� ¨� �y�} �@¡¤ .�mh� Kµ
þ� T�Asm�� ��Ak� 
�A� �Ð�

¯ ¨t�� Aµa T§CAy`�� �wq��� �y� �w�t�� TWq� ¨��� An¡¤ ,Ty�Akm�� T§Ah�®�� dn� T�CA�

¨�Ws�� ��Akt�� ¨�At�A�¤ ,T§Ah�¯� dn� d��¤ 
�¤ ¨� rfO�� Y�� �¤¥� ¯ Kµ
¨� rh\�

.[15] Ay¶A§zy� T�¯ �lm§ ¢�± Y�l§¯

An§��C� d�¤ ,¨fk§Am� An� T�R�¤ 
sy� TlkK� ��  � d�� An��� r�±� ¨� ��d� w�

�¤A�� �y� ,��rf�� Tyn� TF�C ¨� Ty¶A§zyf�� �¶Atn�� T�r`�¤ ���� �@¡ �Rw�  �

£@¡ �wRw� �AW� �� �r�� ¯ Yt� ,�EA�� �r`tm�� ��r�� �� �y¡Afm�� {`� �§dq�

�kK�� �@¡ Yl� ©dyl�³� �`f�� �r`§ Tymk�� �wq��� T§r\� ¨� .­r�@m��

(3.31)

(3.32)

(3.33)
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SE =

∫
d4xTr

(
GµνG̃

µν
)

=

∫ ∞
0

drr3
∫
dΩTr [Gµν (r,Ω)Gµν (r,Ω)] (3.34)

�y� ,TybWq�� �Ab�rml� 4 d`b�� ¨� T§¤�z�� Tb�rm��Ω ¤ Ty�A§ �C Tb�r� r �y�

,r →∞ dn� Gµν = O
(

1
r3

)
 wk§  � 	�§  ¤d�m�� �`fl� �q���  �d��

Aµ ≡ AaµT
a

�kK�� �@h� �r`�  wk§  � 	�§ CAy`�� �q� ¨�At�A�¤

Aµ =
i

g
G (Ω) ∂µG (Ω)−1 +O

(
1

r2

)
(3.35)

d�� Aµ C�dqml� U(x) ©CAy`m�� �§w�t�� 
��

Aµ −→ UAµU
−1 +

i

g
U∂µU

−1

¢l§w�� �t§ (3.35) T� A`m�� ¨� �r`m��  ¤d�m�� ©dyl�³� �`f��  wm� ¨�At�A�¤

:��wnm�� �@¡ Yl�

G = UG+O
(

1

r2

)
¨l§Am� �r`tm�� ��rl� rJAbm�� ryb`t��¤

∫
d4xTr

(
GµνG̃

µν
)

=

∫
dSµK

µ (3.36)

:þ� ¢n� ryb`t�� �km§Kµ
�y�

Kµ =
4

3g2
εµνρσTr

[(
G∂νG

−1) (G∂ρG−1) (G∂σG−1)] (3.37)

:d�� (3.36) T� A`m�� ¨� (3.37) T� A`m�� {§w`� º�r���

n =
4

3g2

∫
dSµε

µνρσTr
[(
G∂νG

−1) (G∂ρG−1) (G∂σG−1)]
=

g2s
32π2

∫
d4xTr

(
GµνG̃

µν
)
. (3.38)
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�y�

∫
d4x∂µJ

µ
5 =

∫
dx0∂0

∫
d3xJ0

5 −
∫
dx0

∫
d4x∂iJ

i
5

=

∫
dx0∂0Q5 −

∫
dSniJ

i
5

= Q5,f −Q5,i (3.39)

,­d�w�� �A`J ¨�A\� ni ¤ 4 d`b�� ©dyl�³� ºASf�� ¨� T�Asm�� rOn� ��m§ S �y�

�®� �� CAyt�� ��d�  � |�rt�� �km§ ,Ty¶Ahn��¤ Ty¶�dt�¯� Tn�K�� ��m� Q5,i,f ¤

d�� (3.32) T� A`ml� ��Akt�� º�r�� d`� .0 w¡ T§Ah�®�� dn� �q���

Q5,f −Q5,i = Nfν. )3.40(

��rfl� θ XyFw��

d�w§ ¢�� ¯� ,¨mk��¤ ¨kyF®k�� �y�Akym�� ¨t§r\� ®� ¨� ��rf�� TF�C Annkm§

Ay¶A§zy� �y� ,��rf�� �¯A� �� ¨¶Ah�¯  d� d�w§ AykyF®k� ,Amhny� �R�¤ �®t��

( ¨�w�w�w¡ �An}� �lt�� Y�� Ay�w�w�wV Ahmysq� Annkm§ ¨�At�A�¤ ,T·�Akt�  wk�

( winding Ahymst� �mF Am� ( Number Winding ) �n§dn§¤  d`� Ymsm��¤ ,Homotopy )

,Xq� ­d��¤ ��r� T�A� �� Ynb§ An¡ ��rf�A� ¨mk�� �y�Aky� ¨� A�� ,number vacua )

­d��¤ TykyF®� T�A�� ¨ftk� �k�� T§r\� ¨� TyFAF� T�A� Yl� �wO�l� ¨�At�A�¤

�wO��� Annkm§ ,¨ly�� ry� CAy`� ��� ��|n〉 �y� ,( winding number vacua ) ��rfl�

.(θ − vacuum)þ� Yms§ �y�} ¨mk�� �y�Aky� ��r� Yl�

ν = n−m; (3.41)

ν =

 ν = 0 ;n = m

ν 6= 0 ;n 6= m

 (3.42)

©@�� ��rf� ¨W��� ªAb�C³� Yl� HF¥� �¶®� ��r� �§d�t� �qn� .�y�}  d� n

�� Ty��@�� �¯A��� ºAn� Annkm§ ¨t�� (θ − vacuum) Yl� �O�n� ,d�A} CAy`� Hy�

:�r`tm�� ��r�� �wm��

|θ〉 =
∞∑

n=−∞

exp (inθ) |n〉 , )3.43(

(3.40)

(3.43)




Ab�� 3. �A�wys�±�¤ (CP) þ� ©wq�� rZAnt�� �Aht�� TlkK� 35

ry�§ £C¤d� ©@��¤ �n§dn§¤  d`�� T�¯d� © CAy`m�� �§w�� ¤� 
A�s�³� r�¥� �r`�

:¨l§Am� m C�dqm� |n〉 vacua

Tm |n〉 = |n+m〉 , (3.44)

�� � Abt�� T�®� �q�§ ¨�At�A�¤ ,CAy`m�� �®§w�� 
�� d�A}  wtly�A¡ r�¥�

©� ©CAy`m�� �§w�t�� r�¥�

[Tm, H] = 0, (3.45)

¨� ryy�� �d�§ (3.43) T� A`m�� �� (θ − vacuum) Yl� 
A�s�³� r�¥� �ybWt�

:	�rm�� CwW�� ­CAJ�

Tm |θ〉 = Tm

(
∞∑

n=−∞

exp (inθ) |n〉

)
,

=
∞∑

n=−∞

exp (−inθ)Tm |n〉 , (3.46)

=
∞∑

n=−∞

exp (−inθ) |n+m〉 ,

d�� ,n′ = n+m �Rw�

Tm |θ〉 =
∞∑

n′=−∞

exp (−i (n′ −m) θ) |n′〉 ,

= exp (−imθ) |θ〉 . (3.47)

:þ� YW`� |n〉 vacua �y� �Aqt�³� T`F �kt�

〈n| exp (−Ht) |m〉 =

∫
DA

∣∣∣∣n−m exp

{
−
∫
d4xL

}
, (3.48)

�y�∫
DA |n−m=ν=

∑
ν

∫
dA |ν , )3.49(

( functional integration ) ¤ ,�r`tm�� ��r�A� ¢y�� CAK� XyFw�� Yl� ¨�� ��Ak� ��m§

­�¤Asm�� £@¡ �Am`tFA� .( Euclidean space-time ) ©dyl�³�  Ak�z�� ºAS� ¨� ¢�As� ��

(3.49)
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∞∑
n=−∞

exp (inθ) = δ (θ′ − θ) , (3.50)

:¨l§Am� (θ) ¨��r� �y� �Aqt�¯� T`F Yl� �O��

〈θ′| exp (−iHt) |θ〉 =
∞∑

n′=−∞

∞∑
n=−∞

exp i (n′θ′ − nθ) 〈n′| exp (−iHt) |n〉 ,

=
∑
n′

exp−in′ (θ′ − θ)
∑
q

∫
DA

∣∣∣∣q exp

{
−iqθ −

∫
d4xL

}
,

= δ (θ′ − θ)
∫
DA exp

{
−
∫
d4x (L+ Lθ)

}
, (3.51)

 wk� ¯  � d�¯ dy� ��r� |θ〉  wk� Yt� ,iqθ =
∫
d4xLθ ¤ q = n′ − n �y�

ºAS� ¨� .(3.51) T� A`m�� �� ¢\�®� A� �@¡¤ (θ) �A��r� �lt�� �y� �¯Aqt�� �An¡

:[16] ©� �A`� ��Af� Y�� © ¥§ (θ) d� ,¨ks�wkly�

Lθ = −θ g2

32π2
Ga
µνG̃

aµν . )3.52(

:�kK�� �@hþ� �A`f�� ¨���r�®�� T�At� Annkm§ ¨�At�A�¤

Leff = L+ Lθ,

= −1

4
Tr (GµνG

µν) +
θ

4
Tr
(
Ga
µνG̃

aµν
)
. (3.53)

¢l� ¨�A��� d��� Hk� Yl� ¨kyF®k�� �y�Akym�� ¨� ¢mym`� �� �¤±� d��� �y�

.( Tunneling effect ) TWF�w� ¨�wmk�� �y�Akym�� ¨� T�¯ 

¨� £ry��� rh\§ ��A� £CAbt�� �km§ (d) ¤ (u) �y�C�wk�� ®� �t� r�}  �

�@¡¤ ,SU(2)L⊗SU(2)RThknl� ��AK�� rZAnt�� �l� �®� �� ��Ð¤ ;T§wq�� �®�Aft��

¨�At�A�¤ ,(QCD)T§wq�� �®�Aft� T§wq�� �Ayky�An§d�� ry��� 	bs� Ay¶Aql� rsk§ ry�±�

�A�C�wk�� �§w��¤ ,¢� Xb�r� �tFd�w�  ¤Ew� (π) CAbt�� ¨� �y�} An�w� �`�§

: U(1)A rZAn� 
��(d) ¤(u)

(3.52)
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U(1)A :

u→ exp (iγ5α)u,

d→ exp (iγ5α) d, (3.54)

�tFd�w�  ¤Ew� CwhZ w¡ rZAnt�� rsk� ��¥bnt�� �y� ��¤ ,¨¶�wK� XyF¤ α �y�

¤ (u) �A�C�wk�� �t�  w� Y�� T�AR³A� (η′)  ¤zym�� ��� ¢�r`�  � �km§¤ ,d§d�

�@¡ �l� �k� .Tqy� ��rZAn� U(1)A¤ SU(2)L⊗SU(2)R ��rZAnt�� £@¡  �� T�¤d`� (d)

�A�As��� �rhZ� ¨�At�A�¤ ,­rybk�� ­ w}rm�� ¢tlt� 	bs� TlkK� Y�� « �  ¤zym��

�� ­wq� ��Aft§ �ys� rh\� �� 
CA�t�� ��Ð ��¤ ,mη′ <
√

3mπ ©� ¢yl� � ¤d�

�A�C�wk�� �§w�� �t§ �y� ,U(1) TlkK� ���  � Annkm§ ©Cwf�� ����  Amt��� .ºwS��

:¨�At�A� (f = flavor) Thkn�� �y�d� Ahy�� CAKm��

U(1)A :

qf → q′f = exp (iγ5αf/2) qf . (3.55)

Y�� © ¥� ­ry�tm�� Ty�C�wk�� ( Path integral ) �wq�l� T§CAsm�� �®�Akt�� xAy�

Ð¤@K��

DqfDq̄f −→ DqfDq̄f exp

{
ig2

32π2

∑
f

αf

∫
d4xGa

µνG̃
aµν

}
, )3.56(

�y� ,�A\�®m�� ¨� (3.56) T� A`m�� ¨� Ga
µνG̃

aµν
��Akt�� �@h� ry��� ©� rh\§ ¯ �y�

���� 
Ay� ¨� �@¡¤ ¨h§d� ©CAy� �q�  �d�� ��� �� ��Akt�� ¨ft�§ ¨l� �tKm��

d�� (3.33) T� A`m�� Tl�Akm�¤ ,¨ft�§ ¯ ��Akt�� �@¡ ©Cw� ����  w�¤ ¨� A�� ,©Cwf��

g2

32π2

∑
f

Nfαf

∫
d4xGa

µνG̃
aµν = Nfν

∑
f

αf (3.57)

¢�Aht�� �� U(1)ArZAnt��  �� �wq�� An� ��§ ©� ,ν 6= 0  wk§ Am� ¨ft�§¯ ¨�At�A�¤

©±  w�¤ �An¡ Hy�¤ ;U(1)ArZAnt�� �� Ty�A� T§r\n�� �`�§ �@¡¤ ,Ð¤@K�� 	bs�

�¡AF ©Cwf�� ����  Amt��  � Af�AF A�r�Ð Am� .rZAnt�� �@h� Xb�r�  wtFdl�  ¤Ew�

A� Amt�� Y�� T�AR¯A� ,«r�� TlkK� �A�� An�� ¤db§ A� Yl� �k� ,U(1)A TlkK� �� ¨�

(3.56)
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�d� �yS�  � An� 	lWt§ ¢b�wm�¤ ,(θ) XyF¤ TWF�w� £ �d�� �� d��¤ ��r� Yl�

(3.56)T� A`m�� ¨� �r`m�� ��ryk�� �§w��¤ ,θ 6= 0 rZAnt�� �htn§ ©@��¤ ¨���r�®�

: �kK�� �@h� (θ) �§w�t� ¸�Ak�

θ −→ θ +Nf

∑
f

αf (3.58)

:¨�At�A� �A�C�wk�� �t� d� �r`�

Lm =
∑
f

m∗ψ̄
1

2
(1− γ5)ψ +

∑
f

mψ̄
1

2
(1 + γ5)ψ. (3.59)

�Rwm�� �§w�t�� T�yt�  wk§ �C�wk�� Tlt� CwV ¨� �rW§ ©@�� ryy�t��  � �y�

.�`f�A� T§rW� mf �C�wk�� �t� T�wfO�  � |r� d`� ��Ð¤ ,(3.55) T� A`m�� ¨�

mf → exp (iα)mf , (3.60)

�y� (3.55) �§w�t�� 
�� ­d�A} Tymk�� £@¡¤

exp (−iα)
∏
f

mf (3.61)

�r`�

θ̄ = θ + θEW ,

= θ − arg

[∏
f

mf

]
, (3.62)

¯¤ Tyty�CAh� 
sy� �A�wfOm�� £@¡¤ �¤A�wy� �A�C�wk�� �t� T�wfO�mf �y�

 A`btF� d`� Tyqyq� �A�wfO� Yl� �wO�l� A¡ryWq� An� �zlts§ ¨�At�A�¤ ,­rWq�

,Tqyq� �A�C�w� �t� Yl�  Amt�� ¨�At�A�¤ ,(2.45) ¤ (2.44) Tb�rm�� �A�wfOm��

¢n�¤ , (θ) �� Hy�¤ (θ̄) �� 	FAnt� C�dq� (CP) rZAnt�� �Aht�� ry��� d�w§

LCPV = LQCD +
θ̄g2S
32π2

Tr
(
Ga
µνG

aµν
)
. (3.63)
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( Neutron Electric  ¤r�wynl� ¨¶A�rhk�� 	Wq�� ¨¶An� 4

Dipole Moment )

« � ¨�At�A�¤ ,(CP) rZAnt�� �Aht�� �d� ¢�� ¨n`§ ;¨���r�®�� ¨� d§d� d� CwhZ  �

T�Ay} �km§¤ ,TSf�nm�� �A�AW�� �AW� ¨�  ¤r�wynl� ¨¶An��� 	Wq�� T\�� E¤r� Y��

Ty�CA��� TysyVAn��¤rhk�� �wq��� �� ¨bsn�� ry��� ¨�¤rtn�� �ybF �y� �®�Aft��

:�kK�� �@h�

H = −µnB.
S

S
− dnE.

S

S
. (3.64)

¨¶An� 
As�  dO� ��n� (dn) Yl� ¢¶�wt�³ T� A`m�� £@¡ �� ¨�A��� d��A� �th� �k�

�kK�� Yl� 	tk§ ©@�� (NEDM) ¨���r�®�� �ky�¤ ,¨�¤r�wyn�� ¨¶A�rhk�� 	Wq��

:[17]

Ld = −idn
8
εµναβF

µνn
[
γα, γβ

]
n )3.65(

F µν = ∂µAν − ∂νAµ )3.66(

,εµναβ =

{
0 , 1 �y� ,©rZAn� ¯r�w� εµναβ ¤¨syVAn��¤rtk�³� �q���F µν

��m§�y�

©�

−i1
4

[
γα, γβ

]
Fαβ =

1

2
εαβγσ

γFαβ )3.67(

�y�

σαβ = −i1
2

[
γα, γβ

]
,

=− i1
2

(
γαγβ − γβγα

)
, (3.68)

¨�At�A�¤

= σ.E, )3.69(

¢n�¤

Hd = −dn (nσn) .E. )3.70(

(3.65)

(3.66)

(3.67)

(3.69)

(3.70)
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¨¶A�rhk�� �z`�� xAyq�¤ ,(NEDM) ¨�¤rtyn�� ¨¶An��� 	Wq�� T\�� �O§ Hd �y�

¤db§ A� Yl� , ¤r�wyn�� Tlt� MN �y�
e

MN
TWF�w�  d� ¨�¤r�wyn�� ¨¶An��� 	Wq��

 ¤r�wyn�� Tlt� ¤ mq �A�C�wk�� �� �y� Tbsn��¤ ,(θ) �� AbFAnt�  wk§ (NEDM)

��� �� �dy`� A¡r§¤d� �km§ �y� �A\�®m�A� Tql`t� (θ)  � Am� ,«r�±� ¨¡ MN

:[18] d�� limm = 0 Tltk��  ¤d� ¨� ,mq = 0

|dn| ∼
e

M
N

mq

MN

∼ 210−15θ̄.e.cm, )3.71(

: A�§� �� Tyb§r�t��  ¤d��� ¨�¤ , ¤rtk�²� Ty¶A�rhk�� Tn�K�� e �y�

|dn| < 6.310−26e.cm, )3.72(

¨�At�A�¤

∣∣θ̄∣∣ < 10−9. )3.73(

AmhS`� ºA��� Ty�Ak�� Amh� �§d��� �§@¡  � d�� An¡ ��¤ ,­ry�} Tmy� ��Ð ¨¡¤

¨�At�A�¤ ,�d� ­ry�} Ahtmy�  A�§� �� Ayb§r�� �k� ,Tmyq�� £@h� �bnt� �� (QCD) .{`b��

(CP) TlkKm� Yms§ A� �@¡¤ - ? �d� ­ry�} Tmy� d��� (θ̄) �ÐAm� - Am¶A� �kKm�� Yqb§

��rt�� w¡ ;T§wq�� (CP) TlkK� ��� �F�¤ �AW� Yl� T�wbqm�� �wl��� �y� ��¤ .T§wq��

.¨�At�� �Wqm�� ¨� ¢K�AnnF¤ ,[19] 1977 TnF (�§w� �yly¡) ¤ (¨Kty� w�ry�¤C)

�§w� ¨Kty� Ty�� 5

TlkKm� Tym¡±� ��A� ®� ( �§w� �yly¡ ) ¤ ( ¨Kty� w�ry�¤C ) �� ®� A�rt��

�Amt¡� Cw�� 
��z�¤ 
�A� ¨t��¤ TyR�rt�� Tmys�  w�w� ¥bnt�� :w¡ T§wq�� (CP)

( Peccei Queen Ty�� :Yms� Ty�µ Amhynb� T�yt�  A� ¥bnt�� �@¡ ,�y��Ab��¤ ºAml`��

rZAnt�� �@¡ ,U(1)PQ ­r�z�A� �y} d§d� ��AJ rZAn� ºAnb� A�A� �y� , mechanism )

rZAnt�� �@¡ 
�� ­d�A} (QCD) ¨���r�®��  � ©� ,T§wq�� �®�Aft�� Yl� r�¥§¯

�¡As§  wys�±� �®�Af� T�AR�¤ ,��ryk��  �C¤ C¤ AS§� 	`l§ ©@�� ,U(1)PQ

,©CAy`m�� �Ðwmn�� �yFw� � � ­CAb`� ¤� ©CAy`m�� �Ðwmn�� ¨���r�®�� z§z`� ¨�

T�AR³A� ,(G)�A�¤wl���¤ a  wys�±� �q� �mK� ¨t�� T�A`f�� ¨���r�®�� T�At�¤

�@h� ( �A�C�wk�� �� ¯d� �A�wy�CAf�� �q� �m`ts� ) Tltk�� Tm§d� �A�C�wk�� Y��

:�kK��

(3.71)

(3.72)

(3.73)
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Leff =− 1

4
g2Ga

µνG̃
µν
a +

∑
i

ψ̄i
(
i /Dµ −m

)
ψi +

1

2
∂µa∂

µa

+ Lint
(
∂µ

(
a

fa

)
;ψ

)
− θeff

g2s
32π2

Ga
µνG̃

aµν − ξ g2s
32π2fa

aGa
µνG̃

aµν ,

(3.74)

:¨�At�A� rZAn� 
�� ¢l§w�� �t§  wys�±� �q�¤ ,��rf�� T§¤�E θeff �y�

a (x) = a (x) + a0fa. (3.75)

�Am¡� �� ,�A�wyl��� ry��t� Xq� �th� .U(1)PQ rZAnt�� rsk� �l`t� XyF¤ fa �y�

(θ)  wk� Am� CAbt�³� �y`� d�¥§ ©@�� ,Tfy`S�� �®�Aft�� ¨� (CP) �Aht�� ry���

�� TbFAnt� ��rf�� T§¤�E  w� �� d�¯ ;¨ky�An§ XyF¤ (θ)  wk� Yt� ¤ ,T�¤d`�

( Path T§CAsm�� �®�Akt�� �Am`tFA� ¤ ,¨qyq� ��r� ��@� �q�� ¨t��¤ Tmyq�� £@¡

:d�� ¨���r�®� Integral )

Z −→
∫

(dAµ)
∏

dψidψ̄idada
† exp

{
−
∫
d4xLeff

[
Aµ, ψ, ψ, a, a

]}
exp {iνθ} , )3.76(

�y�

Z =

∫
(dAµ)

∏
dψidψ̄idada

† exp {iνθ}

exp

{
−
∫
d4x

[
1

4
g2sG

a
µνG̃

aµν −
∑
i

ψ̄i
(
i /Dµ −mi

)
ψi

+ ∂µa∂
µa+ Lint

(
∂µ

(
a

fa

)
;ψ

)
−
(
θeff + i

ξa

fa

)
Ga
µνG̃

aµν

]}
,

)3.77(

Tyn� Yl� �wO�l� T�A`f�� ¨���r�®�� ¨� Ty�r���  ¤d��� �mh� T� A`m�� £@¡ ¨�

¨kyF®�  wm� Yl� �O�t� ¨�At�A�¤ ,( Euclidien Space ) ©dyl�³� ºASf�� ¨� ��rf��

.( T§dyl�� Tn�A� T�AV )

(3.76)

(3.77)
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exp

{
−
∫
d4xV (a)

}
=

∫
(dAµ)

∏
dψidψ̄i

exp

{
−
∫
d4x

[
1

4
g2sG

a
µνG̃

aµν −
∑
i

ψ̄i
(
i /Dµ −mi

)
ψi

− iξa
fa
Ga
µνG̃

aµν

]}
,

=

∫
(DAµ)

∏
i

det
(
/Dµ +mi

)
exp

{
−
∫
d4x

[
1

4
g2sG

a
µνG̃

aµν − iξ a

32π2fa
Ga
µνG̃

aµν

]}
,

(3.78)

ºASf�� ¨� (θ) Yl�  Amt�³� ¤ Ty`bt�� �� �y`� �kJ Ah� T��An�� T��d��  � ^�®�

���w§ ¤ ,i /Dψ = λψ �y�� ,i /D r�¥ml� ψ Ty��@�� �¯A��� ���w§ ©@��¤ ,©dyl�³�

¨�At�A�¤ ,i /D (γ5ψ) = −λ (γ5ψ) �y�� r�¥m�� Hfn� «r�±� Ty��@�� �¯A��� ��@�

�lt�� ¤ C�dqm�� ¤� ­dK�� Hf� Ah� i /D r�¥ml� T§rfO�� ry��� Tyqyq��� Ty��@�� �yq��

�Ab�� Annkm§ T§rfO�� Tm\�±� �� N0  w�¤ T�A� ¨� ,λ (−λ) ¨¡¤ ­CAJ³� ¨�

det
(
/D +mi

)
=
∏
λ

(−iλ+mi) ,

= mN0
i

∏
λ>0

(
λ2 +m2

i

)
> 0. (3.79)

:d��[20] ( Schwarz’s inequality ) EC�wK� ­�¤Asm�� �d� Ty}A� �Am`tFA� ¤
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∣∣∣∣∣exp
{
d4xV (a)

}∣∣∣∣∣ =

∣∣∣∣∣
∫

(DAµ)
∏
i

det
(
/Dµ +mi

)
exp

{
−
∫
d4x

[
1

4
g2sG

a
µνG̃

aµν − iξ a

32π2fa
Ga
µνG̃

aµν

]}∣∣∣∣∣,
≤

∣∣∣∣∣
∫

(dAµ)
∏

det
(
/D +m

)
exp

{
−
∫
d4x

[
1

4
g2sG

a
µνG̃

aµν − iξ a
fa
Ga
µνG̃

aµν

]}
,

=

∫
(dAµ)

∏
det
(
/D +m

)
exp

{
−
∫
d4x

[
1

4
g2sG

a
µνG̃

aµν

]}
,

= exp

{
−
∫
d4xV (0)

}
,

⇒
∫
d4xV (x) ≤

∫
d4xVeff

(
a = −fa

ξ
θ̄

)
.

(3.80)

©� ,〈a〉 = −fa
ξ
θ̄  wk§ Am� rh\� �A`f��  wmkl� Ay�d�� Tmyq��¤

〈
∂Veff
∂a

〉
= ξ

g2

fa

〈
Ga
µνG

aµν
〉
|〈a=− faξ θ〉= 0 (3.81)

¨�At�A�¤ , a = 0 Am� (CP) ^f�� �A`f��  wmkl� Ay�d�� Tmyq��¤

θ̄ = ξ
〈a〉
fa

= 0. )3.82(

�� d�¯ ¨ky�An§ ®� T§wq�� (CP) TlkKm� (PQ) ��  � CAbt�³� �y`� d��� w�

 wys�±�  wmk� Y� ±� d��� Q®�tF� Annkm§ ¢n�¤ ,θ̄ = 0 ��rf�� T§¤�E �Am¡�

T�AR� Tylm�¤ ,A§wts� Hy�  wmk�� ¨�At�A�¤ ,T§C¤ (θ̄)  wk� 〈a〉 = 2nπfa�A`f��

��§ �@h�¤ ,¨ft�§ (θ̄) d�  �� ,aphys = a− 〈a〉 ¨¶A§zyf��  wys�±� �q� ¨���r�®�

Tlt� Yl� �wO��� Annkm§ .(PQ) Ty�� �®� �� 
l� T§wq�� (CP) TlkK�  � �wq�� An�

:Ay�d�� Tmyql� Tbsn�A� �A`f��  wmkl� ¨�A��� �tKm�� 
As� �®� �� ��Ð¤  wys�±�

m2 =

〈
∂2Veff
∂a2

〉
= ξ

g2

fa

∂

∂a

〈
Ga
µνG̃

aµν
〉∣∣∣∣∣
〈a=− faξ θ〉

. (3.83)

�§ CA� ) Am¡ ¨�A��� rb��� �Aynq� �Am`tFA�  wys�±� Tlt� 
As�� �A� �� �¤�

d� T�AR�� T�A`f�� ¨���r�®�� T�At� Annkm§ ¨�At�A�¤ .[21] ( Bardeen and Tye ) ( ¨�¤

(3.82)
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:¨l§ Am� Tltk��

Leff =− 1

4
g2Ga

µνG̃
µν
a +

∑
i

ψ̄i
(
i /Dµ −m

)
ψi +

1

2
∂µaphys∂

µaphys

− 1

2
m2
aa

2
phys + Lint

(
∂µ

(
a

fa

)
;ψ

)
− θeff

g2s
32π2

Ga
µνG̃

aµν .

)3.84(

:Ty�wk�� ¤ Tyklf�� ºA§zyf�� - ºA§zyf�� :�A�wys�±� 6

� AOm�� 1.6

AmyF¯ ©CAy`m�� �Ðwmn��  �dt�¯ �dy� �z�A� d`� �Amys��A� ThybK�� �A�wys�±�

�A�wys�±�  � ��r�A� ,Tml\m�� ­ Am�� TlkK� ��� A�Jr�¤ ,CA�¤±� T§r\� ¨� T·JAn��

Y�d� Ah� ThybJ �Amys�  w�¤ �� �nm§ ¯ ¢�� ¯� ��@� �zyf�� �Amys��� �S��

�y� ,(WISPs) ��Aft�� Tfy`R T`y�C �Amys� ¤� ( ALPs = Axion Like Particles )

.r¡�w\�� Hf� ¨�  wys�±� �� �rtK�

�Ay�µ� {`� �§dq� �¤A�� ­rqf�� £@¡ ¨� :�A� AOm�� ¨� (ALPs) �At��

( Hight Energy Collider (LHC) ) Ty�A`�� �A�AW�� �A� AO� ¨� (ALPs) �At�³ T`btm��

.( Large Hadrons Collider (LHC) ) rybk�� �A�¤C Ah�� � AOm�� ¨� ¢�¯®�mR�¤

�A�AW�� � AO� ¨�  wys�±A� ThybK�� �Amys��� �At�� �km§ :Ayny�C (ALPs) �At��

 � Annkmy,e+e−ºAn�¤ , w�wf��¤  wyl��� CAhO�� �Aylm� �§rV �� (HEC) Ty�A`��

:�y� Ayny�C (ALPs) �At�³ (HEC) Ty�A`�� �A�AW�� �A� AO� ¨� �bW� �Ay�� A¡rbt`�

gg −→ a (gluon− fusion) . )3.85(

γγ −→ a (2γ − fusion) . )3.86(

e+e− −→ a
(
e+e− − anihilation

)
. )3.87(

	bs�� �@h�¤ ,­rybk�� (ALPs) Tltk� T§A�l� Xb�r� ¨ny�r�� �At�³� �@¡  � Am�

,(Λ) ­d§d��� ºA§zyf�� xAyq� ¨� Am¶� ¨ny�r�� �At�²� �A`f�� �Wqm�� 
yb�� �t§

 wk� ,�At�¯� ¨� d¶As�� Xmn�� 
sy� Ah��� �wq�� Annkm§ (3.87)¤ (3.85) �yty�µ� ��¤

¨� T�Rwm�� Ty�µ� A�� ,­wq� Ahf�w� �y� Ahyl� ¨blF r�� Tfyf��� �A�wy�CAf�� Tlt�

Aql`t�  wk§ �At�³� T\�� �¦ASt�� �d`�  ± Tym¡±� T§A� ¨� ¨h� (3.86) T� A`m��

(3.84)

(3.85)

(3.86)

(3.87)
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; w�wf��  �K� �yqy�� �d� 
s�¯ ¨t�� �Anys�t�� Y�� T�AR³A� ,(ALPs) Tltk� Xq�

�At�³�  �� �@¡ Yl� ­¤®�¤ ,��As�� �� Ty�A`� r��� � ¤d� �R¤ Y�� � � ¨t��¤

¤ ­rybk�� (ALPs) Tlt� 	bs� ��Ð¤ Amh� �C¤ 	`l§ ¯ ­Ay��� «d� Yl� ¨ny�r��

�kK� (ALPs) �®�mR� Y�� © ¥� �At�²� T�A`� �VAq� Yl� �wO�l� rybk��  �rt�¯�

.�§rF

 � :�®��� ¨� (Z) ¤ (H) z�yh�� �A�¤Ewb� 	§r��� �®�mR³� ¨� (ALPs) �At��

T�yt� ­ryb� Tym¡� Ah� ; (ALPs) �At�� Ah¶�C¤ ��  wk§ ¨t�� Tb§r��� �¯®�mR³�

�� �y�w�  d��  � Annkm§ An¡¤ ,­ry�O�� �A��rt�³� º�r� ­ w}rm�� 
�Aht�� Tbsn�

¨�At�A�¤ ,­ryb� ¢t�Ah� Tbs�  wk§ �y� (H) z�yh��  ¤Ew� ¯¤� ,(ALPs) �At�� �¯A�

®bqts� ¢t�Ah� Tbs� ��wty� (Z)  ¤Ew� A�� ,(SM) �Amys�� �®�mR� �An¡  wk§¯

�An¡ ¢�� (LHC) ¨� ­dmt`m�� 
CA�t�� �rhZ� d�¤ .[22] Ty�A���  ¤d��� ��ry�k� ���

�®�mR� ¢� �d�§ ¤� �§wV rm� ¤Ð (ALPs)  wk§  � A�� ;Amh� ��A� ¯ �y�Amt��

¢� �ºA�A� �@¡¤ ,­ wqf� T�AW� £¤rbt��¤ ,�JAk�� ¨� £d}C �km§¯ �d� �§rF

�h� (CMS) ¤ (ATLAS) �� �� Y�� T�AR³A� ,( Mimasu, 204 and Brivio, 2017 ) T�r��

ºAnb� ºAS� ry�w� �®� �� ��Ð¤ ,(ALPs) þ� �d� �§rs�� �®�mR³� TF�C Ty�Ak��

(ALPs) Ah� �S�� ©@�� dy�w�� �®�mR³�  � �yb� d�¤ ,�¯®�mR³� £@h� �A�tn�

A¡r�@� Tlmt�� «r�� �¯®�mR� �An¡ �k� ,a −→ 2γ :�y�wt� Y�� �®�mR³� w¡

:(ALPs) Tltk� A`b� 	y�rt�A�

.a −→ 2e− ¤rtk�³� Tlt� �`R  wk� (ALPs) Tlt� T�A� ¨� •

.a −→ 2µ(or2τ) :τ ¤�A�wym�� Tlt���¨f`S�rb�� wk� (ALPs) Tlt�T�A�¨� •

.a −→ 2jets :π  ¤zy� Tlt� �� �A`R�3 þ� rb�� (ALPs) Tlt� T�A� ¨� •

�A�¤C Ah�� � AOm�� ¨� Ahyl� Ty��� 
CA�� º�r�� �km§ �¯®�mR³� £@¡¤

.[23] (LHC)rybk��

(�w�n��¤ HmK��)  wys�±� 2.6

�A�wys�±� CdO� ¨� �mk� ¨t��¤ ,Tyklf�� ºA§zyf�� ¨� ­CA�� �A`�wt�� r��� ��

r¡�w\�� ¨�A�� ��rysf� �dq� ¨t�� �A\�®m�� {`� TK�An� �¤A�� �wF An¡¤

HmK�� ��� Tn�As�� A�E®b�� ¨� Ah�At�� �t§ �`S� ��Aft� ¨t�� Tmys��A� ,Ty`ybW��

�Aq§A� ��� �k� ,A�CA� T�AW�� �q� ¨� �¡As§  wm� Ah� �Amys��� £@¡ ,�w�n�� ¤



�A�wys�±�¤ (CP) þ� ©wq�� rZAnt�� �Aht�� TlkK� .3 
Ab��46

 wk�  � d�¯ � w�¤  wys�±� Tmys��  A� w� A�rb�� Ah�� Tyklf�� ºA§zyf�� ¨� A�Am�

.ma < 10−2eV

®m��  wys�±� Ahn� �`bn§ ¨t�� ��wnq�� d�� HmK�� d`� : ( Sun ) HmK��

©� ;Aht�AV �� �ylq�� dqf� HmK�� �`�§ T�AW�A� �m�m�� �A`b�³� �@¡¤ ,T�AW�A�

,T�AWl� �¶�  �rs� ¨� ¨h� Ty¶�dt�³� Aht�AV Yl� ^�A��¯ HmK��  � �wq�� Annkm§

­ A§E ¨� �¡As� T§¤w� T�AV Cr��¤ ­C�r��� T�C �f�rt� ,MAmk�� Ah� �d�§ Am��¤

�� r���  wk§  A`m� Ah�Ast�A� r�±� Ah� ¨htn§¤ ,Ah�E�w� dy`tst� wn§r�wyn��  A`m�

HmK�� Yl� AblF r�¥� Tylm`�� £@¡ �k� ,La . 0.1L� �y� ,T�`bnm�� �A�wys�±�  A`m�

, wys�±� �A��rt�¯ dyyq� �¤d� T}r� �yt§ ��Ð Y�� T�AR� ,rm`�� Ty�A� ��

¨syVAn��¤rhk�� �q��� �� �A�w�wf�� ��Af� �d�§ Am� �A�wys�±� �At�� �mk§ Am�

�A�w§±� ��m§ Ze�y� ,γ+Ze −→ Ze+a :Tylm`�� £@¡ �§rV �� A�E®b�� ¨� ¨�CA���

.[24]  �rt�³� �A�wys�°� �km§ �§� ,TysyVAn�� ¯wq� �tn� ¨t�� �A�¤rtk�³�¤

�w�� ��CAyl� �� T�wm�� �� ­CAb� ¨¡ : ( Globular cluster ) Tym�n�� d�An`��

�� �lt�§ A¡CwW� ���r� �k� 
�w�� Hf� ¨� 
�wk� ,©r�� 	l� �w� C¤d� T§¤r�

�w�n�� £@¡¤ ,Ty�ÐA��� ry��� 	bs� ­dK� TWb�r� ¨¡¤ ,Tltk�� ��A� 
�� r�µ �w�

( Horisontal Branching stars (HBS) Tyq�±� Ty�rf�� �w�n�� :�y�w� ¨¡ ¤ Aybs� Tm§d�

	`l� ¨t��¤ ( Red Giant Branching Stars ) º�rm��� Ty�rf�� T�®m`�� �w�n�� ¤ )

�bt§ ¨m�� CwW� Tl�r� ¨q�±� �rf��¤ , wys�±�  ¤d� ¨� �Amt¡²� �ry�� �C¤ 

­�wn�A� Xy�§ ©@�� �®��� �� �y�¤Cdyh�� �A�d�A� ,rm�±� �®m`�� �rf�� ­rJAb�

­ A§z�¤ ,�w�n�� Tyn� ¨� ­ryb� ��ry�� �d�§ £C¤d� ©@�� ;�wylyh�� �� Tll�tm��

Ah�A`m� ­dJ �qt� ,�A�d�³� T�rF ­ A§E Y�� ��Ð © ¥§ ­�wn�� T�A��¤ ­C�r��� T�C 

rh\§¤ ,Tyq�� �w�� T§Ahn�� ¨� �kKt§ ¨�At�A�¤ ,¨m�n�� �®��� ¨� MAmk�� Ah� �d�§¤

�wS�� , wys�±� XyF¤ T�As� �AKktFA� �w�n�� £@¡ CwW� ¨� �A�wys�±� ry���

�A`tJ� ��wt§ �y� T�AW�� �qn� Ty�AR� ­An� �l�§ �w�Am§r� Ty�µ �A�wys�±�

dyq§ ©@��¤  ¤rtk�³� ��  wys�±�  �rt�� T�yt�  wys�±� d§rb� ¢`bt§ ,�wylyh��

Y��  w�wf�� �w�§ ©@�� ;�w�A�ry� ry��� Y�� T�AR³A� ,gae . 310−13  �rt�¯� �@¡

 wk§ ¨t�� (HB) �w�n�� Hk� Yl� (RGB) �w�� ¨� �mh§ d� ,A�E®b�� ¨�  wys��

(RGB) �w�n��  d� AS§� �bO§¤ ­ryO� ��nl� CwW�� ­d� �bO§ Ð� ,Ty�A`� r��� Ahy�

d� �l� ¨� 
m¡AF �w�n�� £@¡ �y� Tbsn�� £@¡  � Am� ,(HB) �w�n�A� T�CAq� ���

.gaγ . 0.610−10GeV −1  ¤d� ¨�  w�wf�� -  wys�±�  �rt��

Tl�r� Y�� (ABG) Tl�r� �� �Aqt�³� : ( White Dwarf ) {y�¯� �zq��
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 �rt�� �¤d� zf�� Tylm`�� £@¡ �y� ;�w�n�� d§rb� Tylm`� Yms� {y�±� �zq��

�d`m� ­C�r��� T�C ¨� �§d`� �d�§  wys�±��A`b�� T�A� ¨�¤ , ¤rtk��- wys�±�

 ¤rtk��- wys�±�  �rt�� ��� �� �§d`t�� �@¡ ¨�At�A�¤ ,T�AWl� {y�±� �zq��  �dq�

�w�nl� �Amys��� d§rb� Tylm� �� �§d��� �t§ ­ A� ,gae . 3.510−13  ¤d� ¨�  wk§

Ty�� :Y�d� Ty�� �®� �� wn§r�wyn�� �¤E �A`b�� ¨� �A�m�� �ybF Yl� Ty�¤r�wyn��

ryb� �Amt¡A� ^�§ �� �hn�� �@¡  � ¯� ,(pair breaking formation) þ� �CAOt�� (PBF)

�A`b�³� �@¡  � |rf� An¡ �k� ,Tym�n�� ��CwWtl� «r�±� �ÐAmn�A� T�CAq� �Ay� ±� ¨�

�A�Ay� �Am`tFA� «r�±� Tym�n�� �ÐAmnl� Th�AK� � wy� �tn§ ©@��¤ , wys�°�  wk§

.fa & 7.5107GeV �y� (Fermi LAT) A�A� T`J�

© ¥� ­rybk�� CA�f�³� ­w� �y� �w�nl� CA�f�� �¤d� :( Supernova ) A�w�r�wF

,A�w�r�ws�A� ¢yms�A� �@¡ ¤ ºASf�� ¨� Tym�n��  �wm�� �� ­ryb� Tym� r�`b� Y��

��r`tsm�� ¨¡ ­CA�� r��±� �w�n�� �y� ��¤ �w�n�� £@¡ �� Tflt�� ��w�� d�w§¤

© ¥§ ��nl� ��R CA�f��¤ ­�wnl� ©w� MAmk�� �¤d� ©� ,¨�A��� �wn�� Tym\�±�

Y�� © ¥§ �� ��¤ ,(SNTypell) ¨�A��� �wn�� �� Tym\�±� ��r`tsm�� �At�� Y��

�A�wyl�wyn�� T�A�k� ¢��w� MAmk�� ¢y� �d�§ ry�±� �@¡ ¨�¤r�wy� ��� �kK�

 �rt�A� ��Ð  wk§ ,­d¶As�� Tq§rW�A� ��Aft�� Tfy`R �A�wys�±� �At��¤ ,Ty�A`��

­An� ry�w� zf�� ¨t��¤ N + N −→ N + N + a:Tylm`�� ��¤  wys��- wyl�wy�

d§rb� ��E Yl� r�� ¢�  wk§ ¨�At�A�¤ ,wn§r�wyn�� ­An� �� rb�� ­ºAf� ��Ð d§rb�

�� wn§r�wyn�� �� AS� ��d� �AFAy� ,(SN) Tylm� ¨� wn§r�wyn�� CA�f�� ­d�¤ (SN)

,( Kamiokandell and Irvine Michigan Brookhaven ) 
CA�� Ah�rhZ� ¨t�� (SN1987a)

�S�� ��  �rt�¯� �@¡ d`§¤ ,gaN  wyl�wyn- wys��  �rt�� CAbt�A� 
�mF �y�

£@¡ rO� �t§ Ð� , (SN1987a) Tym\�±� ��r`tsm�� ­CAJ� Ah�rhZ� ¨t�� ��CAbt�³�

­rk� Yms§A� �kK�¤ �A�wyl�wyn�� �� ­wq� Ah��rt�� dn� ��n�� ­�w� ¨� �A�wys�±�

�l�t� ,wn§r�wyn�� ­CAJ� Yl� ry��t�� Ty�A`� dqf� �A�wys�±� ¨�At�A�¤ , wys�±�

Tym\�±� ��r`tsm�� �� Ty�µ�  wyq�� �S�� ¤ ,�JAk�� ¨� wn§r�wynl� Ty�AR� A��d��

.[25] (SN) �}¤ �� �yqy�� �d� Y��

Tml\m�� ­ Aml� �Jrm�  wys�±� 3.6

�Jr� ©�  � �y� �Amys��� ºA§zy� �mt�m� �ryb� A§d�� d`� Tml\m�� ­ Am�� TlkK�

,��bl� XK� �wRw� w¡ ¨�At�A�¤ ¢yl� TR¤rfm�� T�CAO��  wyq�� ºARC�� 	�AW�
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	�§ ry�±� �@¡ �y� ,�Jrm�� P¶AO� 	y�r� ¨� ­Cdq�� Ah� �Amys��� ºA§zy� ©�

d�¯ Ty�wk�� T�A�k�� ��Ð Yl� ­¤®�¤ ��A¡ ��E �� ry�k� �wV� rm� ¢�  wk§  �

�Ay�� Ahy� �t� �Ay�wk�� �l� �A�wys��� ,Ty¶rm�� ­ Am�� T�A�� �� Tq��wt�  wk�  �

.Tflt�m��  wys�±� A§Aq� �nm� ¨t��¤  wys�±� �At�� ¨� �¡As�

¨� ryb� �kK� �¡AF Ty�A� ­C�r� T�C ¨�  wk��  w�¤  � :©C�r��� �At�³�

,�A�wys�°� ©C�r��� �At�³A� Yms§ A� �@¡¤ ,©C�r� �Am� ��� �A�wys�±� �At��

( �w�Am§r� ry��� �§rV �� �A�wyl���¤ �A�C�wk�� �� ��Aft� �A�wys�±� �y�

:Primakoff effect )

γ + q −→ a+ q, (3.88)

q + q̄ −→ g + a, (3.89)

π + π −→ a+ π. (3.90)

T§w� 
�A� �®�Aft��  � w� .«r�±A� T�CAq� Tl} r��±� ¨¡ ­ry�±� Tylm`�� ¤

, wk�� w§CAnyF �� A� T\�� ¨� (QCD) �Aqt�³� CwV d`� ma ∼ eV©� T§Afk�� ¢y� Am�

A¡dn� �Ofn� ¨t�� ­C�r��� T�C d§d��¤ ,©C�r�  E�w� ¨� 
�A� �A�wys�±�  ��

Tml\m�� ­ Am�� Tlt�  ¤d� d§d�t� T§A�l� Tmh� ©C�r��� �Am��� �� �A�wys�±�

A�dn� ��Ð  wk§ ©C�r���  wys�°� Tyqbtm�� T�A�k�� r§dq�¤ , wys�°� ­CA���

d�w§  � d�¯ , wys�°� Ant§¦C �� ��r�A� �k� ,�rqts�  wk§  wys�±�  �� |rf�

:þ� �®�mR³� ��A`� CÄdq§¤ (2γ) �y�wt� Y�� ��mS§  � ¢nkm§¤  w�wf�� ��  �rt��

Γdecay =
g2aγm

3
a

64π
. )3.91(

��� �� �@¡ Pl�ts� An��� ,(h0) �wy�� ��A¡ XyF¤ �� �®�mR³� ��A`� T�CAq�

 ¤d� T�ytn�A� ,¨�wk�� ��z�� �lF ¨�  wys�°� �§rs�� �®�mR³� ma & 20eV

,(20eV )�tk�� ��� �� d�¥� ¨t�� ­dy�w�� ¨¡  wys�±� ¨� d�� ­CA��� Tml\m�� ­ Am��

�At�³ T§C¤rR 
sy� ,ma & O(100eV ) Tb�C �� ­ryb�  wys�±� Tlt�  � ¨n`§ �@¡

( The Cosmic �AFAyq� dy� ©@��  w�wfl� T�AR³A�  w�tn§ �k� Tml\m�� ­ Am�� AS§�

.Microwave Background )

Ty�µ� £@¡ �hf� ,©C�r��� ry���  wys�¯� 	`J T�A� ¨� :��r��³� T§¤�E Ty��

 wys�¯� .(QCD) �Aqt�� CwV �b� ©C�r���  wys�±� TO� Y�� ­ w`�� �� An� d�¯

(3.91)
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¯ w¡¤ ,(PQ) �Aqt�¯� CwV T\�� ¨� ­CAt�m�� Ty¶�dt�³� Tmyq�� ¨� �Ws�  wm� ¢�

Y�Ð� dn�  wk§  � ¢nkm§ ¯ ��Ð ��¤ , −π ≤ ainit
fa
≤ π �A�m�� ¨� TlSf� Tmy� �lm§

,(QCD) Ty�Aqt�³� Tl�rm�� dn� Tykyskm�� T`bq��  wm�  ®y� ��¤ ,®bqts� Ah� Tmy�

�kK� 
@�@t§ ¢l`�§ �@¡¤ ,Ah� �E¤A�t� rfO�� w�� �r�dt§  wys�±� �q�  ��

( Friedmann  w� ¨� T�r��� T� A`� �r`� ¨�At�A�¤ ,rf} Tmyq�� �w� �FAmt�

:�kK�� �@h� H�A�tm�� ¨mls�� �q��� ��� �� Rebertson Walker (FRW) )

ä+ 3H (t) ȧ+m2
a (t) a =0. (3.92)

�y� ,
��w�ma ¤ (H) T�A� ¨� dm�m�� ¨q��wt�� E�zh�� T� A`� A¡CAbt�� �km§¤

:w¡ 	§rq�� ���� ¤ ,Ty�A`�� ­C�r��� T�C ¨� ma (T ) ' 0 wys�±� Tlt�  wk�

ry��� ­ Am�� ���
1
R3 �y� ρ (a) = 1

2
(ȧ2 +m2

a (T ) a2)¨¡ T�A�k�� ¤ ,a ∼ ainit
1

R
3
2

cos (mat)

T�A�k�� .Tml\m�� ­ Am�� �dy� �Jrm�  wys�±� �`� ¨� Tym¡±� rsf§ �@¡ ,Tybsn��

¢msq�  � Annkm§ rZAnt�� ¨� rsk�� �@¡¤ ,rZAnt�� rsk� Tql`t�  wys�°� Tyqbtm��

:�yt�A� Y��

,­rJAb� ��St�� T§Ah� d`� ¢�¤d� T\�� rZAnt�� rs�  wk§ Am� :Y�¤±� T�A���*

��w� Y�� © ¥� A¡C¤d� ¨t�� ��A¡ �q� �§Ab� Yl� 	s��  � d�¯ T§¤�z�� XFwt� Tmy�

:þ�  d��

Ωah
2 ∼ 0.12. )3.93(

Tyqbtm�� T�A�k�A� ;��St�� T§Ah� �b� rZAnt�� rs�  wk§ Am� :Ty�A��� T�A��� *

:��wnm�� �@¡ Yl� ( Vacuum misalignment ) Ty�� TWF�w� 	s��

Ωah
2 ∼ 1

2

[
610−6eV

ma

] 7
6

a2ih
2. )3.94(

�q�  � ©� ,Tyqbtm�� T�A�k�� �AFAy� �yq�� T}r� �nm§ T§¤�zl� 	FAnm�� CAbt�³�

CAt�yF  wys�±� �q� ¤  wk�� �� TWq� ©� ¨� Ty¶�dt�³� Tmyq�� Hf� ¢�  wys�±�

.[26] ��St�� d`� rZAn� rs� �¤d� dn� ��A¡ �q� ¨� �yq�� �lt�m�

(3.93)

(3.94)



4 
Ab��

 wys�±� �ÐAm�

Y�� �sqn§ ©@�� ¤ T§wq�� �®�Aft��  wys�� �Ðwmn� A�wyJ r��±� ��w�� �®� zym�

: Am¡ �yfn}

Cwh\� �F¯� �@h� ¨mF ¤ ( visible axion model ) ¨¶rm��  wys�±� �Ðwm� �n} •

.Tyb§r�t�� �A�Ayb�� ¨�  wys�±�

�d`� �F¯� �@h� ¨mF ¤ , ( invisible axion model ) ¨¶r�®��  wys�±� �Ðwm� �n} •

:Am¡ �y�Ðwm� �mSt§ ry�±� �nO�� �@h.Tyb§r�t�� �A�Ayb�� ¨�  wys�±� CwhZ

�ÐAmn�� £@¡ �y}Af� L�AnnF �Of�� �@¡ ¨�¤ ,(DFSZ) �Ðwm� ¤ (KSVZ) �Ðwm�

. wys�±� Ah� �S�§ ¨t�� �A��rt�³� �¡� r�Ð Y�� �rWt�� ��

: (PQWW) �Ðwm� 1

( Pecci þ� CAOt�� w¡¤ ,(�§w�) ¤ (¨Kty�) ­rk� Y�� (PQWW) �Ðwm� �}�  w`§

T\�®m� ��Ð¤ ¨¶rm��  wys�±� �Ðwmn� AS§� Yms§¤ ,Quinn Weinberg Wilczek )

�kK� 
m¡AF TyRA§C HF� Yl� dmt`§ �Ðwmn�� �@¡¤ ,T§rb�m�� 
CA�t�� ¨� ��¥bnt��

©CwV £A��� £rbt`�  wys�±� �q� �§r`� ��� �m� ,T§r\n�� Yl� ry��t�� ¨� ryb�

�q�l� T§r\n�� ¨�  Ak� Ah� Hy�  wys�°� T§r��� �A�C  � �k��¤ ,z�yh�� �q��

 � Af�AF A�r�Ð Amk� ,�¤ zm�� z`yh�� ¨lq� �dq�  � ©C¤rS�� �m� ,�¤ zm�� © rf��

�C�wk� Tlt� �nm§ �¤±� z�yh�� ¨lq�  � ©� ;Tlt� �A�C�wk�� 	sk§ z�yh�� �q�

.( down quark ) ¨lfs�� �C�wkl� ¨�A���¤ ( up quark ) ©wl`��

50
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:U (1)PQ ��AK�� ¨ky� rZAn� �ky�

φ1 −→ exp (iεq1)φ1;φ2 −→ exp (iεq2)φ2,

dL −→ exp (iεq1/2) dL; dR −→ exp (−iεq2/2) dR,

uL −→ exp (iεq1/2)uL;uR −→ exp (−iεq2/2)uR. )4.1(

( up quark ©wl`�� ¨�C�wk�� �� Anl�A`t� �r\�¤ ,�¤ zm�� z�yh�� ¨lq� φ2 ¤ φ1 �y�

,(Hd) þ� �¤ zm�� z�yh�� ¨lq� zy�r� �dbts�  � Annkm§ ,( down quark ) ¨lfs��¤ )

 wk§ ©CAy`m�� �Ðwmn�� �� (PQ) �q�  �rt�� .¨¶�wK� 
�A� ε ¤ ,Tn�J (q2) ,(q1) ,(Hu)

:�y� �A�C�wk�� ��� �� �¤A�w§ ��Af� TWF�w�

Lyukawa−up−down−quarks = −gdQ̄Lφ1dR − guQ̄Lφ2uR − g`L̄Lφ1`R + h.c

= −gdQ̄LHddR − guQ̄LHuuR − g`L̄LHd`R + h.c. )4.2(

©� T§rf} ry� (V EV ) T`�wtm�� ��rf�� �y� 	stk§ (Hu) ¤ (Hd) �¤ zm�� z�yh�� ¨lq�

Tfy`R¤rhk�� rZAn�¤ U (1)PQ rZAn� �� ®k� ¨¶Aql� rs� �¤d� dn� ��Ð¤ ,υu,d 6= 0

�k§ (Hu,d) �ylq�l� T§ Ay� �Ab�r� (H0
u,d)  � CAbt�A� .
�w�� Hf� ¨� SU(2)⊗ U(1)

〈
H0
u,d

〉
= υu,d, υEW =

√
υ2u + υ2d. )4.3(

T�C ���rml� TyW��� �Aby�rt�� «d�� �bO� .υEW = 246.22GeV d�� © d� �ybWt�

«r�±� T§r��� T�C A�� ,(Z)  ¤Ew� �b� �� AhOOt�� �� ¨t�� z�yhl� T§r��� ��

�y� ,(PQWW) �Ðwm� ¨� T§r� T�C ¯� w¡A�  wys�±� ¨�At�A�¤  wys�±� ��m�

H0
d = υd exp

(
x
a

υ
+

1

x

h

υ

)
,

H0
u = υu exp

(
1

x

a

υ
+ x

h

υ

)
, )4.4(

x ≡ υd
υu

=

√
q1
q2
. )4.5(

�¡As� ¨t�� ��ryk�� ¨���r�®�� 	§rq�¤ ¨�A��� ©rb��� 
As��� �� ®k� T�A`tF³A�

:¨l§A� Yl� �O�� , wys�±� Tlt� r§dq� ¨�

ma = Ng

(
1

x
+ x

) √
Z

1 + Z

fπmπ

υ
, )4.6(

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)
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¤ ,(PQWW ) �Ðwm� ¨� r��� dy�w�� XyFw�� x = υd
υu

,�A�C�wk�� �Ay��  d�Ng �y�

¨lfs�� �y�C�wk�� ¨tlt� �y� Tbsn�� Z = mu
md

 w§Ab�� �®�mR� 
�A� fπ = 93MeV

.©wl`��¤

ma = Ng

(
υ2EW/υu
υd

) √
mumd

mu +md

fπmπ

υ
, )4.7(

:d�� © d� �ybWt�

ma ' 74

(
1

x
+ x

)
KeV. )4.8(

T�r�tþ��  ¤d� �� ���wt�¯ �Ðwmn�� �@h� T§r\n�� ��¥bnt�� .Z ' 0.48 ¤Ng = 3 ��� ��

�A�C�wk�� �m�§ (J/Ψ)  ¤zym�� �y� ) (J/Ψ) �A�¤zym�� £@h� 
�Aht�� Tbs� ¨�

 ¤zym�� �y� ) (Υ ) �®�mR�¤ ( Ty�A`�� �A�AW�� dn� cc̄ ( charm quarks ) ­r�As��

 A`btF� �� �y� ,(K+) ¤ ( bb̄,( bottom quarks ) T§r`q�� �A�C�wk�� �m�§ (Υ )  wlys��

¨�At�A�¤ ,Tyb§r�t�� �A�Ayb�� ¨� rh\�¯  wys�±� Tmys�  wk� Ay�r�� �Ðwmn�� �@¡

©@��¤ ¨¶r�®��  wys�±� �Ðwmn� Yms§ d§d� �Ðwm�  A�§�� 
mhF� «r�� T� � CwhZ

,�§r�� �y�Ðwm� Y�� ¢mysq� �km§ �Ðwmn�� �@¡¤ ,Ty��wm�� ­rqf�� ¨� ¢yl� �r`tnF

.¨�A��� �� d��w�� zym� ¨t�� �A�®t�³� ¤ ¢�AKt�� ¢�¤� r�@� �A��� T`ybW�¤

(KSVZ) �Ðwm� 2

( Kim, Shifman, Vainshetein and ¢y�rtq� �Aymst� CAOt�� w¡ (KSVZ) �Ðwm�

�wn�� �� Tlyq��� �A�C�wk�� ¨¡ ­d§d� �Amys� An� �dq§ �Ðwmn�� �@¡ ,Zakharov )

 wk� ¨t�� (PQ) �An�J �m�� ¨t��¤ ,( down quarks ) ¨lfs�� ¤ ( up quarks ) ©wl`��

�dq� �Ðwmn�� �@¡ ¨� , (PQ) rZAn� 
�� ��K� ¯ ¨t�� T§ A`�� �Amys��� Hk� Yl�

( Heavy Tlyq��� �A�C�wk�� �q� �� φ (x) 	�rm�� © rf�� ¨mls�� (PQ) �q� ��Af�

rZAn� TWF�w� Ahn�J �t§ �k� ,AysyVAn��¤rh� ��Aft�¯ �A�C�wk�� �y� ,Quark )

rZAn�  w� �� T�¤¥sm�� ¨¡ ��ryk�� Ð¤dJ  � �Ðwmn�� �@¡ ¨� zym� w¡ A�¤ ,SU(3)C

¨mls�� z�yh�� �q�  � ©� ) ©CAy`m�� �Ðwmn�� �wq�� Tl} ¢� ©@�� dy�w�� w¡ U (1)PQ

T�C ¯� w¡A� �Ðwmn�� �@¡  wys��¤ ,( �A�C�wk�� �� Xq� ��Aft§ 	�rm�� © rf��

:�¤A�w§ ��Af� TWF�w� SU(2)− singlet �wq� ¨¡¤ φ (x) �q� CwW� T§r�

Lyukawa−up−down−quarks = −gdQ̄LφdR − guQ̄Lφ̃uR + g`L̄φ`R + h.c. (4.9)

(4.7)

(4.8)
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C¤ 	`l§ ©@��¤ ,U (1)PQ ��AK�� ¨ky� rZAn� �§w�� 
�� d�A} �¤A�w§ d�

�y� ��ryk��  �C¤d��

QL −→ exp
(
iε
α

2

)
QL;QR −→ exp

(
−iεα

2

)
QR. )4.10(

�� ��Aft§ ¨mls�� �q���¤ rJAb� �kK� �d�§¯ �q��� �� �A�C�wk��  �rt��  �

 wys�±�  � �r\�¤ , SU(2)−singlet Tfy`R¤rhk�� © r� �q���¤ Tlyq��� �A�C�wk��

�§rV �� T�w�Km�� �A�wtbyl�� �� ��Aft§ ¯ d§d�t�A� ¤� , ¤rtk�³� �� ��Aft§ ¯

:þ� �Ðwmn�� �@¡ Tymst� An� �mFA� �@¡¤ , Xq� �A�C�wk�� �� �� ­r�K�� «wts�

�Ðwmn�� �@¡ ¨� ¨lk�� ¨���r�®��  ¤d� �§r`� Annkm§ .¨�¤C Ah��  wys�±� �Ðwm�

:þ�

LKSVZ =− 1

4
Ga
µνG

µν
a + θ̄

g2s
32π2

Ga
µνG̃

µν
a + iQ̄γµ∂µQ−

1

2
∂µφ

∗∂µφ

− λφ
(
φ∗φ− υ2φ

)2
+ gsG

a
µQ̄γ

µλaQ− λQφ
(
Q†LφQR + h.c

)
.

(4.11)

 �rt�¯� 
�A� gs,���r§ T�wfO� γµ,Tlyq��� �A�C�wkl� ��r§ �q� Q �y�

ªAqF� QL,R ,( Gell Mann )  A� �y� T�wfO� λa  ¤wl��� �q� Ga
µ T§wq�� �®�Aftl�

υφ � υEW ¤ λ > 0 ,�¤A�wy�  �rt�¯� 
�A� λQφ ��r§ Cwnybs� ( left right handed )

��rf�� Tmy� υφ = 〈0|φ|0〉 ¤ ,Tykyskm�� T`bq�� �kJ d��§ ©@��  wmkl� X¶AF¤ ��m�

U (1) ��AK�� �§w�t�� 
�� ­d�A} �Ðwmn�� �@¡ ¨���r�®�� .T�AW�� d`� Ah� T`�wtm��

.r�� �®� An�  wkyF ¨�wmk�� «wtsm�� Yl� Amny� ,¨kyF®k�� «wtsm�� Yl�

QL → exp
(
i
α

2

)
QL, (4.12)

QR → exp
(
−iα

2

)
QR, (4.13)

φ→ exp (iα)φ. (4.14)

:¨bWq�� ¢lkJ ¨� ¨mls�� © rf�� z�yh�� �q� �r`�

φ(x) = ρ(x) exp

(
i
a(x)

υa

)
)4.15(

:¨�At�� �kK�� Yl� �O�� ¨���r�®�� T� A`� ¨� ¢S§w`�¤

(4.10)

(4.15)
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L′KSVZ =− 1

4
Ga
µνG

µν
a + θ̄

g2s
32π2

Ga
µνG̃

µν
a + iQ̄γµ∂µQ

− 1

2
∂µ

(
ρ (x) exp

(
−ia (x)

υa

))
∂µ
(
ρ (x) exp

(
i
a (x)

υa

))
− λφ

(
ρ (x) exp

(
−ia (x)

υa

)
ρ (x) exp

(
i
a (x)

υa

)
− υ2φ

)2

+ gsG
a
µQ̄γ

µλaQ

− λQφ
(
Q†Lρ (x) exp

(
i
a (x)

υa

)
QR + h.c

)
.

(4.16)

:d�� Xysbt��¤ rKn�� º�r���

L′KSVZ =− 1

4
Ga
µνG

µν
a + θ̄

g2s
32π2

Ga
µνG̃

µν
a + iQ̄γµ∂µQ

− 1

2

{[
(∂µρ (x)) exp

(
−ia (x)

υa

)
+ ρ (x)

(
∂µ exp

(
−ia (x)

υa

))]
[
(∂µρ (x)) exp

(
i
a (x)

υa

)
+ ρ (x)

(
∂µ exp

(
i
a (x)

υa

))]}
− λφ

(
ρ (x) ρ (x)− υ2φ

)2
+ gsG

a
µQ̄γ

µλaQ

− λQφ
(
Q†Lρ (x) exp

(
i
a (x)

υa

)
QR + h.c

)
.

)4.17(

¨mls�� © rf�� z�yh�� �q� �r�d� T�yt�  A� ρ → υa �§w�t�� �@h� A� Amt��  �

�A�AW�� �AW� ¨� �@¡ �d�§¤ ,Tykyskym�� T`bq�� �kJ ¤Ð  wmkl� Y�Ð±� d��� £A��A�

rh\y� U (1)PQ rZAnt�� �®§w�� ��C � Y�� T�AR³A� ,υa � υEW Am� ©� ,Ty�A`��

d`� ¨���r�¯ Yl� �O��¤ ,a → a + αυa:¨�At�A� a  wys�±� �q� Yl� Ah��ry���

:d�� Xysb� º�r��¤ (4.17) ¨� �®§w�t�� £@h� {§w`�

L′KSVZ =− 1

4
Ga
µνG

µν
a + θ̄

g2s
32π2

Ga
µνG̃

µν
a + iQ̄γµ∂µQ

− 1

2

{[
(∂µυa) exp

(
−ia (x)

υa

)
+ υa

(
∂µ exp

(
−ia (x)

υa

))]
[
(∂µυa) exp

(
i
a (x)

υa

)
+ υa

(
∂µ exp

(
i
a (x)

υa

))]}
− λφ

(
υ2a − υ2φ

)2
+ gsG

a
µQ̄γ

µλaQ

− λQφυa
(
Q†L exp

(
i
a (x)

υa

)
QR + h.c

)
.

(4.18)

(4.17)
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:¨l§ Am� �r`� d§d� ���r�®�� An§d� �bO§ ¢n�¤

L′KSVZ =− 1

4
Gµν
a Gaµν + θ̄

αs
8π
Ga
µνG̃

aµν + iQ̄γµ∂µQ+ gsG
µ
aQ̄γµλaQ

− λQφυa
(
Q†Le

i a
υaQR +Q†Re

−i a
υaQL

)
+

1

2
∂µa∂

µa.
(4.19)

©wt�§ ©@�� ¨���r�®�� �� ºz� T�Atk� An� �ms§ rZAnt� ¨¶Aql� CAsk�� �¤d�  �

:þ�  ws�±� �q�� Ty�r�  ¤d� Yl�

LKSVZ,a = −1

2
∂µa∂

µa− υφλQφ
(
Q†Leia/υφQR +Q†Re−ia/υφQL

)
. (4.20)

 �C¤ �r`�¤ .�C�wk�� �q� ��� �� T�A`f�� Tltk�� d� ��m§ mQ = υφλQφ �y�

:Ty�At�� �kK�A� ��ryk��

QL → exp (ia/2υφ)QL, QR → exp (ia/2υφ)QR, )4.21(

�y�

δL = L′KSV Z − LKSV Z , (4.22)

©�

δL = − 1

2υa
(∂µa) Q̄γ5γ

µQ− αs
8π

a

υa
Ga
µνG̃

aµν , (4.23)

�lF dn� ¨�C�w� �q��� �� �km§ ,Ty�wl�� Ð¤@K�� Tm¡As� ��m§ ry�±� d���

:�Ðwmn�� �@¡ ¨���r�®�� Yl� �O�� ¨�At�A�¤ ,T�A`f�� Tltk�� �� ��±� �A�AW��

LKSVZ = −1

4
Gµν
a Gaµν +

(
θ̄ − a

υa

)
αs
8π
GG̃+

1

2
∂µa∂

µa. )4.24(

,LaG  wys�±� ��  ¤wl��� ��Af� d� �mK§ �Ðwmn�� �@¡ ¨���r�®��  � ^�®� �y�

�� �tn§ �ws� ,�Ðwmn�� �@¡ ¨� Tlyq��� �A�C�wk�� �wq� �� d§d`�� �A� � �� �Ð�

{`� Pl�ts�  � Annkm§ .U (1)PQ �§w�� 
�� (4.23) T� A`m�� ��� Tm¡As� Ahn� ��

T�A`� Tlt� �� �yq� �C�w�  w�w� �l`t� ¨t��¤ T§r\n�� £@¡ zf�� ¯ ¨t�� 
wy`��

�rO� ©CAy`m�� �Ðwmn�� �Amys� �� �A�wys�±� �AOf�� Y�� T�AR³A� ,­ryb�

.T�AWl� {f�nm�� ¨�wys�±�  ¤wl���  �rt�� �� r\n��

(4.21)

(3.24)
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�Amys� �� ��Aft§ ¨¶r�®��  wys�±�  � ^�w� : ¨¶r�®��  wys�±� �A��rt��

 � An§��C� ­rqf�� £@¡ ¨�¤ ,�A��rt�� Y�� © ¥� �®�Aft�� £@¡ �y� ,©CAy`m�� �Ðwmn��

�tfts� ¯¤� ,«r�±� �Amys���¤ �A�wys�±� �y� �d�� ¨t�� �®�Aft�� �¡� r�@�

:¨�At�A� ¨���r�®�� �r`� , w�wf�� ��  wys�±� �®�Aft� Tm¶Aq��

Laγγ = −gaγγ
4
aFµνF̃

µν . )4.25(

 w�wf�� �q�¤  wys�±� �q� , w�w� -  wys��  �rt�³� 
�A� Fµν ¤ a ,gaγγ �y�

¨�At�A� £ �d�� �t§ gaγγ C�dqm�� �@¡ .	y�rt�� Yl� ©wq��

gaγγ =
α

2πfa
Caγγ. )4.26(

:�kK�A� �r`� ¨m�C ��A`� ��m§ Caγγ ¤ ,Tqy�d�� Tynb�� ��m� α = 1
137

= e2

4π
�y�

Caγγ =
E

A
− 2

3

4 + Z

1 + Z
. (4.27)

Tql`t� ¨h�
E
A
Tbsn�� £@¡ Y�� T�AR³A� ,TsyVAn`�¤rhk�� Ð¤@J E¤ Ty�w� Ð¤@J A

��A`m��
mu
md

= 0.56 ��� �� .(KSV Z) ¨� T�¤d`�  wk� �y� , wys�±� �Ðwmn�

.|Caγγ| = 1.95 Tmyq�� d��§ ¨m�r��

(DFSZ) �Ðwm� 3

( Dine Fishler Srednicki and Zhitnitsky ¢y�rtq� �Aymst� CAOt�� w¡ (DFSZ) �Ðwm�

�A�C�wk�� ��d�  ¤ Ð¤@J �q�§ Ð� ,(PQWW) �Ðwmn� TWys� �A�AR³ T�yt� w¡¤ ,)

,�wq��� �� ­rJAb� Ah��rt��  w� �y� ,Tfyf��� �A�C�wk�A� Xq� ¨ftk§ Am�� ;Tlyq���

�q� ��Aft§ .�Fwm�� (PQWW) �Ðwm� w¡ �Ðwmn�� �@¡  � �wq�  � An� �ms§ ¨�At�A�¤

¨mls�� z�yh�� �q� �ky� ,©CAy`m�� �Ðwmn�� �wq� �� z�yh�� �AW� TWF�w�  wys�±�

¨lq� d§dm� �� Xq� ��Aft§ T§r��� �A�C Yl� ©wt�§ ©@�� φ © rf�� 	�rm��

©wl`�� �y�C�wkl� Tltk�� �nm§ ©@�� ,©CAy`m�� �Ðwmnl� (Hd) ¤ (Hu) ¨¶An��� z�yh��

:þ�  wmk�� �r`� .��Aft�� �@¡ 	bs� (PQ) Tn�J �m�§ ¨mls�� �q��� ¤ ,¨lfs��¤

(4.25)

(4.26)
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V (Hu, Hd, φ) =λu
(
H†uHu − υ2

)2
+ λd

(
H†dHd − υ2d

)2
+ λφ

(
φ∗φ− υ2φ

)2
+ λuu

(
H†uHu

) (
H†dHd

)
+ λud

(
H†uHd

) (
H†dHu

)
+
[
λuφ

(
H†uHu

)
+ λdφ

(
H†dHd

)]
φ∗φ

+ λ
[(
H†uHd

)
φ2 + h.c

]
.

(4.28)

, A`��  ¤d�  wmkl� ¨qyq� XyF¤ λ ¤ , A`��  ¤d� X¶AF¤ ¨¡ λu,d,φ,uu,ud,uφ,dφ �y�

rZAn� rs� ©@�� ¨mls�� �q�l� ��rfl� T`�wt� Tmy� �n� ¨� �¡As§  wmk�� �@¡

:�®§w�t�� £@¡ 
�� d�A}  wmk�� ,υPQ � υEW =
√
υ2u + υ2d �y� ,Ay¶Aql� U (1)PQ

Hu → exp (iXu)Hu,

Hd → exp (iXd)Hd,

φ→ exp (i (Xu +Xd) /2)φ )4.29(

�Amys��� �wq�¤ �¤Ðzm�� z�yh�� ¨lq� ­d§d��� �wq��� ®� �Ðwmn�� �@¡ ¨�

Yl� z�yh�� ¨lq�¤ φ Tn�J ¨¡ qPQ = −1,qPQ = 1 �y� ,(PQ) �An�J �m�� T§ A`��

 wmk�� d� ¨�  w�wm�� 
�A�  w� �� d�¯ ¨fyZ¤ �Ðwmn�� �@¡  wk§ Yt�¤ ,	y�rt��

:¨�At�� w�n�� Yl� �¤A�w§ ��Af� d� ºAK�A� �ms� ¨t��¤ ,Tltk��  A`�� ¢�

Lyukawa = −gdQ̄LHddR − guQ̄LHuuR + gdL̄LHdlR + h.c (4.30)

U (1)PQ��AK�� ¨ky� rZAn� �§w�� 
�� d�A} �¤A�w§ d�

φ1 −→ exp (iεq1)φ1;φ2 −→ exp (iεq2)φ2,

dL −→ exp (iεq1/2) dL; dR −→ exp (iεq2/2) dR,

uL −→ exp (iεq1/2)uL;uR −→ exp (iεq2/2)uR. (4.31)

,SU (2)CwW� Ahn� �®� ¤ (4 = NDF ) T§r��� �A�C ��C� ¢� �¤Ðzm�� z�yh�� ¨lq�

�Ðwmn�� �@¡ ¨� .[27] ¢q�AF ��� ,CwW��¤ ¨�A§ �C ry��� Xq� d��§ ¨mls�� �q���¤

(KSVZ) wys�±��Ðwm� ¨��A��� w¡ Am��A�w�wf�� ���A��rt�� ¢��d�§ wys�±�

Y�� T�AR³A� ,�A�wtbyl�� Tn�K� TWb�r� Ah�± An¡ �lt��
E
A

Tbsn�� £@¡ �k� ,£®��

(4.29)
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,(T�w�Km�� �A�C�wk��¤ �A�wtbyl��) �A�wy�CAf��  wys�±� ��Af� �� ��An��  �rt�³�

:þ� �A�wy�CAf�� ��  wys�±� ��Aft� ¨���r�®�� �r`� �y�

Lajj = −iCjmj

fa
aψ̄jγ5ψj. )4.32(

d���¤ .	y�rt�� Yl� ¨m�C ��A`�¤  wy�CAf�� Tlt� ,�q� ��m� Cj ¤ mj ,ψj�y�

β ¤ Ce = cos2
(
βDFSZ
Ng

)
�y�  ¤rtk�³� �A�m�� �ybF Yl� �A�wtbyll�� �� ­d��¤ Thk�

(KSVZ) ¨�Ðwm�  wys�� ®� .z�yh�� ¨lq�� ��rfl� T`�wtm�� Tmy� �y� Tbsn�� ��m�

 wys�� Tlt� 
As� �km§ Y�� T�AR³A� ,­r�K�� «wts� Yl� ��Aft§ (DFSZ)¤

.[27] (4.6) �Am`tFA� �y�Ðwmn���@h�

( T�r�t� T�§d��� �¶Atn�� rysf� ¤ �A�wys�±� 4

XENON1T )

:XENON T�r��

�Kkl� |C±� 
�� ��b�� r�A�� ¨� «r�� ¨t�� 
CA�t�� �y� �� T�r�t�� £@¡

Ay�AW§�� wFAF d��r� ¨nVw�� ��b�� rb�m� d§d�t�A�¤ ,Tml\m�� ­ Am�� �� rJAbm��

d� ¨h� ,¢y�� 
l}w�A� �d�� A¡wt� 
nl�� �y� ,( Gran Sasso National Laboratory )

«r�� ¨t�� T�r�t�� £@¡ �� An�§d� �}�w�¤ , Abs��� ¨� AqlW� �k§ �� AS¶A� 
l�F

( Time Projection Chamber (TPC) ) �m� �db� �§dq� �¤A�� �y� ,|C±� �Am�� ¨�

. wn§z� 
CA�t�� r�@� ��Ð Yl� ­ A§E¤ CwW�� ¨¶An�  wn§E

:XENON �JA� �m� �db�

�R¤ �t§ �y� , (TPC) CwW�� Ty¶A� Tyn�E ªAqF� T�r� Yl�  wn§E T�r�� �m`�

79 �Af�C³� :¨�At�A� A¡ A`�� Ty�d`� T��wWF� ��� �V 2 ��� ¤Ð  wn§E �¶AF

�JAk�� �@¡¤ ,T�wfO� Ay¶wR Tf�AS� 	y�A��  wk� �y� ,�F 69 rWq�� �O�¤ �F

Ylfs��¤ ©EA��� CwW�� ¨�  wn§E rOn�  wk§ Ayl`�� ,Ylfs��¤ Ay`�� �ytkbJ �lm§

Ty¶wR �AS�¤ ^�®§ �JAk�� ¨� T�w�Km�� �Amys��� ��Aft�¤ ,�¶As�� CwW�� ¨�

¢�dJ  wk� �y�� ,	y�A�±� £@¡ Yl� Ty¶A�rh� �wq� �bW§ ,¨¶A�rh� ¥�°t�  w`�

��Aft�¤ ,Tl¶As�� Tl�rm�� �� �A�¤rtk�³� ��r�tF¯ ry��t�� ¨�A� ©EA��� CwW�� ¨�

�A�w�w� �� ­CAb� ¨¡ ¨t�� ¥�°� rh\§¤ �§�� �d�§ �¶As�� �dh�� ��� �Amys���

,(PMTs) �r� �b� �� ­CAJ³� £@¡ �� �Kk�� ��¤ ,rt�w�A� 178 Ty�sfnb�� �w�

(4.32)
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ry��� rh\§¤ ,[28] Ty¶wR �A�¤rtk�� �� �Kkl� T§A�l� TFAs� Ah�� �rhZ� ¢tynq�¤

�y� 	y�rt�� ­ A��� Ah� �ms§¯ ¢�� T��An�� �A�¤rtk�³� £@¡ Yl� ¨¶A�rhk�� �q���

T�AR³A� ,©EA��� CwW�� ¨� �§�t�� �r�ts§ �� ��¤ ,�¶As�� CwW�� Yl�� Y�� �r�n�

¥�°� CwhZ Y�� © ¥§ ¨t��¤ �A�¤rtk�³� �rs§ �bWm�� ¨¶A�rhk�� �A�m��  � Y��

�Amys��� ��Af� .(S2) ­CAJ²�� ��m� ¨¡¤ ,(PMTs) �r� �b� �� �m��¤ TbFAnt�

�¶AF ¨� ­d��wtm�� �A�¤rtk�³� �y� ,[29] �JAk�� TWF�w�  A`�±� ¨�®� Ah`�w�  d�§

¤ (S1) �y�CAJ³� �y� ¨n�z�� ry��t�� xAy� ¨�At�A�¤ ,­d�w� T�rs� �r�n�  wn§E

¨t�� �A�wtf��  d� Y�� r\n�� �®� ��¤ ,�d�l� ��Aft�� �m� d§d�� ¨� �¡As§ ,(S2)

�t§¤ ,(Y ) ¤ (X)«wtsm�� ¨� �d��� �Rw� d§d�� Annkm§ (PMTs) T�r� Ah\�®�

©@�� �JAk�� PyO�t� �@¡¤ ,¨l��d�� ����� �� TSf�n� Tyfl� TqWn� d§d��

 wk§ �¶As��  wn§z� ¨��@�� �§Cdt�� P¶AO� 	bs�¤ , A`�±� ¨�®��� �Rw�� ¢� �mF

,(TPC) T�A� Yl� T�CAq� ����� �@¡ ¨� _w�l� �kK� {f�n� Tyfl��� �d� �d`�

.­ryb� TyFAs� �An¡  wk� ­C A�¤ ­d§d� ��d�� �� ��b�� dn� ¨�At�A�¤

T�w�Km�� �Amys��� ��Af� �� T��A�  wk� Ty�¤rtk�³� �� �d�C³ d}C  � ��wt§

�¤d� dn� T§¤w� �� �d�C� ¤� ,�JAk�� ¨� ­d��wtm��  wn§z�� ��CÐ �A�¤rtk�� ��

zyymt�A� An� �ms§ XyF¤ rbt`� (S2

S1
) ­ w}rm�� ��CAJ³� �y� Tbsn��¤ .­�wn�� �� ��Af�

A¡CAbt�� Annkm§ AS§� ¨¡¤ ,[30] T§¤w� ¤� Ty�¤rtk�� ®`� 
�A� �Ð�A�  �d�C³� ��d�� �y�

¨�At�A�¤ ,©¤wn��  �d�C³� ¨� ­ry�}¤ ¨�¤rtk�³�  �d�C³� ¨� ­ryb�  wk� �y� ,�CAy`�

�� �d�C³� A�� ,99% �� rb�� Tbsn� Ty�¤rtk�³� �� �d�C³� �� �Ayfl��� �Aq§� �d�§

.
�w�� Hf� ¨� Ah��d�� �� 50% 
CAq§ Am� ^�A�� ¨h� Ahtq�AF Hk� Yl� ¨h� T§¤wn��

CwW�� ¨¶An�  wn§E (CPT ) �m� �db� : 1.4 �kJ

­dtmm�� ­rtf�� ¨� ,A�w§ 59 ¨��w� �A�Ayb�� �yl�� ­d� 
�� :( XENON 10 )

­CAJ� ©� dm� �� Ah�� Tmhm�� Ah�¶At� �� ¤ ;[31]2007 ©rfy� ¤ 2006 r�wt�� �y� A�

1.4
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T`�wtm�� ��d�±� �� ­ w}rm�� ��d�±� ���w� Y�� T�AR³A� ,(WIMPs) þ�� QwO��

.Ty�¤rtk�³� �� �d�C³� QwO�� Ay¶AO��

�w� Tml\m�� ­ Aml� ­CAJ� ©� T\�®� �t§ �� T�r�t�� £@¡ ¨� :( XENON 100)

�A`f�� �Wqml�  ¤d� �ys��¤ ,T�rm�� ry� Tml\m�� ­ Am��  A`btF� ,T`�wtm�� Tyfl���

 wys�±� T�yt� Y�� T�AR³A� ,[32][32] ( spin )�ybs�� Yl� dmt`m�� ( WIMP nucleo )

.[33]  wys�°� d§d� d� �S�� 
`R¤ �y� ,2014 TnF

­dtmm�� ­rtf�� �®� ©� ,A�w§ 34 ¨��w� �A�Ayb�� �yl�� ­d� 
�� :( XENON1T )

��CAJ� ¤� ,(WIMP ) þ�� �� �Kk�� �t§ �� �y� ,2017 ¨f�A�¤ 2016 rbm�w� �y� A�

¨� .[34] Tyfl�l� ¨�A`J³� ªAKn�� �A§wts� ¨� |Af��� �y�s� ,Tml\m�� ­ Am�� �Jr�

�� �y� ,[35] Ah`m� �� ¨t�� �A�Ayb�� �� A�w§ 278.8 Yl� Ah�¶At� rK� �� 2018 rbmtbyF

T�r�t�� £@¡ �y� 2019 �§r�� ¨� .Tlqtsm�� T�rm�� �®�Aftl� d§d� ¨FAy� d� ºAK��

����� �y� �� ��r� ­d� d`§ ©@��¤ ,Tylm`�� £@h� xAqm�� rm`�� �O� 
�R¤�

«d� |r`§¤ ­C An�� ��d�� �� ��bl�  wn§z�� �AfJA� ��Cd� , wk�� rm� �� rb��

��b�� ¨� Y�¤� ­wW� xAyq�� �@¡ ��m§ ,rb�±� ¨�At�� �y��� 
CA�t� �F�w�� ºA§zyf��

�� ¨t��¤ ,[36] ­r� �¤± ¨¶An��� wn§r�wynl� T�¤Ðzm�� �A�¤rtk�¯� ªAqt�� Tylm� ��

¨�¤ .TqlWm�� ¢tlt� d§d�t� �ms�¤ wn§r�wyn�� T`ybW� Amy� A�AKt�� r�w�  � Ah��J

�� Ty�¤rtk�³� �� �d�C³ ­d¶�z�� ��d�±� �� ( XENON1T )  ¤A`� �l�� 2020  �w�

�A�wys��  w�¤ :¨¡ A¡¤dmt�� ¨t�� ��rysft�� �y� ��¤ ,A�d� 53 ¨��w�� ��wtm��

¨� �wyt§rt�� �wl�¤ ,�A�¤r�wynl� T§A�l� ­ryb� TysyVAn�� T\�� ,TyR�rt�� TysmJ

.[37] CAbt�²� Ty�A� �A�Ay� d�w� ¯ ,�JAk��

:¨smK��  wys�±�

�Amys��� Mr� Yl� ��rtm�� ¢�w�  wys�±� Ah� Y\�§ ¨t�� ­rybk�� Tym¡±� ��C

( XENON1T ¨� Ayb§r�� ^�®§ �� ¢�� ¯� ;Tml\m�� ­ Aml� �¤±� �Jrm�� wh� ,«r�±�

­ d�m�� T�AW�� £@¡¤ ,(keV ) �AW� ¨� �A�AW�� dn�  wk§ ¨smK��  wys�±� CwhZ¤ ,)

Annkm§¤ ,TyFAs� r���  wk§ Yt� (XENON1T) �ymO� ¨� �¡AF CAy`� A¡CAbt�� �km§

�Ðwmn�� º�C¤A� ºA§zy� Yl� ®y� ��m� Ah�� ,¨smK��  wys�±� Tb��r� �� �wq��

­ Am�� �w� T�wbq� ��rysf� Q®�tF³ T�E¯� ª¤rK�� ¨�wts� ¯ Ah�� ¯� ©CAy`m��

¨lk�� ��dt�� ¨� ryb� �kK� �¡As� ¨t�� T�®��� �Ay�µ� r�@� .Ty�wys�±� Tml\m��

:¨smK��  wys�°�

.  wtb�w� �� �®�Aft��¤ ­CA�³� T��E�¤ ©C@�� �zm�� ­ A�� •
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. (57Fe) þ� T�AW�� © A�� ©¤wn�� �Aqt�³� •

���  wys�±� Y��  w�wf�� �§w�� ¨� ( Primakoff ) �w�Am§r� ry��� �ry��¤ •

.HmK��

©�  ¤rtk��- wys��  �rt�³� ��A� �� AbFAnt�  wk§ (ABC) þ� ��dt�� �lF

ΦABC
a ∝ g2ae. )4.33(

geffan = −1.19g0an+g3an �A`f��  wyl�wy� - wys�� �rt�³�
�A� �� (57Fe) þ� ��dt�� �lF

:þ� YW`�¤

Φ
57Fe
a =

(
Ka

Kγ

)
4.561023

(
geffan

)2
cm−2S−1, (4.34)

�z� (Kγ) ¤ (Ka) ¤ Cwtky�¤z§� \ C¯AkF¤z§�  �rt�³� 
�A� ��m� (g
0/3
an ) �§�

 �rt�³� 
�A� �� �w�Am§r� ��d� �lF¤ ,	y�rt�� Yl� ��An��  w�wq��¤  wys�±�

:þ� YW`§(gaγ)  w�w� - wys��

dΦPrim
a

dEa
=λu

( gaγ
GeV −1

)2( E

KeV

)2.481

exp (−Ea/1.205KeV )

61030cm−2s−1KeV −1.

(4.35)

(57Fe) (ABC)) T�®��� �Aq�dt�� �A�wk� �� 
fK� �� ¨¡ ( XENON1T ) T�r��

��AW§  wys�±� �y� ,( axioelectric effect ) ry��� �®� �� ��Ð¤ ( Primakoff ) ¤

�� CwWt§ ¨Rr� �Wq� Yl� ©wt�§ ©@�� ( photoelectric effect ) ¨¶wR¤rhk�� ry���

�y� ,gae  ¤rtk�� - wys��  �rt�³� 
�A�

σae = σpe
g2ae
β

3E2
a

16παm2
e

(
1− β

2
3

3

)
. (4.36)

 wys�±� T�AV¤ T�rs�� ,¨¶wR¤rhk�� �A`f�� �Wqm�� ��m� Ea ¤ β , σpe �y�

¨� ¢�� CAbt�A� ,�yq�� dyyqt� An� �ms§ �Kk��¤ �At�³� �Ay�� �y� �m��� .	y�rt�� Yl�

�`f�A� TWb�r� �yq�� £@¡  � d�� �k� ,�qts� �kK� T�®��� �A\�®m�� @��� �yl�t��

��d�  � �yb� .Tflt�� �ÐAm� ¨�  wys�±� Tlt� Y�� T�AR³A� {`b�� AhS`� ��

�Ðwm� ¨� rWysm�� w¡ �w�Am§r� ��d� A�� ,(DFSZ) �Ðwm� ¨� rWysm�� w¡ (ABC)

.(KSVZ)

(4.33)
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:¨smK��  wys�±� �¶At�

d�¤ , ( Primakoff axions ) ¤ (57Fe) ,(ABC) �� 
�w�� Hf� ¨� ��b�� Tylm� 
m�

 � ( Monte Carlo simulation ) w�CA� ¨t�w� ­A�A�� ¨� ­dmt`m�� Tq§rW�� 
�R¤�

�WF 
As� ��¤ ,3.5σ Tmyq�� dn� ­CAJ³� �Ðwm� ¨� A¡ A`btF� �� T§rfO�� TyRrf��

¨� �Cd� �Ws�� �@¡ �y�  wys�°� �A��rt�³� 
��w� ºAS� ¨�  A`�±� ¨�®� Tq���

:þ� YW`§ �®yWtsm�� ©E�wt�

gae < (3.7)10−12

gaeg
eff
an < (4.6)10−18

gaegaγ < (76)10−22GeV −1. (4.37)

r��� wh� Ahny� Amy� �A��rt�³� X¶AF¤ X��r� �O§¯ 	`km�� �@¡  � ¤db§A� Yl�

T�r`� Annkm§ ¢�� r�@�A� r§@��� �k� ,¢§wt�§ ©@��  A`�±� ¨�®��� ����� �� A\f��

�§dq� �¤A�� �y� ,Ty��wm�� ��rqf�� ¨� �A�wFr�� ¢�Rw� A� �®� �� X��rt�� �@¡

.«d� Yl� �� CAyt�³� �@¡ �¶At� P�� ¨t�� �A�yRwt�� {`�

10-23 10-22 10-21

gaega  [GeV-1]

10-21

10-20

10-19

10-18

10-17

10-16

10-15

g a
eg

ef
f

an

XENON1T
(this work)

CAST (ma < 10 meV)

PandaX-II

DFSZ

KSVZ

0 1 2 3 4 5
gae 1e 12

10-12

10-11

10-10

10-9

10-8

10-7

g a
 [G

eV
-1

]

XENON1T
(this work)

solar 

LU
X

PandaX-II

stellar cooling

CAST (ma < 10 meV)

DFSZ

KSVZ

�� ��b�� �Aylm� Ah� �S�� ¨t�� T�®���  wyq�� Erb� �AWW�m�� £@¡ : 2.4 �kK��

�� T`�wtm�� �yq�� �yRw�¤ ,­d`bts� �VAnm� ­CAJ¯� Y�� T�AR²�A� , wys�±�

�AF�Cd�� AS§� An� rh\�¤ ,T§wq�� �®�Aft�� ¨� (DFSZ) ¤ (KSVZ)  wys�� ¨�Ðwm�

: . wys�±� ­CAJ�  wk�  � �Amt�� ¢�� Yl� �w�n�� ¨� d§rbt�� Ð¤@J �rs� ¨t��

�kJ 2.4

Ah�A�wk�  ± �r\� (ABC Primakoff) Yl� ªAqF³� �� �kK�� Q®�tF� �t§ :�ym§

Tq��� TqWn� �� 90%  �� ,TSf�nm�� T�AWl� ��CAJ� �� ­CAb� ,( Primakoff ¤ ABC )

�rtq§ TSf�nm�� T�AW�� ¨� {¶A�  w�¤ 	bs�¤ ,T�Asm�� £@¡ ¨� ªAb�C²� ­ AS�

¯ Ant�yt�  ± �r\� ,�w�Am§r�  wkm� ©rf} ry� ¤� A§rf} A�wk�  wk§  � A��

¢sf� ºAql� �� gaegaγ d��� T§Ah� �§w�� �km§ ¯ ¨�At�A�¤ ,gae þ� �lW� Y�Ð� �d� ¨W`�

.gae → 0 ¤ gaγ →∞ Am� gaegaγ = 7.610−22GeV −1 �y� ,gaγ T§Ah� Y��

2.4
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��t�¯  A�CAJ³�  At¡  � �� ��r�A� (ABC −57 Fe) þ� ªAqF� �� 
�r�tF� :XF¤

CAbt�³� Ty¶AO��  � Y�� 	bs��  w`§¤ ,ªAb�C²�  AS� �wlF  w�¤  A�Rw� Amh�� ¯�

¨�At�A�¤ ,­ryb� Aybs� ¤db� (¢y�� A�dntF� ©@�� �Aqm�� ¨� ­ w�wm�� q (Eq (16)))

 wk� A¡C¤d� ¨t��¤ Tbt`�� Tmy� E¤A�� Y�� © ¥� �d`m� TbFAnm�� ­ry�O�� ��ryy�t��

 wys�± ­¤CÐ  w�w� Ty¶AO�� T�¯ d�w� ®� ;90%Tq��� TqWn� �rV �� TRw�r�

.(ABC −57 Fe)

Am�AV¤ ,(Primakoff −57 Fe) ªAqF³ ªAb�C� ©� d�w§ ¯ �kK�� �@¡ ¨� :CAs§

{¶Af�� �� Aq��w� r��±� ¨¡ ¢�CAJ�  � ¨n`§ �@h� ,rfOl� Af�A�� rh\§ (ABC)  �

.(57Fe) ¤ ( Primakoff ) �A�wk� �� ®� �Am¡� An� �ms§ �@h�¤ , w}rm��

T�®��� �AVAqF³� ��d�tFA� ��Ð¤ Tq��� T�Asm� T�®���  A`�±� Tlky¡ ­ A��

	y�rt�� Yl� A¡r�@� T�®���  �rt�³� ���w� ��� �m� £®�� �A�wFr�� ¨� T�Rwm��

w¡ �w�Am§r�  wk� ¤� rfOl� ��A�m�� (ABC)  w�¤ ��rt�� ,gaeg
eff
an ¤ gaegaγ ,gae

,TSf�nm�� T�AW�� ¨� {¶A�  w�w� T�yt�  A� T�Asm�� �b� �� ©rf} ry� r�µ�

r�wt�� ��m� ­ry�±� £@¡ , �rt�³� �yq� � AntF� {¶Af�� �@¡ rysft� �yb�AW� ���¤

	`l� «r�±� ¨¡ (CAST) �� T��An��  wyq��  � Am� ,¨m�n�� d§rbt��  wy� �� d§dK��

Tl�Amm�� 
CA�t�� Amny� 10meV/C2
 wys�±� �t� ��� �� T��A} ¨h� ,Amh� �C¤ 

.100eV Tmyq�� Yt� Ab§rq�  wys�±� �t� �ym� Yl� �bWn� Ah�

Ahyl�  Amt�³� �km§ �wy�§r��� ­CÐ  � � Aqt�� AnyW`� £®�� ­ w�wm�� �A�yRwt��

�y� ,A¡ A`btF� �km§ ¯ ¨�At�A�¤ ,TSf�nm�� T�AW�� ¨�  w�wm�� {¶Af�� �rJ ¨�

	�A� Y�� £d§d�� ��¤ ¨¶AO�� CAbt�¯ (B0) Tyfl��� �Ðwmn� �wy�§r��� rOn� T�AR�

TyRrf�� A��(B0 +3 H) ¨¡ T§rfO�� TyRrf�� T�A��� £@¡ ¨� ,«r�±� �A�E³� �Aml`�

rOn� �§� ,T�®��� ­CAJ³� �A�wk� �mK� ¨t��¤ (B0 +3 H + axion) ¨h� T§¤Antm��

Y�� 
Sf� ¨smK��  wys�±� ­CAJ�  � ��C ,�yt�A��� ®� ¨� �r� Yqb§ �wy�§r���

.CAbt�³� �@¡ ¨� TlSfm�� Yqb� Ah�� ¯� 2.1σ



5 
Ab��

Tm�A���

d§dm�¤ �A�wys�±� �wRw� �w� Ahy� ºA�A� �¡� r�@� ­r�@m�� £@¡ �At� ¨�

�� z�� ¨t�� ©CAy`m�� �Ðwmn�� ��AK� �� TlkK� An��A� �y� ,©CAy`m�� �Ðwmn��

Annkm§¤ ,T§wq�� (CP) TlkK� ¨� Tl�mtm�� ,�Amys��� ºA§zy� ¨� Ah� T�wbq� ¯wl�  A�§�

�� ®k� �Sf��  w`§ �y� ©CAy`m�� �Ðwmnl� d§dm� d`§ TlkKm�� £@¡ ��  � �wq��

�}w§ ®� A��rt��  �@l�� (�§w� �yl¡) ¤ (¨Kty� w�ry�¤C) �y¶A§zyf�� �ym�A`��

£@¡ �y� ( PQ mechanism ) �§w� ¨Kty� Ty��� ¨mF ���� �@¡¤ ,�y�±�¤ zymtm�A�

¨¡ ­rhb� T�yt� Ty�µ� £@¡ 
qq� Ð� ,�yy¶A§zyf�� r\� ¨� T§w� T�AFr� d`� Ty�µ�

rysft� �dy� A�Jr� d`� �A�wys�±�¤ , wys�±� Y�d� Ty�¤Ew� Tmys�� ¥bnt��

�lm� Ah�� Tmys��� £@¡ ¨� 	§r���¤ ,­rqts� Tmys� Ah�� �k�� º� ws�� ­ Am�� T`ybV

�l�¤ Tyklf�� ºA§zyf�� �l�¤ �Amys��� ºA§zy� �y� �m��� 
�AWtF� ­zym� �Ay�wlF

�Ab�� �¶At�  � ¯� ,­dy� TyRA§C ­d�Aq� �tmt� Tmys��� £@¡  � �� ��r�A� , wk��

©@�� |wm��� �K� ��� Yl� ,rybk�� �A�¤C Ah�� � AO� �Z 
�� �bq§ ��z� A¡ w�¤

T��A� T�yt� ( XENON1T ) T�r�� �rhZ� r�@�� �ybF Yl�¤ , wk�� �@¡ �� An� Xy�§

. ¨smK��  wys�±� ­CAJ� ¨¡¤ ¯� ( XENON1T )  ¤A`� �m�� dn� r�±�
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