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1 
Ab��

T�dqm��

d`§ ¤ ,T§C@�� �Amys�l� ©CAy`m�� �Ðwmn�A� �r`§ A� ºAn� �� �§rK`��  rq�� �®�

T`RA��� «wq�� ¤ Ah�®�Af�¤ Ty�¤±� �Amys��� �}¤ ¨� A�A�� r��±� �Ðwmn�� �@¡

A� r��¤ ¢�Amys� �AKt��¤ ¢��bn� 	l�� �� Ayb§r�� d��t�� w¡ £zym§ A� �¡� ,Ah�

¯� zym� �A�� �� ¢qq� Am� ��r�A� �k� ,]2, 1[ 2012 TnF z�y¡  ¤Ew� ¢�AKt�� ��

�Wts§ �� ¨t�� ��AKm�� �y� �m� , wk�� Tyn� �� %95 � A`§A� rysf� �� z�� ¢��

¨� ¨�w§CAb�� ��Amt�� �d� ,Tml\m�� T�AW�� ,Tml\m�� ­ Am�� ,©CAy`m�� �Ðwmn�� A¡rysf�

�A¡wn§r�wn�� 
@�@� 
CA�� �¶At� rbt`� Ð� ­ry�} Tltk� �A¡wn§r�wn�� �®t�� ,  wk��

©CAy`m�� �Ðwmn�� �yFw� ­C¤rR Yl� ©w� ¨b§r�� �y� ]3[ EwK� ¤  A�Ay�� ¨�

Annkm� Ty�A`J³� �A�y�Ot�� �§rV �� Ay`ybV �tk�� dy�w� Ty��  � .T§C@�� �Amys�l�

Ty�� £@¡ ¨f� ,Ahf`R �rK� ©CAy`m�� �Ðwmn�� ¨� �A¡wn§r�wn�� Tlt� �A� � ��

�Wqtm�� ¨lk�� rZAnt�� 	bs� ,
(1)
­r�K�� d� «wts� Yl� Tlt� Ah� Hy� �A¡wn§r�wn��

�� Ay�A`J� ¨`ybV �kK� �A¡wn§r�wnl� ry�} Tlt� Yl� �wO��� �� Annkm� Amny� Z2

£@¡ �� {`b��  � ]12, 11, 10, 9, 8, 7, 6, 5, 4[ ­d��¤ Tql� «wts� Yl� A¡dy�w� �§rV

Tynymy�� �A¡wn§r�wn�� ��± �km§ �y� ,Tml\m�� ­ Am�� TlkK� AS§� ��A`� ,�ÐAmn��

C¤ 	`l� ¨�A�� �Jr�  wk�  � ,TeV Y�� GeV �y� �¤�rt� Tlt� ��Ð Tlyq���

rbF �� �§ry�¯� �y`�rm�� ¨f� ]18, 17, 16, 15, 14, 13, 12, 11, 10, 9, 6[ Tml\m�� ­ Am��

Tmys��� �§rV �� T�w�Km�� �A�wtbl�� �� Tlyq��� Tynymy�� �A¡wn§r�wn�� �®�Af�

TF�Cd�� 
�¤An� �y� ,  ¤rt§Ewb��  ¤rtk�³� �A� AO� ¨� Tymls�� T§ A�±� T�w�Km��

.e−e+ → bb̄+ /ET ,γ + /ET , ``+ γ + /ET ,``+ /ET :��� Ty¶Ah� �¯A� ­d�

. Cw� �A�y�O� ¨� Y� ±� d��� ­r�K�� d�� dOq�
(1)
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 d`�� �htn� ¨t�� �Aylm`�� ��� T�§d��� Tyb§r�t��  wyq�� �ym� ��rt�� �� �§�

Tml\m�� ­ Aml� Tyqbtm�� T�A�k�� ,]19[  wyml� ÐAK�� ¨syVAn�m�� �z`�� ,¨�wtbl��

 ¤rt§Ewb- ¤rtk�� � AOm�� T�r�� ¨� ¨��@��  w�wfl� Tybls�� �A��±� Y�� T�AR³A�

�� Tml\m�� ­ Am�� TlkK� �� ��A`tl� «r�� T�CAq� d�w� Am� .]20[ Ty�A��� rybk��

�mKy� ©CAy`m�� �Ðwmn�� �yFw� �§rV �� ��Ð ¤ ]21[ z�y¡ rs� ¤� T��w� �§rV

 � 	�§ ,A¡C�rqtF�  AmS� ¤ ,Tml\m�� ­ Am��  wkt� T�Jr� ¤ T§ A�� TymlF Tmys�

.]23, 22[ �Wqtm�� Z2 ¨lk�� rZAntl� �S��

T�wm�� An�d�tF� �§� ,e−e+ → bb̄+ /ET ¨¡ ­r�@m�� ��A� ¨� TF¤Cdm�� ­CAJ³�

Y�� A���� �� ­CAJ³A� xAsm��  ¤ Tyfl��� �� �ylqt�� ��� �� �ASyf�t�� ��

?Ty�wy�r� ,Tml\m�� ­ Am�� T`ybV d§d�� ��� �� TbWqtsm�� �z��� Ty}A� �Am`tF�

�ÐAmn�� �ym�� Tnnqm�� �A`§Ewt�� ¨� ­ w�wm�� �A�¤rf�� ��r�tFA� ��Ð ¤ ?TymlF ��

Ah� zymt� TbWqtsm�� �z��� Ty}A� ©� Ty}A��� £@¡ ¤ Tyfl��� �� AS§� T�CAq�

�O� ©@�� ¨�¤d�� ¨W��� � AOm�� ºAn� ��rt�� �� �§� ,A¡ry�  ¤ Ty�wtbyl�� �A� AOm��

T�z�� 
AWqtF³� T�C �lb� �§� ]26, 25, 24[ 1TeV T§A� Y�� �tk�� z�r� T�AV ¢y�

¨� %60 T§A� Y�� Ahnys�� �km§ ¨t�� ¤ %30 �lbt� �A�¤rt§Ewb�� A�� %80 �A�¤rtk�³�

�wWF ­dJ �� 3TeV Y�� �tk�� z�r� T�AV ¢y� �O� ©@�� ��dm�� ¨W��� � AOm��

.]27[ Ty�A�

/ET = DM+DM Ah��¤E� �At�� d`� Ty�wtbyl�� �A� AOm�� ¨� Tml\m�� ­ Am�� d}r�

Ty¶Ahn�� T�A��� CAbt�¯� �y`� A�d�� �Ð� Aht`ybV 
�A� Amh� T`¶AR T�AV �kJ Yl�

TyRr`�� T�AW�� �§� ,  ¤rt§Ew�  ¤rtk�� �A� AOm�� ¨� jj+ /ET ¨¡ x¤Cdm�� ��Aftl�

�� ¤ γ∗/Z ©CAy`m��  ¤Ewb�� �� ¨��§ ©@�� ,Tml\m�� ­ Am�� �¤E ¨� ��mt� ­ wqfm��

�Ðwmn�� : x¤Cdm�� �Ðwmn�� 	s� ��Ð ¤ ,Xq� z�y¡  ¤Ew� �� ¤� h z�y¡  ¤Ew�

di − jet 
�A� �Ð� ¢yl� ¤ .Tymls�� ¤� Ty�wy�rf�� Tml\m�� ­ Am�� �Ðwm� ¤� ©CAy`m��

��A� ¨� ¨�At�A� ¤ (Bottom) �C�wk�� �d�A� Ah`m� �t§ �wF h z�y¡  ¤Ew� �� Ty��

γ∗/Z ©CAy`m��  ¤Ewb�� �� Ty�� (Bottoms) �A�C�w� ¨¡ di− jet  � rbt`� ­r�@m��

.TF¤Cdm�� �ÐAmnl� Aq�¤ z�y¡  ¤Ew� �� ¤�

�� T§�d� ,¨�A��� �Of�� ¨� ©CAy`m�� �Ðwmnl� ©r\n�� CAV³� |r`� �wqnF

Anm� Am� Ahtltk� T§C@�� �Amys��� 
Ast�� ¤ z�y¡ Ty�� ,Tfy`R¤rhk�� �®�Aft��

r�@� �Of�� ¨hnnF ,T§wq�� �®�Aft�� ,z�yh�� �®�mR³ �¯A��� {`� TF�Cd�

.T§C@�� �Amys�l� ©CAy`m�� �Ðwmn�� CwO� ¤ �A�A��

¤ �y�Kt�� �db� ¤ TyW��� ¤ Ty�C�¤d�� �A� AOm�� :�� T�m� ¨W`nF ��A��� �Of��
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|r`� �wqnF �Of�� T§Ah� ¨� ,¢fJ�w�¤ rybk�� �A�¤C Ah�� � AO� ,Amhny� TlRAfm��

.TyW��� �A� AOm�� ¨� Tlm`tsm�� Tyky�An§d�� ��ry�tm��

�y�Ðwm� |r`ts� �� Tml\m�� ­ Am�� �� Ty�§CA� T�m� ¨W`� ,���r�� �Of�� ¨� ¤

Tyb§r�t��  wyq�� ¤ Ty�wy�rf�� ¤ Tymls�� Tml\m�� ­ Am�� �Ðwm� Am¡¤ ,Tml\m�� ­ Aml�

­ Am�� T`ybV T�r`� �dh� ,­CAJ³� �ys�� Tyfyk� �rWtnF Am� Ah��rt�� 	��w��

�Am`tF�� ��Ð �t§ Ð� ,e−e+ → bb̄ + /ET Ty¶Ahn�� T�A��� TF�C �®� �� Tml\m��

�t§ Am� ,]18[ ��rm�� Yl�  Amt�³A� ��Ð¤ Ty�r��� ��ry�tm�� Yl� �ASyf��

ry�±� ¨� ¤ P (e−, e+) = [+0.8,−0.3] 
AWqtF³� Ty}A� �Am`tF�� ­CAJ³� �ys��

.Tm�A��� ¨� �¶Atn�� �m�� Py�lt� Anm�
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2 
Ab��

Ty�¤±� �Amys�l� ©CAy`m�� � wmn��

T�dq� 1

�Ðwmn�� rbt`§ Ð� ,Ah�®�Af�¤ Ty�¤±� �Amys�l� ®�A� Af}¤ ©CAy`m�� �Ðwmn�� �dq§

ºAn�tF��  wk�� ¨� TyFAF±� «wq�� dy�w� ¢�®� �� �� Ð� ��Ð ¨� A�A�� r��±�

HF� ­d� Yl�  Amt�³A� £ºAn� �� ©CAy`m�� �Ðwmn��  �� T§r\� ©�� ,Ty�ÐA��� «w�

Yl� EA�§�� �lktnF T§�db�� ¨f� ,�Of�� �@¡ ¨� ¢y�� ryKnFA� �@¡¤ ,���r� ­d�¤

�¡�¤ ¨�CA� T§r\� Yl� �lkt�¤ Tfy`S�� �®�Aft�� �r`� �� ,¨mk�� �y�An§ ¤rtk�³�

¤� Amhny� �m� ©@�� � wmn�� Yl� �r`tnF A¡d`� ,T§r\n�� 
h��¤ ¨t�� ��AKm��

z�y¡ rty� �Am�� Yl� dmt�� � wm� w¡¤ ,�®s�� db� -�rbn§w-wJ®� � wmn� �r`§A�

TysyVAn��¤rhk�� ­wq�� dy�w� �A�� Y�� « � Am� ,rZAntl� ¨¶Aqlt�� CAsk�³� Ty�� �w�

CAs§ - �ym§ rZAnt�A� ¢��rt�� �d� �Ðwmn�� �@¡ ��zy� �¡� �� ,�y`S�� ��Aft�� ��

��Ð �A�wy�rf�� A�� ,�¤ z� �A`K� ©CAsy�� 
AWqtF³� ��Ð �A�wy�rf�� ��m� �y�

�y�An§ w�¤rk�� T§r\� Yl� �r`t� A¡d`� ,dy�¤ �y�m� �lm� �ym§ 
AWqtF³�

¨�¤ ,©CAy`m�� �Ðwmn�� �Amt�� ¤ Tfy`R¤rhk�� �®�Aft�� �� Ah�� �� ¨t��¤ ,¨mk��

.�Ðwmn�� �@h� �A�Af�³�¤ �A�A�n�� {`� Y�� ryK� �Of�� T§Ah�

r�zl� ¨l�m�� rZAnt�� Yl� zk�r� T§CAy`� T§r\� �� ­CAb� ©CAy`m�� �Ðwmn��

¤ �y`S�� �ybF¤E³� , wl�� Tn�J ¨¡ Y ¤ L, C �y� SU(3)C ⊗ SU(2)L ⊗ U(1)Y

.	y�rt�� Yl� Tq¶Af�� Tn�K��

T§wq�� Ah�®�Af�¤ �A�C�wkl�  wl�� rZAn� �O� ­r�E :SUC (3)

�O� ¨t�� rZAnt�� ­r�E UY (1) ,�y`R¤rhk�� rZAnt�� �O� : SUL (2) ⊗ UY (1)
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�®�Aft�� rZAnt�� ­r�E SUL (2) ¤ QED T§r\� CAV� ¨� TysyVAn��¤rhk�� �®�Aft��

.Tfy`S��

�A�¤Ewb��¤ �A�wy�rf�� ¨¡ ©CAy`m�� � wmnl� T�wkm�� TyFAF±� �Amys���

¨�¤Ab�  A`btF³� �dbm� �S�� �y�} �O� �ybF ��Ð �Amys� ¨¡ �A�wy�rf�A�

�A�C�wk��¤ �A�wtbyl�� �yms� Y�� �A�wy�rf�� �sqn� ,­ Am�� �Amys�� �r`�¤

.TyFAF� �A�wm�� T�®� ¨� �nO§ Am¡®�¤

�kmy� ,¨�¤Ab�  A`bts�� �dbm� �S��¯ �y�} �ybF ��Ð �Amys� ¨h� �A�¤Ewb�� A��

X¶AFw�� C¤ 	`l� Ahl`�A� Tymk��  �d�±� Hfn�¤ Tymk�� T�A��� Hf� ¨� d��wt�  �

©CAy`m�� � wmn�� �A�wy�r� |r`ts� (1.2) �¤d��� ¨� ,«wq�� �®�A�� �r`�¤

:AhO¶AO� �� {`� ¤ T§C@�� �Amys�l�

 �rt�¯� �A�¤Ew� Tn�K�� (GeV )Tltk�� �F¯� z�r�� �A�wy�rf�� �®¶A`��

γ,W±/Z −1 5.11 ∗ 10−4
 ¤r�k�¯� e �A�wtbyl��

W±/Z 0 2 ∗ 10−6 > �y�¤r�k�� wn§r�wn�� νe Y�¤¯�

γ,W±/Z,G 2
3

2.27 ∗ 10−3
©wl`�� u �A�C�wk��

γ,W±/Z,G −1
3

4.78 ∗ 10−3
¨lfs�� d

γ,W±/Z −1 0.1056  wym�� µ �A�wtbyl��

W±/Z 0 1.9 ∗ 10−9
�y�wym�� wn§r�wn�� νµ Ty�A���

γ,W±/Z,G 2
3

1.275 r�As�� c �A�C�wk��

γ,W±/Z,G −1
3

9.43 ∗ 10−2
	§r��� s

γ,W±/Z −1 1.7768 ¤At�� τ �A�wtbyl��

W±/Z 0 1.82 ∗ 10−2
¤At�� wn§r�wn�� ντ T��A���

γ,W±/Z,G 2
3

174.3 ¨mq�� t �A�C�wk��

γ,W±/Z,G −1
3

4.18 ©r`q�� b

]28[AhO¶AO� �� {`� ¤ T§C@�� �Amys�l� ©CAy`m�� � wmn�� �A�wy�r� : 1.2 �¤d�

Tb�As��¤ T�w�Km�� Tfy`S��¤ T§wq��¤ TysyVAn��¤rhk�� �®�Aft�� X¶AF¤ �y�

rZAnt�� rs� �� �¤¥sm��¤ z�y¡  ¤Ew� Y�� T�AR³A� ,(Z0,W±, g, γ) ¨¡ ­d§A�m��¤

¨� ¨mls�� ¢lq� �� Ahl�Af� ­dJ 	s� Yl� �t� �Amys��� �n� ¤ �y`R¤rhk��

�� {`� ¤ T§C@�� �Amys�l� ©CAy`m�� � wmn�� �A�¤Ew� |r`ts� (2.2)�¤d���

:AhO¶AO�

8



Tn�K�� �ybs�� ��Aft�� «d� ��Aft�� ­dJ ��Aft�� (GeV )Tltk�� �A�¤Ewb��

0 1 ¨¶Ah�¯ 10−2
¨sVAn��¤rhk�� 0  w�wf��γ

+1 �� ��� 80.358± 0.015 W+

−1 1 �F10−16 10−13
�y`S�� 80.358± 0.015 W−

0 91.1876± 0.0021 Z

0 1 �F10−13 1 ©wq�� 0 G

0 0 \ \ z�y¡ Ty�� 125.09± 0.24 H

]28[©CAy`m�� � wmnl� ­wq�� �®�A� : 2.2 �¤d�

T`ybW�� ¨� ­ w�wm�� TyFAF¯� «wq�� : 1.2 �kJ

©CAy`m�� �Ðwmn�� �As�� 2

Tfy`R¤rhk�� T§r\n�� 1.2

¨�wmk�� �y�An§ ¤rtk�³� 1.1.2

rZAnt�� Yl� zk�r� Tyl§db� T§CAy`� T§r\� Ä¯� ¨¡ A� ¨�wmk�� �y�An§ ¤rtk�³�  �

�§d� Aµ ©CAy`m��  ¤Ewb�� �� �A�wy�rf�� ��Af� �O� ¨t�� ¤ ,U (1)Q ­r�zl� ¨l�m��

�O§ ©@�� (Dirac) ��r§ ¨��r�¯  � ,TysyVAn��¤rhk�� ­wql� ��A��� ¤ Tltk��
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:¨�At�� �kK�� ¢� ­r��� �A�wy�rf�� �®�Af�

(2.1) L0 = ψ (x) (iγµ∂µ −m)ψ (x) ,

�§w�t� (1.2) r��� ��r§ ¨��r�¯ An`S� �Ð� . ��r§ �A�wfO� γµ ¤ ψ = ψ+γ0
�§

:¨�At�� ¨m�A`�� ©CAy`m��

(2.2)

 ψ (x)→ eiαψ (x) ,

ψ (x)→ e−iαψ (x) .

©CAy`m�� �§w�t�� ¢yl� AnqbV �Ð� A�� �d�A} Yqb§ ¢��� ,�Ay��d�³A� �l`t� ¯ α �§�

:�Ay�d�¯A� �l`t� α �§� ¨l�m��

(2.3)

 ψ (x)→ eiα(x)ψ (x) ,

ψ (x)→ e−iα(x)ψ (x) ,

:d§d� d� CwhZ T�yt� ,�d�A} Yqb§ �� ¢n�

(2.4) δL0 = −ψ (x) (γµ∂µα (x))ψ (x)

¤ Aµ ©CAy`� �q� �A� � 	�§ ¨l�m�� ©CAy`m�� rZAnt�� ¨��r�®�� �q�§ ¨k�

:Ty�At�� T� A`m�� ��¤ �w�t§ ©@��

(2.5) Aµ → Aµ +
1

e
∂µα (x) .

¨l§Am� �r`§ ©@�� Dµ ry�t�®�� �tKm�A� ∂µ © A`�� �tKm�� ry�� Am�

(2.6) Dµ = ∂µ − ieAµ,

:¨�wy�rf�� �q��� �w�� ��� �w�t§ ©@�� ¤

(2.7) Dµψ (x)→ eiα(x)Dµψ (x) .

10



:¨�At�� �kK�� Yl� �bO§ TysVAn��¤rhk�� �®�Aft�� ¨��r�¯ ¢yl� ¤

(2.8) LQED = ψ (x) (iγµ∂µ −m)ψ (x) + eψ (x) γµAµψ (x)− 1

4
F µνFµν ,

Amny� ,Fµν = ∂µAν − ∂νAµ 
 �r`m�� ¨sWn��¤rhk�� �q��� Cws�w� w¡ F µν
�y�

�y� ��Aft�� ��m§ ¨�A��� d��� A�� ­r��� �A�wy�rfl� ��r§ ¨��r�¯ ��m§ �¤±� d���

�d� ^�®n� Tyl§db� ­r�z��  Am� ¤ γ  w�wf�� ©CAy`m��  ¤Ew� ¤ Ty�wy�rf�� �wq���

. w�wfl� ¨��@�� ¨W���  �rt�³�  w�¤

Tfy`S�� �®�Aft�� 2.1.2

ryO� ��Af� w¡¤ ,�y`R ��Af� ¢n� �tn§ �A�wy�rf�� �� T§CAy`m�� �A�¤Ewb��  �rt��

� A`t� CAy� �®�Af�¤  w�K� CAy� �®�Af� ,�®�Aft�� �� �y�w� Y�� �nO§¤ «dm��

¨� ��r§ �Am�� Yl� Ahy� dmt�� �y�� ,]29[ ¢t§r\� ¨�CA� HF� 1932 �A� ¨f�

�k� TSf�nm�� �A�AW�� �A�� ¨� �A�� T§r\n�� 
qq� ,¨�wmk�� �y�An§ ¤rt�³�

Ah�� µ� T§r\n�� Yl� �Anys�� º�r�� �� ��r�Ab� ,Ty�A`�� �A�AW�� �A�� ¨� ��n� ��

.�ynqtl� Tl�A� ry� Ah�� Y�� T�AR³A� ,Ty�¤z�� �Aht�� ��� ,Ahl� �Wts� �� 
wy� 
fl�

:β �®�mR� ��� �� ¨�At�� ��r�¯ ¨�CA� �rt��

(2.9) LF = GF

(
ψ̄Pγ

µψn
) (
ψ̄eγ

µψνe
)
,

ryy�t�� ��d�� 	�¤ ��@�¤ T§CAs§ �Amys� �A¡wn§r�wyn�� .¨�CA� 
�A� :GF �y�

: γ → 1
2
γµ (1− γ5) ¨���r�®�� ¨� ¨�At��

(2.10) L =
GF√

2

(
ψ̄Pγ

µ
(
1− γ5

)
ψn
) (
ψ̄eγ

µ
(
1− γ5

)
ψνe
)

�®s�� db� �rbmn§¤ wJ®� � wm� 3.1.2

�®�Aft�� �mSt� T§CAy`� T§r\� ºAn� ��� �� ¢�� wJ®� �rt�� ]30[ 1961 �A� ¨�

rZAnt�� Yl� dmt`� T§CAy`� T§r\� Yl� �m`�� 	�§ Tfy`S��¤ TysyVAn��¤rhk��
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,(Bµ, Aµa (a = 1, 2, 3)) T§CAy`��wq�T`�C� Y�� T�AR³A�SUL (2)⊗UY (1) ­r�zl� ¨l�m��

�®�Aft�� �}¤ ¨� T§CAy`m�� T§r\n�� �A�� Yl� ¢t§r\� ¨� wJ®� dmt��d�¤

ry� SUL (2) ­r�z�� rZAnt� ,UY (1) ¨l�m�� rZAnt�� �Am`tF�� TysyVAn��¤rhk��

:¢��d�wm� X�r�� T�®� �®� �� ��Ð �St§¤ ¨l§db�

(2.11) [Ia, Ib] = iεabcIc,

.a = 1, 2,3 ¤ SU(2)L ­r�zl� Tyby�rt�� Tynb�� ��A� w¡ εabc ¤ �ybF¤z§³� w¡ I �y�

T�®� TWF�w� SU (2)L ­r�z�A� Xb�r� ¤ [Y, Y ] = 0 Tyl§db� ¨h� U(1)Y ­r�z�� A��

:Amy�yKyn- Am�A�

(2.12) Q = I3 +
Y

2
,

.Tq¶Af�� Tn�K�� Y ,�ybF¤E²� T��A��� Tb�rm�� I3 ,Ty¶A�rhk�� Tn�K�� Q �y�

�� �k� « � Am� , Z ¤W �A�¤Ewb�� �t� ��d`�� w¡ wJ®� ¢��¤ ©@�� �kKm��


lmt��¤ wJ®� T§r\� Yl� z�y¡ Ty�� �ybWt� ]32, 31[ 1967 �A� �®s�� db�¤ �rbn§¤

�@¡ ¨� ­ Am�� �wq� ��C � �t§ �y� w¡ �¤rWm�� ��¥s�� ,Tfy`R¤rhk�� T§r\n�� ¢�

T§CAsy�� Ty��ryk��¤ Tynymy�� Ty��ryk�� Yms§A� �r`� ��Ð Yl� T�A�²� ?� wmn��

: ¨¡ Ah�Ab�r�¤

ψL,R =
1

2
(1± γ5)ψ; ψ̄L,R =

1

2
ψ̄ (1∓ γ5) .

 ¤d��� ��m� T§CAsy��¤ Tynymy�� �Ab�rm�� �y� �m��  � Ahnkm§ ¨t��  ¤d��� �y��

: ¨�At�� �kK�� Yl� Ahbtk�¤ Ty�wy�rf�� Tyltk��

ψ̄ψ = ψ̄RψL + ψ̄LψR.

��CAyt�� ��m� T§CAsy��¤ Tynymy�� �Ab�rm�� �y� �m��� Ahnkm§¯ ¨t��  ¤d��� �y� ¨�

.T§CAy`m��

ψ̄ψ = ψ̄LψL + ψ̄RψR.

��Af�) T�w�Km�� �CAyt�� ¨¡ Tfy`S�� �®�Aft�� ¨� �h� C¤ Ah� ¨t�� ��CAyt��

­ Am�� �wq�¤ ,T§CAsy�� �Ab�rm�� Yl� ©wt�� ¨t�A(W±
�A�¤Ewb�� �� �A�wy�rf��

�kJ Yl� Ah��ry\�¤ T§CAsy�� �Ab�rm�� �� Ty¶An� �kJ Yl�  wk� �Ðwmn�� �@¡ ¨�

:�A�wtbl�� :T§CAsy�� �Ab�rm�� .Tynym§ �Ab�r�

L3 =

 ντ

τ−


L

;L2 =

 νµ

µ−


L

;L1 =

 νe

e−


L

12



:�A�C�wk��

Q3 =

 t

b


L

;Q2 =

 c

s


L

;Q1 =

 u

d


L

:�A�wtbl�� :Tynymy�� �Ab�rm��

eR3 = τ−R ; eR2 = µ−R; eR1 = e−R

: �A�C�wk��

uR1 = uR, dR1 = dR;uR2 = cR, dR2 = sR;uR3 = tR, dR3 = bR

Tl¶A`�� �A�wy�rf� Q,Y ,I3,I ��r�¥ml� Ty��@�� �yq�� {`� P�l� 3.2�¤d��� ¨�

:T§ A�±�¤ Ty¶An��� �Ab�rml� Y�¤±�

Q Tn�K�� Y Tq¶Af�� Tn�K�� I3 I�ybF¤E¯� �A�wy�rf�� 0

−1

 −1

 1/2

−1/2

 1/2

 νe

e−


L

Ty¶An� �A�w�b�

−1 −2 0 0 eRT§ A�� �A�w�b� 2/3

−1/3

 1/3

 1/2

−1/2

 1/2

 u

d


L

Ty¶An� �A�Cw�

2/3 4/3 0 0 uRT§ A�� �A�C�w�

−1/3 −2/3 0 0 dRT§ A�� �A�C�w�

T§ A�¯�¤ Ty¶An��� �Ab�rml� Y�¤¯� Tl¶A`�� �A�wy�rf�Q,Y ,I3,I ��r�¥ml� Ty��@�� �yq��

�¤d� 3.2 :

:T§CAy`m�� Ty�¤Ewb�� �wq��� �§r`t�  µ� �wqnF

(2.13) W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν

(2.14) Bµν = ∂µBν − ∂νBµ

13



:¨l§Am� ry�t�®�� �tKm�� �r`� Am�

(2.15) Dµ = ∂µ − igT aW a
µ − ig′

Y

2
Bµ.

�@¡ ¨� ­ Am�� �wq� �S�� ,UY (1) ¤ SUL(2) �y�r�zl� X�r�� At�A� ®�m§ g′ ¤ g

:¨l§Am� �r`m�� �§w�t� � wmn��

(2.16) L (x) −→ L′ (x) = exp (iα (x)T a + iβY )L (x) ,

(2.17) R (x) −→ R′ (x) = exp (iβ (x)Y )R(x),

(2.18)
−→
Wµ −→ Wµ −

1

g
∂µ
−→α (x)−−→α (x)

−→
Wµ;B −→ Bµ −

1

g′
∂µB (x) ,

.¨�¤A� �A�wfO� ��m� τa ¤ ,Wµ = Ta

2
W a
µ :�§�

:Ty�At�� T�®`�� 	s� Tfy`R¤rhk�� �®�Aft�� ���r�¯ YW`§

Lgauge = −1

4
W a
µνW

aµν − 1

4
BµνB

µν + LiiDµγ
µLi + eRiiDµγ

µeRi+

(2.19) QiiDµγ
µQi + uRiiDµγ

µuRi + dRiiDµγ
µdRi ,

Ty�wy�rf�� �wq�l� Ty�r���  ¤d��� �O§ ¢�� ^�®� ���r�®�� �@¡ �®� ��

­r��� Ty�¤Ewb�� �wq���  AfO§ ¨�A���¤ �¤±� �§d��A� Tnkmm�� Ah�®�Af�¤ Ty�¤Ewb��¤

¨� Ty�¤Ewb�� �wq��� �� Ah�®�Af�¤ Ty�wy�rf��  ¤d��� �Ot� Tyqbtm��  ¤d��� A��

�@¡¤ ,���r�®��  wmO� ��� Ah�± ���C ��Ð¤ d�w�®� Tltk�� �O� ¨t��  ¤d��� �y�

.T§r\n�� ¢b�wts� �� A�

Am� ,Ty�¤Ewb�� T§CAy`m�� �wq��� �� Ty�wy�rf�� �wq��� ��Af� xCdnF  µ�

T�®`�� ¨� Ah§¤As§Am� Dµ |w`t�¤ ,�A�wy�rfl� Y�¤±� Tl¶A`�� Yl� TF�Cd�� rOtqnF

: ¨�At�� ¨��r�¯� Yl� �O�t� (51.2)

LI = L1

(
gTaW

a
µ + g′

Y

2
Bµ

)
γµL1 + eR1

(
g′
Y

2
Bµ

)
γµeR1 +Q1

(
gTaW

a
µ + g′

Y

2
Bµ

)
γµQ1+

14



(2.20) uR1

(
g′
Y

2
Bµ

)
γµuR1 + dR1

(
g′
Y

2
Bµ

)
γµdR1 .

: ¨�At�� �kK�� �� ¨��r�¯ Yl� �O�t� An��� ,¨�wtbl�� ºz��� d���

L`I = −1

2
(ν̄e, ē)L γ

µ

 gW 3
µ − g′Bµ g(W 1

µ − iW 2
µ)

g(W 1
µ + iW 2

µ) −gW 3
µ − g′Bµ

 νe

e


L

+ g′ēRγµBµeR,

(2.21)

Yl� ©wt�� ��CAy� ¨¡¤ T�w�Km�� ��CAyt�� �O§ ¨@�� ºz��� zym�  � �km§ �Ð�

W 3
µ ¤Bµ Yl� ©wt�� T� A`tm�� ¤� T§ Ay��� ��CAyt��¤ ,W 2

µ ¤W 1
µ

(2.22) L`Icnc = −g
2

{
ν̄eLγ

µ(W 1
µ − iW 2

µ)eL + ēLγ
µ(W 1

µ + iW 2
µ)νeL

}
,

L`Icnc = −1

2

{
ν̄eLγ

µ
(
gW 3

µ − g′Bµ

)
e
νeL − ēLγµ

(
gW 3

µ + g′Bµ

)
eL + g′ēRγ

µBµeR

}
.

(2.23)

:Ty�At�� Ty¶A§zyf�� �A�¤Ewb�� �§r`� �m`ts�

(2.24) W±
µ =

W 1
µ ± iW 2

µ√
2

(2.25)

Aµ = cos θwBµ + sin θwW
3
µ ,

Zµ = − sin θwBµ + cos θwW
3
µ .

( �rbn§¤ T§¤�E)θw = arctan
(
g′
g

)
�y�

(2.26)

W
3
µ = sin θwAµ + cos θwZµ ,

Bµ = cos θwAµ − sin θwZµ .

:�bOyF T�w�Km�� ��CAyt�� ���r�¯  �� ψL,R = 1
2

(1± γ5)ψ {§w`t�

15



(2.27) L`Icc = − g

2
√

2
JµW−,`W

−
µ + hc,

:�y�

(2.28) JµW−,` = ν̄eγ
µ(1− γ5)e,

: �bOyF T§ Ay��� ��CAyt�� ��r�¯ ¨� (94.2 ) {§w`t� A��

(2.29) L`Icnc = − g

2 cos θW
JµZ,`Zµ + eJµγ,`Aµ,

:�§�

(2.30)

J
µ
Z,` = 2gνLν̄eLγ

µνeL + 2g`LēLγ
µeL + 2g`RēRγ

µeR ,

Jµγ,` = −ēγµe ,

:�y�

gfR = −Qf sin2 θW ; gfL = If3 −Qf sin2 θW ;g sin θW = g̀ cos θW = e

:�kK�� �� ¨���r�¯ Yl� �O�t� An��� ,�A�C�wk�� ºz� d��� A��

LI,Q = −1

2

(
u, d

)
L
γµ

 gW 3
µ − 1

3
g′Bµ g

(
W 1
µ − iW 2

µ

)
g
(
W 1
µ + iW 2

µ

)
−gW 3

µ − 1
3
g′Bµ

 u

d


L

−

(2.31)
2

3
g′uRγ

µBµuR +
1

3
g′dRγ

µBµdR.

Hf� �Ab��� T� A`tm�� ¤ T�w�Km�� ��CAytl� ��r�¯ ¨�CAb� Yl� �wO��� Annkm§

.­CAb� Tq�As�� ��wW���

:T�w�Km�� ��CAyt�� ¨��r�¯   �

(2.32) LI,Q =
g

2
√

2
JµW−,QW

−
µ + hc,

:T� A`tm�� ��CAyt�� ¨���r�¯ ­CAb�
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(2.33) LI,Q =
g

2 cos θW
JµZ,QZµ + eJµγ,QAµ,

T�r`m��¤ ­d§A�m�� ��CAyt��¤  w�Km�� CAyt�� ��m� Jµγ,Q ¤ JµZ,Q ¤ JµW−,Q �y�

: ¨l§Am�


JµW−,Q = ūγµ (1− γ5) d ,

JµZ,Q = ūγµ
(
gUV − gUAγ5

)
u+ d̄γµ

(
gDV − gDAγ5

)
d ,

Jµγ,Q = 2
3
ūγµu− 1

3
d̄γµd ,

z�y¡ Ty�� 2.2

�d� SUL (2) ⊗ UY (1) �y�r�zl� T§CAy`m�� T§r\n�� 
h��¤ ¨t�� ��AKm�� �y� ��

TlkKm�� £@¡ ��� ,¨���r�®��  wm} �®t�� �� T�¤¥sm�� Tyltk��  ¤d�l� Ah�A`ytF�

,�d�A} ¨��r�¯  wk§  � ��� �� ¢�� Yl� Pn� ¨t�� ,]33[ ¢tyRr� 1964 z�y¡ �rV

�A�¤Ewbl� Tlt� �nm� Ty�µ� £@¡  � Am� ,��rfl� ¨\��¤ ¨¶Aql� �®t�� �¤d� 	�§

CAsk�³� �� T��An��  wtFd�w� �A�¤Ew� QAOt�� �®� �� �A�wy�rf�� ¤ T§CAy`m��

¨t�� ,z�y¡ �Amys� Yl� ©wt�§ ¨mlF �q�� ºwlm� ��rf��  � Am� ,rZAntl� ¨¶Aqlt��

�@¡ �� Ahl�Af� �®� �� Ahtlt� 	stk� ¨t�� ¤ �Amys��� T�r�� ��r`� C¤ 	`l�

.ºwS�� T�rs� �r�t§ ¤  w�wf�� ��� Tlt�  ¤ Yqbt� ¢`� ��Aft� ¯ ¨t�� A�� �q���

: Ty¶An�� Φ ¨mls�� �q��� �r`§

(2.34) Φ =

 φ+

φ0

 =

 φ1+iφ2√
2

φ3+iφ4√
2

 .

� A`tm�� �q��� φ0
,  w�Km�� ¨mls�� �q��� : φ+

:¢O¶AO� �� {`� |r`ts� (4.2) �¤d��� ¨�

: ¨l§Am� ¨mls�� �q��� ���r�¯ �r`§

(2.35) LΦ = (DµΦ) (DµΦ)− V (Φ),
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Q Y I3 I +1

0

 +1

 1/2

−1/2

 1/2 Φ =

 φ+

φ0

z�y¡ Ty¶An�

z�y¡ Ty¶An�� Q,Y ,I3,I ��r�¥ml� Ty��@�� �yq�� : 4.2 �¤d�

: z�y¡  wm� w¡ V (Φ)

(2.36) V (Φ) = µ2Φ+Φ + λ
(
Φ+Φ

)2

. �fF±� ��  ¤d��  wm� Yl� �wO��� ��� �� �@¡¤ ,	�w� ��A`� λ �y�

CAsk�� �d�§ ¯ ¢��� µ2 ≥ 0 ��� �m� (m = −µ2) Tltk�� C¤ 	`l§ ��A`� µ2

SUL (2) ⊗ UY (1) rZAnt�� ��) rZAntl� ¨¶Aqlt�� CAsk�¯� �wO� ��� ��¤ ,rZAntl�

 �� Tltk�� 
Ast��� �A�wy�rf��¤ T§CAy`m�� �A�¤Ewbl� �ms§ Am� ( UQ (1) rZAnt�� Y��

.µ2 ≤ 0

( �ymy��) µ2 ≤ 0 ¤ (CAsy��)µ2 ≥ 0��� �� Φ T�¯d� V (Φ)  wmk�� : 2.2 �kJ

(2.37) < Φ+Φ >≡< 0 | Φ+Φ | 0 >= −µ
2

2λ
=
ϑ2

2

ϑ =
√
−µ2

λ
: ¨¡ ��rfl� T`�wtm�� Tmyq�� �y�

: ¨W`§ V EV ��rfl� T`�wtm�� Tmyq�� �§rV �� rZAntl� ¨¶Aqlt�� CAsk�³�  Ð�

18



(2.38) Q < Φ >0= (I +
Y

2
) < Φ >0=< Φ >0=

1√
2

 1 0

0 0

 0

ϑ√
2

 = 0,

©CAy`m�� �§w�t�� �®� ­d�A} ��rf�� T�A�  � ¨n`§ �@¡¤ T�¤d`� ��rf�� Tn�J

Tlt� Y�� T�A�� Hy� ¢�± rZAntl� ¨¶Aqlt�� CAsk�³� �d�§ ¯) UQ (1) ­r�zl�

.(< mγ = 0 >

(2.39) exp (iαQ) < Φ >0= (1 + iαQ) < Φ >0=< Φ >0

(2.40) < Φ >0=
1√
2

 0

ϑ+H(x)

 .

. z�yh�� �q� H(x) �y��

:Tfy`R¤rhk�� �®�Aft�� ¨��r�¯ 3.2

: Tfy`R¤rhk�� �®�Aft�� ���r�¯ YW`§

(2.41) LEW = Lgauge + LHiggs + LY uk.

: Lgauge ©CAy`m�� ¨���r�®�� •

Lgauge = −1

4
W a
µνW

aµν − 1

4
BµνBµν + L̄iiDµγ

µLi + ēRiiDµγ
µeRi

+Q̄iiDµγ
µQi + ūRiiDµγ

µuRi + d̄RI iDµγ
µdRi . (2.42)

�wq�l� Ty�r���  ¤d��� �O§ ¢�� ^�®� (24.2 ) ­CAb`�� ¨� ���r�¯ �®� ��

�wq���  AfO§ ¨�A���¤ �¤±� �§d��A� Tnkmm�� Ah�®�Af�¤ Ty�¤Ewb��¤ Ty�wy�rf��

�wq��� �� Ah�®�Af�¤ Ty�wy�rf��  ¤d��� �Ot� Tyqbtm��  ¤d��� A�� ­r��� Ty�¤Ewb��
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 wmO� ��� Ah�± ���C ��Ð¤ d�w�®� Tltk�� �O� ¨t��  ¤d��� �y� ¨� Ty�¤Ewb��

. T§r\n�� ¢b�wts� �� A� �@¡¤ ,(14.2 ) ­CAb`�� ¨� ���r�¯

Am� ,Ty�¤Ewb�� T§CAy`m�� �wq��� �� Ty�wy�rf�� �wq��� ��Af� xCdnF  µ�

)T�®`�� ¨� Ah§¤As§Am� Dµ |w`t�¤ ,�A�wy�rfl� Y�¤±� Tl¶A`�� Yl� TF�Cd�� rOtqnF

: ¨�At�� ¨��r�¯� Yl� �O�t� (51.2

LI = L̄1

(
gTaW

a
µ + g′Y

2
Bµ

)
γµL1 + ēR1

(
g′Y

2
Bµ

)
γµeR1 + Q̄1

(
gTaW

a
µ + g′Y

2
Bµ

)
+ūR1

(
g′Y

2
Bµ

)
γµuR1 + d̄R1

(
g′Y

2
Bµ

)
γµdR1 , (2.43)

: ¨�At�� �kK�� �� ¨��r�¯ Yl� �O�t� An��� ,¨�wtbl�� ºz��� d���

L`I = −1

2
(ν̄e, ē)L γ

µ

 gW 3
µ − g′Bµ g(W 1

µ − iW 2
µ)

g(W 1
µ + iW 2

µ) −gW 3
µ − g′Bµ

 νe

e


L

+ g′ēRγµBµeR,

(2.44)

Yl� ©wt�� ��CAy� ¨¡¤ T�w�Km�� ��CAyt�� �O§ ¨@�� ºz��� zym�  � �km§ �Ð�

W 3
µ ¤Bµ Yl� ©wt�� T� A`tm�� ¤� T§ Ay��� ��CAyt��¤ ,W 2

µ ¤W 1
µ

(2.45) L`Icnc = −g
2

{
ν̄eLγ

µ(W 1
µ − iW 2

µ)eL + ēLγ
µ(W 1

µ + iW 2
µ)νeL

}
,

L`Icnc = −1

2

{
ν̄eLγ

µ
(
gW 3

µ − g′Bµ

)
e
νeL − ēLγµ

(
gW 3

µ + g′Bµ

)
eL + g′ēRγ

µBµeR

}
.

(2.46)

: �y�W 3
µ ¤ Bµ  A�§� ��� �� Ty�At�� T§CAy`m�� �A�¤Ewb�� �§r`� �m`ts�

(2.47) W±
µ =

W 1
µ ± iW 2

µ√
2

20



(2.48)

Aµ = cos θwBµ + sin θwW
3
µ ,

Zµ = − sin θwBµ + cos θwW
3
µ .

( �rbn§¤ T§¤�E)θw = arctan
(
g′
g

)
�y�

(2.49)

W
3
µ = sin θwAµ + cos θwZµ ,

Bµ = cos θwAµ − sin θwZµ .

: �bOyF T�w�Km�� ��CAyt�� ���r�¯  �� ψL,R = 1
2

(1± γ5)ψ {§w`t�

(2.50) L`Icc = − g

2
√

2
JµW−,`W

−
µ + hc,

: �y�

(2.51) JµW−,` = ν̄eγ
µ(1− γ5)e,

: �bOyF T§ Ay��� ��CAyt�� ��r�¯ ¨� (94.2 ) {§w`t� A��

(2.52) L`Icnc = − g

2 cos θW
JµZ,`Zµ + eJµγ,`Aµ,

: �§�

(2.53)

J
µ
Z,` = 2gνLν̄eLγ

µνeL + 2g`LēLγ
µeL + 2g`RēRγ

µeR ,

Jµγ,` = −ēγµe ,

: �y�

gfR = −Qf sin2 θW ; gfL = If3 −Qf sin2 θW ;g sin θW = g̀ cos θW = e

: �kK�� �� ¨���r�¯ Yl� �O�t� An��� ,�A�C�wk�� ºz� d��� A��
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LI,Q = −1

2

(
ū, d̄
)
L
γµ

 gW 3
µ − 1

3
g̀Bµ g(W 1

µ − iW 2
µ)

g(W 1
µ + iW 2

µ) −gW 3
µ − 1

3
g̀Bµ

 u

d


L

−2

3
g̀ūRγ

µBµuR +
1

3
g̀d̄Rγ

µBµdR, (2.54)

T�w�Km�� ��CAytl� ��r�¯ ¨�CAb� Yl� �O�t� Tq�As�� ��wW��� Hf� �Ab���

: T� A`tm��¤

: T�w�Km�� ��CAyt�� ¨��r�¯ ­CAb�

(2.55) LI,Q =
g

2
√

2
JµW−,QW

−
µ + hc,

: T� A`tm�� ��CAyt�� ¨���r�¯ ­CAb�

(2.56) LI,Q =
g

2 cos θW
JµZ,QZµ + eJµγ,QAµ,

T�r`m��¤ ­d§A�m�� ��CAyt��¤  w�Km�� CAyt�� ��m� Jµγ,Q ¤ JµZ,Q ¤ JµW−,Q �y�

: ¨l§Am�


JµW−,Q = ūγµ (1− γ5) d ,

JµZ,Q = ūγµ
(
gUV − gUAγ5

)
u+ d̄γµ

(
gDV − gDAγ5

)
d ,

Jµγ,Q = 2
3
ūγµu− 1

3
d̄γµd ,

Ty¶A§zyf�� �A�¤Ewb�� Tlt� 4.2

Ahl�Af� �®� �� ��Ð ¤ Ty¶A§zyf�� �A�¤Ewb�� Tlt� ��r�tF� ­rqf�� £@¡ ¨� �¤A��

:¨�At�� ¨���r�®� zym§ ©@�� ¤ z�y¡ �q� ��

(2.57) LΦ = (DµΦ)+ (DµΦ)− V (Φ) .
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: �y�

V (Φ) = µ2Φ+Φ + λ
(
Φ+Φ

)

:Yl� �O�t� ¨�r��� d��� ¨� ry�t�®�� �tKm�� {§w`t�

(2.58) DµΦ =
1√
2

 ∂µ − i
2
(gW 3

µ − g′Bµ) −ig
2
(W 1

µ − iW 2
µ)

−ig
2
(W 1

µ + iW 2
µ) ∂µ − i

2
(g′W 3

µ − gBµ)

 0

ϑ+H(x)

 ,

�� ¨��r�¯ Yl� �O�t� ��r�¯ ­CAb� ¨� ¢S§w`�¤ ¨�r��� d��� Xysbt�

:¨�At�� �kK��

LΦ =
1

2
(∂µH)2 +

g2

8
(ϑ+H)2

(
W 1
µ − iW 2

µ

) (
W µ1 + iW µ2

)
+

(2.59)
1

8
(ϑ+H)2

(
gW 3

µ − g′Bµ

)2 − λϑ2H2 − λϑH3 − λ

4
H4.

:Ty�At�� �A�®`�A� Aµ ¤Zµ ¤ W±
Ty¶A§zf�� �wq��� �Ár`�

(2.60) W± =
W 1
µ ± iW 2

µ√
2

;Z =
gW 3

µ − g′Bµ√
g2 + g′2

;A =
g′W 3

µ − gBµ√
g2 + g′2

:¨�At�� �kK�� �� ¨���r�¯ Yl� �O�t� {§w`t�A�

LΦ =
1

2
(∂µH)2−λϑ2H2−λϑH3−λ

4
H4+

g2

4
(ϑ+H)2W+µW−

µ +
1

8
(ϑ+H)2 (g2 + g′2

)
ZµZ

µ,

(2.61)

^�®� ¢�®� �� ©@��¤ ¨�At�� ¨��r�¯� Yl� �O�t� (16.2) ­CAb`�� Xysbt�

Tltkl� Z ¤W �A�¤Ewb�� 
Ast��

LΦ =
1

2
(∂µH)2 − 1

2
MHH

2 − λϑH3 − λ

4
H4 +

g2ϑ2

4
W µ+W−

µ +
(g2 + g′2)ϑ2

8
ZµZ

µ +
g2ϑ

2
HW+µW−

µ +

(2.62)
g2

4
H2W+µW−

µ +
(g2 + g′2)ϑ

4
HZµZ

µ +
(g2 + g′2)

8
H2ZµZ

µ.
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:�y�

(2.63) MW =
gϑ

2
;MZ =

ϑ
√
g2 + g′2

2
√

2
;MA = 0

¨ltk�� d���¤ ¨�r���d��� ,(26.2) ­CAb`�� �� ¨�A��� d���¤ �¤±� d��� ��m§

 �rt�³�  AfO§ ���r��¤ ��A���  �d���¤ MH =
√

2λϑ2 ¨¡ ¢tlt� �y� z�y¡ �q��

 ¤d��� ��m§ ¨�A��� rWs�� A�� ¢sf� �� z�y¡  ¤Ewb� ¨�A�r��¤ ¨�®��� ¨W���

z�y¡  ¤Ew� �y�  �rt�³� ��w�� �O� Tyqbtm��  ¤d���¤ ,T§CAy`m�� �A�¤Ewbl� Tyltk��

. «r�±� �A�¤Ewb��¤

�A�wy�rf�� Tlt� ¤ �¤A�w§ ¨��r�¯ 5.2

d��� �@¡ mψ̄ψ = m
(
ψ̄LψR − ψ̄RψL

)
�kK�� Yl� ��r§ ���r�¯ ¨� ¨ltk�� d��� 	tk§

¨k�¤ ,��Aft�� ¨���r�¯  wmO� ��§ Am� ¨l�m�� ©CAy`m�� �§w�t�� 
�� d�A} Hy�

���r�¯ �®� �� ��Ð¤ z�yh�� �q� �� Ah��rt�� 	�§ Tltk�� �A�wy�rf�� 	stk�

:¨l§ Am� �r`m��¤ �¤A�w§ ¨��r�¯ w¡¤ d�A}

(2.64) LY uk = −λeiL̄iΦeRi − λdiQ̄iΦdRi − λuiQ̄iΦ̃uRi + hc,

i = 1, 2, 3 �y� ui �C�wk�� ¤ di �C�wk�� ,�A�w�bl� �¤A�w§ 
��w� ¨¡ λui ,λdi ,λei �§�

:Xq� �A�wy�rfl� Y�¤±� Tl¶A`�� Tlt� ��r�tF� Yl� rOtq� �wF .Φ̃ = iτ2Φ∗ ¤

(2.65) LF = −λeL1ΦeR1 − λdQ1ΦdR1 − λuQ1Φ̃uR1 + hc.

LF = − λe√
2
L̄1

 0

ϑ+H(x)

 eR1−
λd√

2
Q̄1

 0

ϑ+H(x)

 dR1−
λu√

2
Q̄1

 ϑ+H(x)

0

uR1+hc,

(2.66)
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,�A�wy�rf�� �t��St� ¢�®� �� «@l��¤ ¨�At�� ¨���r�®�� Yl� �O�t�Xysbt�A�

: �A�wy�rf�� �� z�y¡  ¤Ewb� ¨W���  �rt�¯� Y�� T�AR³A�

(2.67) LF = − λe√
2
ϑēe− λd√

2
ϑd̄d− λu√

2
ϑūu− λe√

2
Hēe− λd√

2
Hd̄d− λu√

2
Hūu,

z�yh�� 
�Ah� 6.2


Ast�� Tyfy� rs�¤ z�y¡ Ty�� d�� 2012 TnF Ayb§r�� z�y¡  ¤Ew� �AKt��

��b�A�  wy¶A§zf�� �wq§ ¢O¶AO� T�r`�¤ �h� ��� �m� ,Ahltk� Ty�¤±� �Amys���

�Ðwmn�� �Amys�� �l�t§  � �km§ �ys��� �@¡ ,�A�¤C Ah�� � AO� ¨� ¢ll�� TF�C ¤

 wk§A� Ahn� ,ªAm�� ­d� Yl�  wk§ z�yh�� �®�mR�  � Am� ,Tflt�� 	sn� ©CAy`m��

�®�mR� ,H(p1)→ f(p2)f̄(p3) �y�wy�rf� z�yh�� �®�mR� ��� ,­r�K�� «wts� Yl�

rb�  wk§A� Ahn�¤ ,H(p1) → Z(p2)Z(p3)/W (p2)W (p3) �y§CAy`� �y�¤Ew� Y�� z�yh��

H(p1)→ gg �y�¤wyl� Y�� z�yh�� �®�mR� T�A� ¨� Tltk�� ��d`�� 	bs� ��Ð¤ Tql�

,�y�wy�r� Y�� z�yh�� �®�mR� �d`� 
As�� ¨ftknF ,H(p1) → γγ �yy�w�w� ¤�

�� �t� 
�Aht�� TF�C  �� Tyb§r�t�� Ty�An�� �� .�yy�w�w� ,�y§CAy� �y�¤Ew�

w¡ ¢t\�®� 
m�A� r��� ,rybk�� �A�¤C Ah�� � AO� ¨� CMS ¤ATLAS  ¤A`� �b�

	`O�� ��  A� �®�mR³� �@¡ ,2020 �¤� ¨� ��Ð¤ �y�wy� Y�� z�yh�� �®�mR�

d§d� �A�� T\�®m�� £@¡ CAbt�� �km§ Ð� ,�y`R �kK� ��Aft� �A�wym��  ± ¢t\�®�


�w�� �tf� T\�®m�� £@h� ,rybk�� �A�¤C Ah�� � AOm� ryb� �A��¤ ©CAy`m�� �Ðwmnl�

­d§d� ºA§zy� �� ��b��¤ ,�A�wym�� �� � � w¡A� T\�®� ¨� ­ryb� �A��¤ ­d§d�

.Aht��w� z�y¡ �ys�  � Y�� r\n§A� Ab�A� ¨t��¤(
H(p1)→ f(p2)f̄(p3)

)
:  AS�  wy�r�¤  wy�r� Y�� z�yh�� �®�mR� •

: ¨l§Am� �kft�� �@h� Ty�Am�³� T`s�� ºAW�� �t§

(2.68) MH→ff̄ =
mf

v
ū(p2)v(p3),
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�A�wy�rf�� Y�� z�yh�� �®�mR� : 3.2 �kJ

(2.69) M+
H→ff̄ =

mf

v
v̄(p2)u(p3),

: w¡ Ty�Am�³� T`s�� ��r�

∑
r2,r3

∣∣MH→ff̄
∣∣2 = NC

m2
f

v2
Tr {(p2 +mf )(p3 −mf )} = NC

4m2
f

v2
(p2p3−mf ),

(2.70)

 d� NC ) �A�C�wkl� Tbsn�A� NC = 3 ¤ �A�wtbl� Tbsn�A� NC = 1 : �y�

(  �w�±�

: An§d� Tltk�� z�r� �l`� ¨�

pµ1 = (MH , 0) , pµ2 = (Ef , ~p2) , pµ3 = (Ef ,−~p2) .

p = |~p| , E2
F = p2+m2

f ¤MH = 2EF Yl��O�t� T�AW�� ¤ ��d��_Af��� �y��w� ��
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:An§d� �bO§ Xysbt�A� ¤

p1p2 −m2
f =

1

2
M2

H

(
1− 4mf

MH

)
; p =

1

2
MH

(
1− 4mf

MH

) 1
2

,

:An§d� �bOy(2.70)­CAb`�� ¨� {§w`t�

(2.71)

∑
r2,r3

∣∣MH→ff̄
∣∣2 = Nc

2m2
f

v2
M2

H

(
1− 4mf

MH

)
,

:Ty�At�� ­CAb`�A� YW`§ z�yhl� �®�mR³� �d`�

ΓH−→ff̄ =
1

2MH

∫
d3p2

(2π)32E2

d3p3

(2π)32E3

(2π)4 δ4 (p1 − p2 − p3)
∑
r2,r3

∣∣MH→ff̄
∣∣2 ,

(2.72)

­CAb`�� �Am`tF��∫
d3p2

2E2

=

∫
d4pδ+

(
p2

2 −mf

)
; p2 = p1 − p3.

:An§d� �bO§

ΓH−→ff̄ =
1

2MH (2π)

∫
d3p3

2E3

δ+
[
(p1 − p3)2 −mf

]∑
r2,r3

∣∣MH→ff̄
∣∣2 .

(2.73)

:�y�

d3p3 = |~p3|2 dp3dΩ

(p1 − p3)2 −mf = M2
H +m2

f −m2
f̄ − 2p1p3

p1p3 = MHE3, p = m2
f = E2

3 − |~p3| , E3 =
√
m2
f + |~p3|

: Yl� �O�t� Xysbt��¤ {§w`t�A�
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(2.74) ΓH−→ff̄ = Nc
MH

8π

m2
f

v2

(
1−

4m2
f

M2
H

) 3
2

,

.(H(p1)→ Z(p2)Z(p3)/W (p2)W (p3)) : Tfy`S�� �A�¤Ewb�� Y�� z�yh�� �®�mR� •

�A�¤Ewb�� Y�� z�yh�� �®�mR� : 4.2 �kJ

: Tfy`S�� �A�¤Ewbl� z�yh�� �kft� Ty�Am�³� T`s�� 
As�

(2.75) MH→AA = ε∗µ(p2)(
2M2

A

v
gµν)ε∗ν(p3),

(2.76) M+
H→AA = εµ′(p2)(

2M2
A

v
gµ
′ν′)εν′(p3),

: �y�∑
r2,r3

εµ′(p2)ε∗µ(p2) =

(
gµµ′ −

p2µp2µ′

M2
A

)
.

:Ty�At�� T�®`�A� ¨W`§ T`s�� ��r� ¢n�¤

(2.77)

∑
r2,r3

|MH→AA|2 =

(
2M2

A

v

)2(
3 +

1

4

M4
H

M4
A

− M2
H

M2
A

)
,
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:Ty�At�� T�®`�� 	s� z�yh�� 
�Ah� �d`� Yl� �O�t� Xysbt�A�

(2.78) ΓH→AA =
δA

4v2π

M4
A

MH

(
1− 4M2

A

M2
H

) 1
2
(

3 +
1

4

M4
H

M4
A

− M2
H

M2
A

)
.

W ��� �� δA = 2 ¤ Z ��� �� δA = 1 ��A`m�� �y�

: H(p1)→ γγ �y�w�w� Y�� z�yh�� �®�mR� •

­rJAb� �t§ ¯ �A�w�wfl� z�yh�� �®�mR� ��@� ¤ ,Tltk�� Tm§d� �Amys� �A�w�wf��

��Aft�� �@¡ ,Tfy`R �A�¤Ew� Tql� rb� ¤� ,�A�wy�r� Tql� TWF�w� Xq� �km§ ��

.­r�K�� «wts� Yl� �d�§¯

Tql� rb� �AWW�� �®� ¤ ,�A�wy�rf�� rb� z�yh�� �®�mR³ �yWW�� An§d�

�wm�m�� ¨¡ �®�mR²� Ty�Am�³� T`s�A� �Ð� ,W  Ewb��

(2.79) |MH−→γγ|2 = |Mf (H −→ γγ) +MW (H −→ γγ)|2

Mf (H −→ γγ) = M1+M2 �y���A�wy�rf�� Tql�rb��kftl� Tbsn�A� T`s��Mf (H −→ γγ)

MW (H −→ γγ) = M3+M4+M5 �y�W Tql�rb��kftl� Tbsn�A� T`s��MW (H −→ γγ)

M1(H −→ γγ) = −
∫

d4k

(2π)4

[
(−iQfγ

µ)

[
i

[(k + p2) +m]

(k + p2)2 −m2

](mf

v

)[
i

[(k − p3) +m]

(k + p3)2 −m2

]
(−iQfγ

ν)
i [k +m]

(k2 −m2)
εµ (k) εν (k) , 1

=
(
−imf

v
Q2
f

)∫ d4K

(2π)4

[
trγµ ([(k + p2) +m] [(k − p3) +m] γν [k +m])

[(k + p2)2 −m2] [(k + p3)2 −m2] [k2 −m2]

]
εµ (k) εν (k) .

(2.80)

:�y�

tr {γµ(k + p2 +m)(k − p3 +m)γν(k +m)} = 4m(pµ3p
ν
2 + 4kµkν − 2kµpν3 + 2p2k

ν

−pµ2pν3 + gµν
(
m2 − p2p3

)
− gµνk2)

= 4mNµν , (2.81)
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:¨l§ Am� �r`m��  Amn§A� ��A`� �Am`tF�� �Aqm�� Xsb� ��Akt�� º�r�� �b�

(2.82)
1

ABC
=

∫ 1

0

ydy

∫ 1

0

dx
2

[Ax+By + Cz]3
.

D = Ax+By+Cz ©� .C = (k− p2)2−m2
;B = (k+ p1)2−m2

;A = k2−m2
�y�

Yl� �O�t� Xysbt��¤ C ¤ B ¤ A {§w`t�

D = (k + p2y − p3z)2 + 2(p2p3)yz −m2.

D = k2− a2
d�� a2 = m2− 2(p2p3)yz ¤ k → k+ p2y− p3z ry�tm�� �§w�t�A� �wq�

Yl� �O�t� AhWysb�¤ Nµν
­CAb� ¨�k ry�tm�� �§dbt�¤

N ′µν = 4kµkν − gµνk2 + pµ3p
ν
2(1− 4yz) + pµ2p

ν
3(−1− 4yz + 2y + 2z) +

+pµ3p
ν
3(4z2 − 2z) + pµ2p

ν
2(4y2 − 2y) + gµν(m− p2p3 + 2p2p3yz), (2.83)

Yl� �O�t� (08.2) ­CAb`�� ¨�N ′µν ¤ D |w`�

(2.84) M1(H −→ γγ) = −imf

v
Q2
f

∫
d4k

(2π)4

∫ 1

0

dy

∫ 1

0

dz
8mN ′µν

(k2 − a2)3 ,

: �S�

Iµν =

∫
d4k

(2π)4

∫ 1

0

dy

∫ 1−y

0

dz
8mN ′µν

(k2 − a2)3 . (2.85)

: Ty�At�� �A�®`�� �m`ts� ��Akt�� �@¡ 
As��

J
(
D,α, β, a2

)
=

∫
dDk

(2π)D
(k2)

α

(k2 − a2)β
,

=
i

(4π)
D
2

(
a2
)D

2
(
−a2

)α−β Γ (β − α− D
2

)
Γ
(
α + D

2

)
Γ (β)Γ

(
D
2

) , (2.86)
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�bO� D = 4 ¤β = 3 ¤ α = 0 �y�

(2.87) J
(
4, 0, 3, a2

)
= − i

32π2a2
.

zt�Cw� rZAn�

(2.88)

∫
dDk

(2π)D
(k2)

α
kµkν

(k2 − a2)β
=
gµν

D
J
(
D,α + 1, β, a2

)
.

:N ′µν ­CAb� ¨� 4kµkν − gµνk2
d��� Yl� Ty}A��� £@¡ �bW�

∫
dDk

(2π)D
4kµkν − gµνk2

(k2 − a2)β
=

(
4

D
− 1

)
gµνJ

(
D, 1, 3, a2

)
(2.89)

=

(
4

D
− 1

)
gµν

i

(4π)
D
2

(
a2
)D

2
D

4
Γ

(
2− D

2

)


CAqt�� �� Pl�t�� ��� ��(D = 4 + 2ε) �S�

(
4

D
− 1

)
D

4
= −ε

2
,

Γ

(
2− D

2

)
= −Γ (−ε) = −1

ε
− γE + 0

(
ε2
)
.

r�¤� 
�A� γE

(2.90)

∫
dDk

(2π)D
4kµkν − gµνk2

(k2 − a2)3 =
i

32π2
gµν .

: Ty�At�� ­CAb`�� Yl� �O�tn� Iµν ­CAb� ¨� |w`�
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Iµν =
8im

32π2

∫ 1

0

∫ 1−y

0

dydz

(−a2)

[pµ2p
ν
2

(
4y2 − 2y

)
+ pµ3p

ν
3

(
4z2 − 2z

)
+ pµ3p

ν
2 (1− 4yz)

+pµ2p
ν
3 (−4yz + 2y + 2z − 1) + gµν (4p2p3yz − p2p3)], (2.91)

ξµp
µ = 0 Ty}A��� �Am`tF��

Iµν =
8im

32π2

∫ 1

0

∫ 1−y

0

dydz

(−a2)
[pµ3p

ν
2 (1− 4yz) + gµν (4p2p3yz − p2p3)] ,

=
8im

32π2

∫ 1

0

∫ 1−y

0

dydz

(−a2)
(1− 4yz) (pµ3p

ν
2 − gµνp2p3) , (2.92)

C =
∫ 1

0

∫ 1−y
0

dydz
(−a2)

(1− 4yz) �S�

(2.93) Iµν =
8im

32π2
C (pµ3p

ν
2 − gµνp2p3) .

: Yl� �O�t� M1(H −→ γγ) ­CAb� ¨� {§w`t�A�

(2.94) M1(H −→ γγ) = −i
mfQ

2
f

2v
Iµνεµ (k) εν (k) .

 �� ¢n�¤ �¤±� XW�m�� ¨� p2 = −p3  �� ¨�A��� XW�ml� Tbsn�A�

Mf (H −→ γγ) = 2M1(H −→ γγ) ©� M1(H −→ γγ) = M2(H −→ γγ)

:¨l§Am� 	tk� T`s��  Ð�

(2.95) Mf (H −→ γγ) = −i2Qfmf

v
Iµνεµ (k) εν (k) .

******

W  ¤Ewb�� Tql� rb� z�yh�� �®�mR�
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(2.96) M3 = i
2mW

v

∫
ddk

(2π)d
A(

(k − p3)2 −m2
W

)
(k2 −m2

W )
(
(k + p2)2 −m2

W

) ,
: �y�

A = (−igσa){−ie [gaν(2p3 − k)b + gab(2k − p3)ν + gνb(−k − p3)a] (−igbc)

[gcµ(p2 − k)d + gcd(2k + p2)µ + gµd(−k − 2p2)c] (−ie)}(−igdσ′)gσσ′εµ(p2)εν(p3),

�bO� A ­CAb� Xysb� d`�

A = −ie2(10kµkν + 4p3µp2ν − p3µkν + gµν(2k
2 − 5p3p2 − k(p2 − p3))εµ(p2)εν(p3)),

 Amn§A� ��A`� �Am`tF��¤ �Aqm�� Xysb� ��� �� Tq�As�� ��wW��� Hfn� �wq�  µ�

1
ABC

=
∫ 1

0
ydy

∫ 1

0
dx 2

[Ax+By+Cz]3
.

` −→ k + p2y − p3z �y� D = [`2 − a2] d��

. a2 = m2
W − 2p2p3yz ¤

: ¨l§A� Yl� �O�t� A ­CAb� ¨�` ry�tm�� �§dbt� �wq�

A = −ie2
[
10`µ`ν + (−10yz + 4 + y + z)p2µp3ν + ((z + y − 4yz − 5)p2p3 + 2`2)gµν

]
εµ(p2)εν(p3).

Yl� �O�t� M1 ­CAb� ¨� {§w`t�A�

M3 =
4m2

W e
2

v

∫
dd`

(2π)d

∫
dydz(10`µ`ν + (−10yz + 4 + y + z)p2µp3ν + ((z + y − 4yz − 5)p2p3

+ 2`2)gµν)/(
[
`2 − a2

]3
)εµ(p2)εν(p3). (2.97)
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M3 = M4 ¢n�¤ p3 → −p2 ¤ p2 → −p3 An§d� ¨�A��� XW�m�� ¨�

M3 +M4 =
8m2

W e2

v

∫
dd`

(2π)d

∫
dydz(10`µ`ν + (−10yz + 4 + y + z)p2µp3ν

+((z + y − 4yz − 5)p2p3 + 2`2)gµν)/([`
2 − a2]

3
)εµ(p2)εν(p3). (2.98)

(2.99) M5 = i
2m2

W

v

∫
ddk

(2π)d
A

[(k − p3)2 −m2
W ] [(k + p2)2 −m2

W ]
,

:�§�

A = gαβ(−ie2) [2gαβgµν − gβνgαµ − gβµgνα] (−i2)εµ(p2)εν(p3),

= 6ie2gµνεµ(p2)εν(p3). (2.100)

:An§d� �bO§
k2−m2

W

k2−m2
W

¨� 
rS� �Aqm�� Xysb� ��� ��

(2.101) M5 = i
2m2

W

v

∫
ddk

(2π)d
A [k2 −m2

W ]

[(k − p3)2 −m2
W ] [k2 −m2

W ] [(k + p2)2 −m2
W ]
,

�wq�¤ D = [`2 − a2]
3
d�� �Aqm�� Xysb� ��� �� Tq�As�� ��wW��� Hfn� �wq�  µ�

` −→ k + p2y − p3z ryy�t�A�

M5 = i
2m2

W

v

∫
dd`

(2π)d

∫
2dydz

A [`2 − 2p2p3yz −m2
W ]

[`2 − a2]3
,

= −24e2m2
W

v

∫
dd`

(2π)d

∫
dydz

[`2 − 2p2p3yz −m2
W ] gµν

[`2 − a2]3
εµ(p2)εν(p3).(2.102)

 ¤Ewb�� Tql� rb� z�yh�� �kft� Ty�Am�¯� T`s��

MW (h −→ γγ) = 2M3 +M5
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8e2m2
W

v

∫
dd`

(2π)d

∫
dydz

[
10`µ`ν + (−10yz + 4 + y + z)p2µp3ν + ((z + y − 4yz − 5)p2p3 + 2`2)gµν

[`2 − a2]3

− [`2 − 2p2p3yz −m2
W ] gµν

[`2 − a2]3
εµ(p2)εν(p3)], (2.103)

MW (h −→ γγ) =
8e2m2

W

v

∫
dd`

(2π)d

∫
dydz[

[10`µ`ν − `2gµν ]

[`2 − a2]3
+ ((z + y + 2yz − 5)p2p3gµν + (−10yz

+ 4 + y + z)p2µp3ν)/(
[
`2 − a2

]3
)− (m2

Wgµν)/(
[
`2 − a2

]3
)]εµ(p2)εν(p3).

(2.104)

:MW (h −→ γγ) ­CAb� Xysbt� �wq� Ty�At�� �®�Akt�� �Am`tF��¤  µ�

∫
dydz

1

(m2
W − yzm2

H)ε
∼ 1

2
− ε

2
lnm2

W +
ε

24

m2
H

m2
W

+ ...,

∫
dydz

1

(m2
W − yzm2

H)
∼ 1

2

1

m2
W

+
1

24

m2
H

m4
W

+ ...,

∫
dydz

y

(m2
W − yzm2

H)
=

∫
dydz

z

(m2
W − yzm2

H)
∼ 1

6

1

m2
W

+
1

60

m2
H

m4
W

+ ...,

∫
dydz

yz

(m2
W − yzm2

H)
∼ 1

24

1

m2
W

+
1

180

m2
H

m4
W

+ ...,

:Ty�At�� ­CAb`�� Yl� �O�t�
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MW (H −→ γγ) =
8m2

W e
2

v

i

32π2
[
1

2
(
1

ε
− γ)(6ε+

m2
H

m2
W

ε)(
1

2
− ε

2
lnm2

W +
ε

24

m2
H

m2
W

+ ...)gµν

−(
8

2

1

m2
W

+
8

24

m2
H

m4
W

− 12

24

1

m2
W

− 12

180

m2
H

m4
W

− 2

24

m2
H

m4
W

+ ...)p2µp3ν − (
3

24

m2
H

m2
W

+
3

180

m4
H

m4
W

− 7

4

m2
H

m2
W

− 7

48

m4
H

m4
W

+
1

48

m4
H

m4
W

+
3

2
+

3

24

m2
H

m2
W

+ ...)]

εµ(p2)εν(p3), (2.105)

MW (H −→ γγ) ≈
im2

W e
2

4π2v
(
7

4

m2
H

m2
W

gµν −
7

2

p2µp3ν

m2
W

)εµ(p2)εν(p3)

= −7

2

im2
W e

2

4π2v
(p2µp3ν −

m2
H

2
gµν)εµ(p2)εν(p3), (2.106)

: Mf (H −→ γγ) ¤MW (H −→ γγ) �� �� {§w`t� �wq�  µ�

MH−→γγ = Mf (H −→ γγ) +MW (H −→ γγ)

=
2iα

πv
(p2µp3ν −

m2
H

2
gµν)

[
Q2
fNcI(

m2
H

m2
f

)−K(
m2
H

m2
W

)

]
εµ(p2)εν(p3)(2.107)

: �y�

I(
m2
H

m2
f

) =

∫
dydz

1− 4yz

1− yzm2
H

m2
f

.

K(
m2
H

m2
W

) =

∫
dydz

4− 6yz − yzm2
H

m2
f

1− yzm2
H

m2
f

.

: 	tk§ �®�mR³� �d`�

ΓH−→γγ =
m3
Hα

3

16π2m2
W

∣∣∣∣∣Q2
fNcI(

m2
H

m2
f

)−K(
m2
H

m2
W

)

∣∣∣∣∣
2

.
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�y�An§ w�¤r� T§wq�� �®�Aft�� 7.2

©Cw�  Am�A`�� �� �� �rV �� Ah��rt�� �� T§r\� ¨mk�� �y�An§ w�¤rk�� T§r\�

��Ð ¤ ]35, 34[ �qts� �kK� �A�C�wk�� �Ðwm� �®� �� �§�¤E �Cw� ¤  Am�A�

�Amys� 
sy� Ah�� w\�¯ �y� , ¤r�wn�� ¤  w�¤rb�� ��� �A�¤C Ah�� �ÐAm� �rK�

�rV �� �C�wk�� �F� Ahyl� �lVÂ� ,�Amys� �®�� 	y�r� �� ­CAb� ¨¡ �� Ty�¤�

 �d��  w�¤ ,�rbn§r� CAkF¤� ¨k§r�±� �rt�� �A`�� Hf� ¨� ¤ , Am�A� ©Cw� ��A`��

�ºA�¤ ( �CE±� ¤ rm�±� ,rS�±� )  wl�� Tn�J ¨¡ ¤ �A�C�wk�� Ah� zymt� Tyt��w�

{`b� Tbsn�A� ��Ð¤ Tymk�� T�A��� Hf� ¨� �A�C�wk��  w�¤ �kK� ��� ¢t§r\�

T§r\� Ah��� ¨mk�� �y�An§ w�¤rk�� T§r\� �§r`� �km§ .(Ω− (sss)) ��� �A�w§CAb��

. SUC (3) ­r�z� ¨l�m�� rZAnt�� Yl� dmt`� T§wq�� �®�Aft��

T§r��� Am¡¤ ¨mk�� �y�An§ w�¤rk�� T§r\n� �yty}A� �¡� �r`�  � �km§ Am�

:¨�wl�� rO��� Ty}A�¤ T�CAqm��

 �� Ty�A� ��Aft�� T�AV 
�A� �Ð� ¢�� Yl� Ty}A��� £@¡ Pn� : T�CAqm�� T§r��� •
.�d� �y`R  wk§ �A�wyl���¤ �A�C�wk�� �y� ��Aft��

�O� ��@�¤ ,AhS`� �� �A�C�wk�� �d`t�� Aml� ­wq��  � z� :¨�wl�� rO��� •
r� �kK� �A�C�wk�� d��  � �km§ ¯ ��@�¤ ,�d� Ty�A� ­w� 	lWt§ �A�C�wk��

. �A�¤Cdyh�� TlkK� TWb�r� �A�C�wk�� d�� ©� T`ybW�� ¨�

¨��r�®��  ³At�� �kK�� ¢��A�C�wkl� ­r��� �®�Aft���O§©@�� ¨��r�®��  �

:¨�At�� �kK�� ¢� �A�C�wkl� ­r��� �®�Aft�� �O§ ©@��

(2.108) L = qj (x) (iγµ∂µ −mj) qj,

Tts�� �Ahkn�  �w�±� Ty�®� ��m§ j = 1..6 rJ¥m�� ¤ qj =
(
qr, qb, qg

)T
�y�

©CAy`m�� �w�t�� �®� d�A}  wk§  � 	�§ ��As�� ¨��r�¯�  � .q �A�C�wkl�

:¨�At�� �A�C�wk�� �wq�� ¨l�m��

(2.109) qj (x)→ q′j (x) = eiαa(x)Taqj (x) ,
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�A�wfOm�� ��m� λa ¤ SU(3)C Ty�wl�� ­r�zl� Ty�Am��� ��d�wm�� ¨¡ T a = λa

2
�§�

:Ty�At�� �A�®`�� �q�� ¨¡ ¤ , Am�A�� Ty�Am���

(2.110)



λa = λ+
a ,

T r (λaλb) = 2δab,

T r (λa) = 0,

[λa
2
, λb

2
] = ifabc

λc
2
.

�w�t� T§wq�� ­wq�� �®�A� C¤ 	`l� ¨t�� ,Ga
�A�wyl�l� Ty�Am��� �wq���  �

:¨�At�� ©CAy`m�� �w�t�� ��¤

(2.111) Ga
µ (x)→ Ga

µ (x)− 1

gs
∂µα

a (x)− fabcαb (x)Gc
µ (x) ,

.rZAnt�� Tysk� ¤ Tyqyq� �y� ��Ð ¨¡¤ SU(3) ­r�z�� Tyn� 
��w� ¨¡ fabc �y�

d�¯ ,(111.2) ¨l�m�� ©CAy`m�� �w�t�� �®� d�A} (801.2) ¨��r�¯  wk§ ¨k�

:¨�At�� ry�t�®�� �tKm�� ��d�tF� ��

(2.112) Dµ = ∂µ + igsT
aGµ

a ,

¨��r�¯ ­CAb� ¢yl� ¤ .SU(3)C ­r�zl�  �rt�¯� 
�A� ��m� gs �y�

:¨�At�� �kK�� Ah� ¨l�m�� ©CAy`m�� �§w�t�A� d�AO�� �y�An§ w�¤rk��

(2.113) LQCD = qj (iγµ∂µ −mj) qj − gsqγµTaGa
µ −

1

4
Ga
µνG

µν
a ,

(2.114) Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabcGµ
aG

ν
b ,

­r�E SU(3)C T§wq�� �®�Aft�� ­r�z��  w� T�yt� Ahny� Amy� �A�wy�w��� ��Aft�

.Tyl§db� ry�
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T§C@�� �Amys�l� ©CAy`m�� � wmn�� CwO� ¤ �A�A�� 3

«wq�� ¤ Ah�®�Af�¤ ­ Am�� T`ybV �}¤ ¨� �r¡A� �A�� �q� ©CAy`m�� �Ðwmn��

�� d§d`�� rysf� �� ©CAy`m�� � wmn�� z�� ��Aqm�� ¨� �k� ,Ahyl� ­r�¥m��

£@¡ ¨� �@h� , wk�� Tyn� ��5% Xq� ��m� AhfO§ ¨t�� ­ Am�A�  wk�� ¨� r¡�w\��

. ©CAy`m�� � wmn�� �A�Af��¤ �A�A�� Er�� r�@� �wF ­rqf��

: ©CAy`m�� �Ðwmn�� �A�A�� ◦

ν̄e ¨�¤rtk�³� wn§r�wn��  AS�  w�¤ �� Ayb§r�� d��t�� ¨� �Ðwmn�� �A�� .(1)

. ]36[1956 �A�

�ytl¶A�  w�¤ �� d��t��¤ 1962 �A� νµ ¨�wym�� wn§r�wn�� �AKt�� .(2)

. �A�wtbl� �ytflt��

Ahn� d��t��¤ 1968 �A� (strang) ¤ (down) ¤ (up) �A�C�wk�� �AKt�� .(3)

�A�(Bottom) �C�wk��¤ 1974 �A�(charm) �C�wk�� �AKt�� ¤ ,Ayb§r��

.]37[1977

wn§r�wn�� �AKt�� �� ,�A�wtbl�� �� �w� �q�� w¡¤1975 �A�τ ¤At�� �AKt�� .(4)

. �A�wtbl� T��A��� Tl¶A`�� �Amt��¤ ,1995 TnF ©¤At��

.1979 TnF �A�wyl��� ¨� Tl�mtm��¤ T§wq�� T§¤wn�� «wq�� �®�A� �AKt�� .(5)

,Top �C�wk��  w�w� ]38[ 1973 �A� w�AFA�¤ ¨JA§A�w� ��A`�� �bn� .(6)

�A�C�wkl� T��A��� Tl¶A`�� �Amt��¤ ,1995 TnF Ayb§r�� £ w�¤ �� d��t��¤

.

TnF Tfy`S�� «wq�� ��A� �� T�¤¥sm�� Z ¤ W±
�A�¤Ewb�� �AKt�� .(7)

.]39[1983

�bn� ¨t�� ]40[ T§ Ay���¤ T�w�Km�� ��CAyt��  w�¤ �� Ayb§r�� d��t�� .(8)

.]41[1973 �A� �®s�� db�¤ �rbn§¤ ¤ wJ®� A¡ w�w�

�A�¤C Ah�� � AO� ¨� A¡d}C �� Yt��¤ 2012 TnF z�yh�� �Amys� �AKt�� ¤ .(9)

.]42[ rybk��

: ©CAy`m�� �Ðwmn�� �A�Af�� ◦
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SU(3) ¤ SU(2) ¤ U(1) r�zl� gs ¤ g2 ¤ g1 ���w��� d§d�� �� �Ðwmn�� z�� .(1)

.��Ð Ty�Ak�� 
b�� ¨t�� �ÐAmn�� {`� Hk� Yl� d��¤ 
�A� ¨� 	y�rt�� Yl�

. Ah�Amys� ¤ Tml\m�� ­ Am�� T`ybV T�r`� �� ©CAy`m�� �Ðwmn��z�� .(2)

�lm� �ÐAm� ,¨�At�� ��¥s�A� TlkKm�� £@¡ �l`t� :¨�rh�� �slst�� �kK� .(3)

rysf� �� z�`�� Y�� T�AR³A� ? Ahyl� ¨¡ ¨t�� �yq�� �Amys��� �t�

. Ty� A��� «w�¤ Tfy`S�� «wq�� �y� rybk�� �®t�³�

­ Am��¤ ­ Am�� �y�  w�wm�� �§Abt��rysf� ¨� ©CAy`m�� �Ðwmn�� z�� .(4)

�Ðwmn�� ¢� �bn�A� Hk� Yl� ,­ A� �� ­CAb� ¢lm�� ¨�  wk��  � Ð� ,­ ASm��

rZAn� ¨� �r��� �@¡  � ¯� ,Ts�A`t� Tn�J  Aklm§¤ Am¡Atym� ©¤Ast�

.  wk�� ¨� ­ Am�� {¶A� rsf§ ¯ (CP ) Ty�¤z�� --Tn�K��

. TyFAF±� «wq�� �ym� dy�w� �Ðwmn�� �yWts§ �� .(5)

,T�¤d`� Tlt� Ah� ©CAy`m�� �Ðwmn�� ¨� �A¡wn§r�wn�� :�A¡wn§r�wn�� Tlt� .(6)

¨t�� �A¡wn§r�wnl� Tfy`S�� Tltk�� rysf� �� ©CAy`m�� �Ðwmn�� z��

. 
CA�t�� Ah�rhZ�

Tfy`R Tbs� rs� ©CAy`m�� �Ðwmn�� :¨�w�wmFwk�� ©CAy`m�� �Ðwmn�� 	s� .(7)

. Xq� ¢�A�wk� �� %5 Yl� �r`t�� �� �km� Ð� , wk�� Tyn� ��
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3 
Ab��

�A� AOm�� ºA§zy�

�A� AOm�� ��w�� 1

�A� AO� º�r�� 	lWt§ �ym� �kK� T�AW��¤ ­ Am�� Q�w� Yl� �r`t��  �

¨� �Amys��� ºA§zy� 
CA�� �®� �� ��Ð¤ ,Ahny� Amy� Ty�¤±� �Amys�l�

:�y�w� Y�� �nO� ¨t�� ¤ �A� AOm��

�Amys��� �§rs� ��� ��  ¤r�wlkys�� �rs� �m} :Ty�C�¤d�� �A� AOm�� ◦
 ®kK§ , Ay��wWF� �O�  Ay�d`�  Af§w�� ��  wkt§ ,¨�¤zl� CAs� rb�

��� �� X�A�m�� �� T�wm�� ��  wk� ¢�� Am� ,º�wh�� �� T�rf� ­r¶� 

Yl� �m`� T§w§ �r�� ��  rt�� �§¤A��¤ ,�Amys��� CAs� Yl� T\�A�m��

�Amys��� �§rs� Tylm� ,�J�wk�� Y�� T�AR³A� ,�Amys��� T�rF ­ A§E

,¨¶A�rh� �q� Ahyl� �bW§ ,T�w�Km�� �Amys�l� �bn�  w�¤ Yl� �wq�

¨syVAn�� �q� �Amys��� Yl� �bW§ ¨n�nm�� CAsm�� Yl� _Af��� ��� ��

�@¡ Ty�A�³� �� ,Ty¶�dt�³� T�rs�� �A`J Yl� « wm� ¤ �\tn�¤ 
�A�  wk§

TyFAF±� Tybls�� A�� ,�A� AOt�� �¤d� �¯Amt��  d`� �A� AOm�� �� �wn��

�O� �At�� Ah�� Am�  ¤rtknyF �A�A`J� �kJ Yl� T�AW�� �AyR ¨� ��mt�

�� �wn�� �@¡ Tflk� ­ A§E ¨� �¡As§ ©� �lk� r�� w¡ ¤ ryb�  �C¤ rW�

.]43[ 
CA�t��

�Amys��� �§rs� ��� ���A� AOm�� �� �wn�� �@¡ �m} :TyW��� �A� AOm�� ◦
�� TlslF �� �A� AOm�� £@¡  wkt� ,Tmyqts� ��CAs� ��¤ ,T�w�Km��
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Ty��wWF� �� ¤rtk�� Tlsls� ­ ¤z� ,º�wh�� �� T�rfm�� Ty��wWF±� 	y�A�±�

TyFAF±� Tybls�� �mk� ,]44[ 
¤Ant� dh� CdO� TWF�w� AhS`� �� Xb�r�

zymt� Ah�� ¯� � AOt�� �¤d� �Amt�� Tl� ¨� �A� AOm�� £@¡ ��� ¨�

.
AWftF³� Ty}A��

rybk�� �A�¤C Ah�� � AO� 2

�q§ ,��A`�� ¨� �Amys�l� �rs� «w��¤ rb�� rybk�� �A�¤C Ah�� � AO� rbt`§

�rf� ©r¶� 
wb�� �� ­CAb� � AOm�� �@¡ ,Tys�rf�A- T§rs§ws��  ¤d��� Yl�

27 
 Cdq§ ¢tql� rW� ¤ |C±� �WF 
�� rt� 170 �m� Yl� �q§ ,º�wh�� ��

ºAK�� �� �A`�� �dh�� ,( Ty�wk�� �A�A`J³� L§wK�¤ �w}¤ �n� ��� ��) �l�

. z�yh�� Tmys� �� d��t��¤ , wk�� �}� T�r`� w¡ � AOm�� �@¡

rybk�� �A�¤C Ah�� Xys� XW�� : 1.3 �kJ

�� ,14TeV ¨¡ � AOm�� Ah�lb§ Tltk�� z�r� T�AV YO��  �� Tylm`�� Ty�An�� ��

�A�w§±� ��dW}� Ty�Ak�� Y�� T�AR³A� (p − p ) ��dW}� �t§ � AOm�� �@¡ �®�

�A�w�¤rb�� �§rs� Tylm� �t� , 1034cm−2s−1
� AOm�� ­CA�� �lb� ,(Pb−Pb ) Tlyq���
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�ybW� �t§ ¨n�n� CAs� ¨� �Amys��� ºAq�� ��� ��¤ ,¨¶A�rh� �q� TWF�w�

8.3 
 ¨syVAn�� 	W� ¨¶An� 1232 Yl� � AOm�� ©wt�§ �y�� ¨syVAn�� �q�

�rs� ¨� Ah`§rs� �t§ T§�db�� ¨f� ,���rm� rm� �A�w�¤rb�� �§rs� Tylm� ,Tesla

�lbt� ps  w�¤rb��  ¤rtkynyF TWF�w� �rs� �� ,25GeV Aht�AV �lb� �y� ¨W�

Aht�AV �f�rt�sps �¶Af��  w�¤rb��  ¤rtknyF ¨� �rs� A¡d`� ,50GeV Aht�AV

��dW}� ,14TeV T�AWl� Tmy� YO�� �lbt� lhc Y�� T§Ahn�� ¨�¤ ,450GeV Y��

. lhc �� �J�wk� �r`§A� ¤� TyFAF� �AW�� T`�C� ¨� �t§ �A�w�¤rb��

:ATLAS HlV� �JA� ◦

,p−p �A�w�¤rb�� ��dW}� ¢y� �t§ ,rb�±� w¡ HlV� �JA� d`§ ����� �y� ��

�JA�  wkt§ ,¨sy¶r��  ryF ��w� �� 
rq�A� |C±� �WF 
�� £ºAn� ��

�JA�¤ r`sm�� ºz���¤ ¨l��d�� �JAk�� ¨¡¤ ,�K� ��d�¤ �®� �� HlV�

Y�� T�AR³A� �A�Ayb�� �� �¶A¡ �� 
A`ytF� Yl� ¢�Cd� ¢��zy� �¡� �� , wym��

Tmys� �� ��b�� w¡ �JAk�� �@¡ ��d¡� �¡� �� ,�dqt� �y�K� �A\� Yl� £ Amt��

. Tml\m�� ­ Am�� �kK�  � �km§ �Amys� �� ��b�� Y�� T�AR³A� z�yh��

:CMS �JA� ◦

��¤ |C±� �WF Yl� £ºAn� �� ©@�� dy�w�� w¡ �JAk�� �@¡ Ah�  rfn§ ­zy� �¡�

Am� ,¨��wWF� �kJ d��§ ��R HyVAn�� �w� ¨nb� ¢�� Y�� T�AR³A� ,¢��z��

¯� HlV� T�r�� �d¡ Hf� Ah�  � �� ��r�A� ,®s� 4 �lb§ ¨syVAn�� �q� d�w§

. HyVAn�m�� �A\n� �lt�� �ymO�¤ Tflt�� Tynq� �wl� �d�ts� Ah��

:LHcb �JA� ◦

¢Rr� ¤ rt� 21 ¢�wV �lb§ ,T§wts� �J�w�¤ �AyW� �� LHcb �JA�  wkt§

£@¡ {t�� ,|C±� �WF 
�� rt� 100 �m� Yl� �q§ CAt�� 10 ¢�Af�C� ¤ rt� 13

{�An�) ��Amt�� �d�¤ ­ ASm�� ­ Am��¤ ­ Am�� �y� �A�®t�³� TF�C ¨� T�r�t��

.(CP

:ALICE �JA� ◦

TF�Cd� ¢mymO� �� ,Tlyq��� �A�w§±� ��dW}� TF�C �t§ T�r�t�� £d¡ �®� ��

A�E®� TF�Cd� �wq§ �JAk�� �@¡  � Am� ,��Aft�� ­d§dJ Tfy�k�� ­ Am�� ºA§zy�
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�dh�� ,¨mk�� �y�An§ w�¤rk�� ¨� rO��� Ty}A� �h�¤ ,�C�w� -  wyl���

.An�wk� T�wkm�� �Amys��� �rhZ �y� T�r`� w¡ �JAk�� �@h� ¨sy¶r��

(ILC) ¨�¤d�� ¨W��� � AOm�� 3

¢tflk� T�yt� �¤ ­d� ¢yl§wm� ¨� 
�rtJ� �¤rK� w¡ ¨�¤d�� ¨W��� � AOm��

�A�¤rtk�³� �§rst� ­�Kn� �� ­CAb� w¡ ¤ ,2013 ¨� ¢mmyO� �§dq� �� T`f�rm��

Ayl`�� �A�AW�� Y�� �� 15 Amhn� d��¤ �� �wV �A�rs� ¨� �A�¤rt§Ewb�� ¤

� AOt�� ���w� TF�C �� �ysk`t� �yh��� ¨� X�w�  ¤rtk��A�y� 500 T§A� Y��

 A�Ay�� �AmJ ¨� ­�Knm�� £@¡ �q� ¤ Ay�w�wnk� �yflt�� �yfJA� �®� ��

TbFAn� T·y� ry�w� ¤ Ty�wk�� �A�A`J³� 	n�t� ��Ð ¤ ]26, 25, 24[ �Ab��� 
��

.Ah�AKt�� �� rybk�� �A�¤C Ah�� � AO� z�� �Amys� �AKt�¯

¨�¤d�� ¨W��� � AOm� Xys� XW�� : 2.3 �kJ

S Ty¶AO�³� T�¯d�� ¤ L ­CA�³� 4

¨t�� �A�Ayb�� � �E ­AR³� � �E Aml� ¢�� ¨� �A� AOm�� ¨� ­CA�³� Tym¡� �mk�

.¢�wWF ­w� �A�¤C Ah�� � AO� P¶AO� ��¤ ,Ah`m� �km§

: Ty�At�� T�®`�A� � �w���  d� �� ryb`t�� Annkm§
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(3.1) N = Lσ

:�y�

. � �w���  d� :N

.( ��Aft�� �¤d� �Amt�� Hyq§) �A`f�� �Wqm�� : σ

. Tl�Aktm�� ­CA�³� :Lint

:�r`� Ty\�l�� ­CA�³� LHC ¨�

(3.2) L =
n1n2

F
f

r��w�ν ,­d��w�� T�z��� ¨� �A`�d��  d� b ,�A`�d�� � AO� r��w� f : f = bν

. �A`�dl�  �C¤d��

. T�z� �� ¨� �A�w�¤rb��  d� n2 ¤n1

­d�¤ ¨� T�Asm�� 
wlqm� ­CA�³� xAq� ,�A`�dl� ¨Rr`�� �Wqm�� T�As� :F

.m−2s−1
��z��

: ¨l§Am� Tl�Aktm�� ­CA�³� �r`� Am�

(3.3) Lint =

∫
Ldt

� �w�l� ryb�  d� Yl� �wO��� ��� �� ��Ð¤ T§C¤rR Tl�Aktm�� ­CA�³� £@¡

Ty¶AO�³� T�¯dl� ¨�At�� �§r`t�� Anlm`tF� ­r�@m�� £@¡ ¨� .­C An�� �®�Aft�� ¨�

�� T�CAqm�A� T§Af� ryb�  wk§ ¯ Tyfl�l� �AÌ`f�� �Wqm�� Am� �@¡ ¤ ,]45[ S

­CAJ²� |r`�� �Wqm��

(3.4) S =
√

2 ∗ [(NS +NBG) ∗ log(1 +NS/NBG)−NS],

 A�r`m�� ¤ ,	y�rt�� Yl� ­CAJ³� ¤ Tyfl�l� ��d�±�  d� Am¡ NS ¤ NBG �§�

:Ty�At�� T�®`�� ��¤
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(3.5) NS,BG = E2.Lint.σS,BG,

CAt�m�� ��Aft�� ¨� ,d��¤ �� ��� w¡ ¤ �Amys��� zym� Yl� ­Cdq�� w¡ E �y�

0.8 ¨¡ ¢tmy� ¤ (Bottom) �C�wk�� zym� Yl� ­Cdq�� w¡ E ­r�@m�� £@¡ ¨�

.]46[

�A� AOm�� ºA§zy� ¨� Ty�r��� ��ry�tm�� 5

��ry�t� TWF�w� �A� AOm�� ¨� Ty¶Ahn�� T�A��� �Amys� T�r� �}¤ �t§

�� ���wtl� ��Ð¤ ¨��wWF� �Ay��d�� �A\n� �S�� ��ry�tm�� £@¡ ,Tyky�An§ 

: ¨l§Am� ��ry�tm�� £@¡ �r`� �Ð� , � AOm�� �J�wk� ¨Fdnh�� �kK��

CAs� �y� ­CwO�m�� θ T§¤�z�� �}w� �m`ts� :]47[ Pseudo − Rapidity ◦
:­d�w�� �§d� ¨¡ ¤ ,Z T�z��� Cw�� ¤ �Amys���

(3.6) η = −ln
∣∣∣∣tanθ2

∣∣∣∣ =
1

2
ln


∣∣∣−→P ∣∣∣+ Pz∣∣∣−→P ∣∣∣− Pz

 ,

Tybsn�� ¨� .T�z��� Cw�� ��¤ T�r��� Tymk� ªAqF³� pz ��m§ �y�

�bO� ,ºwS�� T�rF �� Tb§rq�� ¤ T§A�l� ­rybk�� �A�¤rs�� ��� �� T}A���

:]47[ ¨�At�� �kK�� Yl� �bO� ¤ (Rapidity) y T�rsl� T·�Ak� Pseudo−Rapidity

(3.7) y =
1

2
ln

(
E + Pz
E − Pz

)
=

1

2
ln

(
(E + Pz)

2

(E2 − P 2
z )

)
= ln

(
E + Pz
MT

)
.

 �ry�t� Amh�± ,θ T§¤�z�� Yl�Rapidity T�rs�� ¤ Pseudo − Rapidity�Sf�

.zt��Cw� �®§w�� ��¤  �d�A}  Ayky�An§ 

: ET TyRr`�� T�AW��¤ PT ¨Rr`�� ��d�� ◦
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�§d�A}  Ayqb§ �y�� ,Ty�wtbl�� �A� AOm�� ¨�  ®m`ts§  Ayky�An§  �ry�t�

. zt�Cw� �§w�� 
��

: T�®`�A� ¨Rr`�� ��d�� ­CAb� YW`�

(3.8) PT =
√
P 2
x + P 2

y

.(OZ) � AOt�� Cw�� �wV Yl� T§ wm`�� T�r��� Tym�  ®�m§ Py ¤Px

:]47[ T�®`�A� YW`� TyRr`��T�AW�� ­CAb� A��

(3.9) ET =
√
M2 + P 2

T

.Tmys��� Tlt� ��d`�� dn� ¨Rr`�� ��d�� ¤ TyRr`�� T�AW�� Tmy� «¤Ast�

:TyRr`�� Tltk�� ¤ ­d�AO�� Tltk�� ◦

Yl� zt�Cw� �§w�� 
�� �y�d�A} Am¡®� TyRr`�� Tltk��¤ ­d�AO�� Tltk��

.(OZ) Cw�m�� �wV

: ­CAb`�A� ­d�AO�� Tltk�� YW`�

(3.10) M2 =

(∑
i

Ei

)2

−
(∑

i=1

−→
Pi

)2

:]47[ ­CAb`�A� YW`� TyRr`�� Tltk��

(3.11) M2
T = M2 − P 2

Z

. 
wb�±� �wV Yl� T§ wm`�� T�r��� Tym�Py ¤Px
(
P 2
Z = −P 2

x − P 2
y

)
: �y�

∆R �yV¤r�m�� �O� rW� �On� dOq§ ¤ :�yV¤r�m�� �O� rW� �O� ◦
�§rV �� �tn� ¨t�� �A�¤Cdh�� ¨V¤r�� �y� �Of�� �� rb`� ¨t�� Tymk��

47



�t§ ,rybk�� ¨�¤Cdh�� � AOm�� ��� T�AW�� Ty�A� �A� AOm�� ¨�  Cdht��

Yms� ­r¡AZ rb� �A�¤C A¡ ¨� ­r��� �A�wy�w��� ¤ �A�C�wk�� �ym��

�A�wyl��� ¤ �A�C�wkl� .Jet ��An�� �yS�� ª¤r�m�� Yms§ �§� , Cdht��

Ty�At�� T�®`�A� �r`§ ¤ ,�Amys��� ºA§zy� ¨�

(3.12) ∆R =
√

∆Φ2 + ∆η2,

.(Azimuthal) 
ms�� T§¤�E ��m� Φ ,Pseudo−Rapidity ��m� η �§�
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4 
Ab��

Tml\m�� ­ Am�� �ÐAm�

Ty�§CA� T�m� 1

�F³� �@h� 
ymF Tml\m�� ­ Am�A� �r`§ A� ARwm� r��±�  wk�� C�rF� �y� ��

T�AR³A� , wk�� Tyn� �� 85% 
CAq§A� ��m� ­ A� ¨h� ,Ah�w� ry�k�� �l`� ¯ An�±

¯ ­rqts� ¨¡ ¤ ,ºwS�� Ptm� ¯ ¤ CdO� ¯ ­ A� A¡CAbt��� ,AhtF�C T�w`} Y��

. A¡ w�¤ �y� w¡ ¨� A��� A¡ry��� Am�� ¤ 
�Aht�

¤ 1933 �A� ¨f� ,]48[ ¨k§¤E ©rs§ws�� ¨klf�� ��A`l� Tml\m�� ­ Am�� ­rk�  w`�

��r�m��  � ^�¯ (Coma)  wqn� ¨� ��r�m�� �� T�wm�m� ¢tb��r� �®� ��

 A� ¢\�¯ A� �k� ,A¡r�An� ¤ A¡d�Ab� Y�� © ¥§ Am� ,�d� Ty�A� �A�¤rs� C¤d�

Am� ©z�rm��  rW�� ­w� ��C ,A¡C�rqtF� Yl� 
\�A� ��r�m�A� ,��Ð Hk�

 AmS� ��r�m�A� Xy�� Ty¶r� ry� ­ A�  w�¤ �� d�¯ ¢�� �AtntF³A� ¢� �mF

 � ry� Tml\m�� ­ Am�� �F� Ahyl� �lV� ,Ahtlt� r§dq� �AWtF� ¤ A¡C�rqtF�

 � ¯� ,
�w�� �� ¨� �d� ­d§d� ­rkf��  wk� �y�K� ©� �l� �� ¢�A\�®�

­r��  �C¤d� AhtF�C �®� �� ��Ð¤ ,]49[1970 �A� ¢�rk� 
y�� �y�¤C �ry�

�� rb�� T�rs� C¤d� ��r�m��  � Y�� 
l}w� Ð� ,«r�� ��r��¤ �dy�¤Cd��

z�r� �y� T§¤Ast�  �C¤d�� T�rF  � 
\�¯ Am� ,Ty¶rm�� Ahtlt� Ah�nm� ¨t��

T�Asm�� � �E Aml� ¢�± ,��wy� �y��w� ¨� {�An� �l�A� �@¡¤ ,­r�m�� ��w�¤

��m� Ty¶r� ry� Tlt� Ah� Xy�� ��r�m��  � Y�� 
l}w� �@h� T�rs�� 
l�

Tyfl���  A}C� �®yl�� Y�� T�AR³A� ,AhkFAm� Yl� �m`� ,Ahtlt� �� %90 ¨��w�
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 wk�� ¨� ­ Am�� T�A��  � ¨n`§ �@¡¤ ,Ay�Ak� �Ws�  wk��  � �yb� Ð� ,T§¤rkym��

T�A�k�� Tbs�  � �A�As��� �rhZ� Ð� �q�t§ ��A� �@¡¤ ,T�r��� T�A�k�� ©¤As�

�k� , wk�� ¨� ­ Am�� T�A�� ��%5 E¤A�t� ¯  wk�� ¨� Ty¶rm�� ­ Aml� T�wkm��

.Tml\m�� ­ Am��  w�¤ ­rk� d§¥� Ty�w�wmsk��¤ Tyklf�� �A\�®m�� £@¡

Tymls�� Tml\m�� ­ Am�� 2

¤ ,©CAy`m�� �Ðwmnl� TWys� T`yFw� Tymls�� Tml\m�� ­ Am�� �Ðwm� rbt`§

rZAnt�� 
�� �r`� φ ∼ (1, 1, 0) © A�� ¨mlF �q� �A� � �®� �� ��Ð

¯ ¤ Z2 ¨lk�� rZAntl� �S�§ �q��� �@¡  � Am� ,SUC(3) ⊗ SUL(2) ⊗ UY (1)

,Tml\m�� ­ Am�� C¤ 	`� ¢�Amys�� �km§ ¨�At�A� ¤ ��rfl� T`�wtm�� Tmyq�� CwW§

,¨¶rm��¤ ¨f�m�� �AWq�� ��  �rt�³� Ty�Ak�� ¨¡¤ Ty}A�� z�yh�� �AW� zymt§

�� ��Ð ¤ Ty¶Ahn�� T�A��� ¨� ©CAy`m�� �Ðwmn�� �Amys� ¨W`� Ay��Ð Ynf� A�dn�

.]21[ z�y¡ rs� ¤� z�yh�� T��w� �®�

:Ty�At�� ­CAb`�A� �Ðwmn�� �@h� ��Aft�� ��r�¯ YW`§

(4.1) L = LSM +
1

2
∂µφ∂µφ− V (φ,H),

©CAy`m�� �Ðwmnl� z�yh�� Ty¶An� :H

�r`m��¤ �y`R¤rhk�� rZAnt�� CAsk�� �� ��An�� ¨mls��  wmk�A: V (φ,H)

:¨l§Am�

(4.2) V (φ,H) ⊃ 1

2
m2
φφ

2 +
csv

2
hφ2,

Tymls�� Tmys��� Tlt� :mφ

¨�wmk�� d�l� ¨�A�r�� X�r�� ��A�:cs

©CAy`m�� �Ðwmnl� © A`�� z�y¡ �q� :h
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�km§ Tyb§r�t�� Ty�An�� �� ,©CAy`m�� �Ðwmn�� ¨� ��rfl� T`�wtm�� Tmyq�� :v

CAhO�� T�yt� ��Ð¤ , ¤rt§Ewb- ¤rtk�� �A� AOm�� ¨� Tymls�� Tmys��� �At��

���rm�� �At�³� �®� �� ¤� ,e−e+ → e−e+h → e−e+φφ ,Z ©CAy`m��  ¤Ewb��

.]50[ AFAF�  Cdhty� 
�Aht§ �� e−e+ → Zh→ Zφφ

�AWq�� �� ¢��rt�� ¨¡ z�yh�� �AW� zym� Ty}A� �¡�  �� Aq�AF A�r�Ð Am� �Ð�


As�  �� ,h −→ φφ Ty¶r� ry� ­An� rb� �l�t§ z�y¡  ¤Ew�  A� �Ð�� ,¨f���

�@h�  �r���  �ry�tm�� Yl�  Amt�³A�  wk§ T�A��� £@¡ ¨� �®�mR³� �d`�

. mφ ¤ cs �Ðwmn��

Ty¶r� ry� ­An� rb� z�yh�� �kft� �®�mR³� �d`� 
As�

: ¨l§ Am� Ty�Am�³� T`s�� 	tk�

(4.3) Mh−→φφ = csv,

: T`s�� ��r�

|Mh−→φφ|2 = c2
sv

2,

: ¨l§Am� �®�mR³� �d`� 	tk�

(4.4) Γinv(h −→ φφ) =
1

2mh

∫
dQ
∑
|Mh−→φφ|2 ,

∫
dQ =

∫
1

(2π)2

(
p

4mh

dΩCM

)
,

An§d� _Af��³� �y��w� ��
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p2 = E2
φ −m2

φ ⇒ p2 = 1
4
m2
h −m2

φ ¤ mh = 2mφ

p =
mh

2

(
1−

4m2
φ

m2
h

) 1
2

,

∫
dΩ = 4π

:Yl� �O�t� {§w`t�A�

Γinv(h −→ φφ) =
c2
sv

2

2mh

4π

4(2π)2 (2mh)

mh

2

(
1−

4m2
φ

m2
h

) 1
2

,

=
c2
sv

2

32πmh

(
1−

4m2
φ

m2
h

) 1
2

. (4.5)

¨¶rm�� ry� z�y¡  ¤Ew� 
�Aht� �rft�� Tbs� Yl� ¨b§r�t�� dyq�� YW`§ Am�

: T�®`�A�

(4.6) Binv (h→ φφ) =
Γinv

Γinv + ΓtotSM
≤ 0.16,

� wmn�� ¨� z�y¡  ¤Ewb� ¨lk�� �®�mR� �d`� ��m§ ΓtotSM = 4.20MeV �§�

 �rt�¯� ��A� Yl� dy� Y�� ¢tm�r� An� �km§ ¨b§r�t�� dyq�� �@¡ .]51[ ©CAy`m��

]52[ ¨�At�� �kK�� Yl� mφ Tymls�� Tmys��� Tlt� ¤ cs

(4.7) cs ≤ 1.2882 ∗ 10−2

(
1−

( mφ

62.5 GeV

)2
)− 1

4

.

�� A�®W�� Tymlus�� �Amys��� ��¤E� �At�� Ahy� �t§ ¨t�� T�A��� Yl� z�r� �wF

Tmys��� Tlt� �§� �ÐAm� TF�Cd� �th� �wF An�� ¨n`§ �@¡ ¤ .z�y¡  ¤Ew� 
�Ah�

¨� �y� wmnl� ­r��� ��ry�tm�� �y� |r`ts� �§� ,mφ ≤ mh/2 �q�� Tymls��

.]52[(1.4) �¤d���
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­r��� ��ry�tm�� � Amn��

{mφ, cs} = {10 GeV, 1.25 ∗ 10−2}, M1

{mφ, cs} = {60 GeV, 2.35 ∗ 10−2}. M2

¨�A��� ¤ �¤±� � wmnl� ­r��� ��ry�tm�� �y� : 1.4 �¤d�

Ty�wy�rf�� Tml\m�� ­ Am�� 3

� wmn�� ¨��r�¯ 1.3

,�A¡wn§r�wn�� �t� �AKt�� �Amys��� ºA§zy� ¨� ­CA�� r��±� �¶Atn�� �y� ��

©w��� �®��� ¨� wn§r�wn�� 
CA�� ¨� �A�@�@t�� T\�®� �®� �� ��Ð¤

�y� �� ,©CAy`m�� �Ðwmn�� �yFw� ��� �� 
Ab�� 
�t� �¶Atn�� £@¡ ,HmK��¤

¨t�� Tml\m�� ­ Am�� �� ��b� ¨t�� ¨¡ ©CAy`m�� �Ðwmn�� E¤A�t� ¨t�� �ÐAmn��

Yl� dmt`§ r�µ� w¡ Ty�wy�rf�� Tml\m�� ­ Am�� �Ðwmn� ,AntF�C ��� ¨¡

Tlyq� Tynym§ �A¡wn§r�w� �®�¤ ,S+ (1, 1, 2)  w�K�¤ © A�� ¨mlF �q� T�AR�

Tlyq��� Tynymy�� �A¡wn§r�wn�� ���  wk§ ¨k� ¤ ,]9[i = 1, 2, 3 �y�Ni ∼ (1, 1, 0)

.]53, 09[�Wqtm�� ¨lk�� Z2 rZAnt�� AnqbV ,Tml\m�� ­ Aml� dy� �Jr� ¤ rqts�

Z2 :
{
S+, Ni

}
−→

{
−S+,−Ni

}
.

¨l§Am� �Ðwmn�� �@h� ��Aft�� ���r�¯ YW`§ ,Ty�¤E «r�±� �wq��� �ym� A��

:]54[

(4.8) L = LSM + {giαNC
i `αRS

+ +
1

2
mNiN

C
i Ni + hc} − V,

: �y�

( α = µ, e, τ )�¤A�wy� ­d§d��� X�r�� ���w� giα

(i = 1, 2, 3 , Tn�K�� ���r� r�¥� ��m� C ) Tnymy�� �A¡wn§r�w� NC
i

 w�Km�� ¨nymy��  wtbl��`αR
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 w�Km�� ¨mls�� �q���S+

Tlyq��� Tnymy�� �A¡wn§r�wn�� Tlt�mNi

�Aylm`��¤ ÐAK��  wyml� ¨syVAn�m�� �z`l� ­d§d� �Am¡As� �nm� (8.4) �®�Aft��

�t§ ¨t��¤`α → `β + ¯̀
β + `β ¤ `α → `β + γ ��� ¨�wtbl��  d`�� �htn� ¨t��

S± T�w�Km�� Tymls�� Tmys��� TVAFw�¤ ­d��¤ Tql� TWF�w� A`ym� A¡dy�w�

:�yy�At�� �ylkK�� ¨� �Rw� w¡ Am� ,Ni Tlyq��� Tynymy�� �A¡wn§r�wn��¤

γ

lα

lβ

Ni

S

S

S

lα

lβ

lβNi

γ
γ

lα

S

Ni

lβ

lα

.`α → `β + γ �A§Am`�� ¨� �¡As� ¨t��  Amn§A� �AWW�� : 1.4 �kJ

γ

lα

lβ

Ni

S

S
S

lα

lβ

lβNi

γ γ

lα

S

Ni

lβ

lα

lβ

l̄β

lβ

l̄β

lβ

l̄β

Ni

Nj
S

S

lα

lβ

l̄β

lβ

lα

Ni

Nj

S

S

lβ

lβ

l̄β

.`α → `β + ¯̀
β + `β �Aylm`�� ¨� �¡As� ¨t��  Amn§A� �AWW�� : 2.4 �kJ

: ]56, 55[T�®`�A� YW`� `α → `β + γ �rft�� Tbs� ¨� (8.4) �®�Aft�� Tm¡As�
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(4.9) ß(`α → `β + γ) =
3(4π)3αem

4G2
F

|AD|2 ∗ ß(`βναν̄β),

¨syVAn��¤rhk�� �y�d�� Tynb�� ��A� αem = e2

4π2

¨�CA� 
�A�: GF

T�� F (x) ¤ xi =
m2
Ni

m2
S

�y� ,	Wq�� ¨¶An� Tm¡As� AD =
∑3

i=1

g∗iβgiα

32π2m2
S
F (xi)

: ¨�At�� �kK�� Yl� 	tk� Tyql�

(4.10) F (x) =
1

6

[
1− 6x+ 3x2 + 2x2 − 6x2 log x

]
(1− x)−4

: Ty�At�� ­CAb`�A� �r`� `α → `β + ¯̀
β + `β �Aylm`l� �rft�� Tbs� A��

ß(`α → `β + ¯̀
β + `β) =

3(4π)3αem
8G2

F

∑
|AD|2 + |AD|2 (

16

3
log(

mα

mβ

)− 22

3
)

+
1

6
|B|2 +

1

3

m2
αm

2
β(3 sin4 θw + sin2 θw + 1

4
)

mw sin4 θw
|AD|2 + (−2ANDA

∗
D +

1

3
ANDB

∗ − 2

3
ADB

∗ + hc) ∗ ß(`α → `βναν̄β), (4.11)

: �y�

�rbn§¤ T§¤�E :θw

	Wq�� ¨¶An� ry� Tm¡As� : AND

T`�rm��  Amn§A� �AWW�� B

: ¨l§ Am�  At�r`� B ¤AND

(4.12) AND =
3∑
i=1

g∗iαgiα
96π2m2

s

∗G(xi),
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B =
1

16π2e2

3∑
i,j=1

[
1

2
D1(xi, yj)g

∗
jβgjαg

∗
iβgiα +

√
xixjD2(xi, yj)g

∗
jβg
∗
jαgiαgiβ],(4.13)

: ¨l§Am� T�r`� Tyql� ��¤ D2(xi, yj) , D1(xi, yj) ¤G(xi) �y�

(4.14) G(x) =
1

6
[2− 9x+ 18x2 − 11x3 + 6x3 log x](1− x)−4,

(4.15) D1(x, y) = − 1

(1− x)(1− y)
− x2 log x

(1− x)2(x− y)
− y2 log y

(1− y)2(y − x)
,

(4.16) D2(x, y) = − 1

(1− x)(1− y)
− x log x

(1− x)2(1− y)
− y log y

(1− y)2(y − x)
.

]52[(2.4) �¤d��� ¨� �y� wmnl� ­r��� ��ry�tm�� �y� |r`ts�  ±�

Ty�wy�rf�� Tml\m�� ­ Aml� Ty�A��� Tyb§r�t��  wyq�� 2.3

 wyml� ÐAK�� ¨sVAn�m�� �z`�� �l`tm�A� ¨b§r�t�� dyq�� 1.2.3

�z`�� �Am¡As� ,]57[� Amn�� {`� �� Hk`�� Yl� x¤Cdm�� � wmn�� �@¡ ¨�

:]14[ TyblF  wyml� ÐAK�� ¨sVAn�m��

(4.17) δaµ =
−m2

µ

16π2m2
s

∑
i

|giµ|2 F2

(
m2
Ni

m2
s

)
.

]58[ ©CAy`m�� � wmn�� �A`�w� ¤ Tyb§r�t�� �AFAyq�� �y� ­w�f�� ds§ ¯ Am�

.δaµ = aexpµ − aSMµ = 288(63)(43) ∗ 10−11
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�yq�� ­r��� ��ry�tm�� � Amn��

25.788, 28.885, 36.274, mNi (GeV)

196.75, mS (GeV) M3
75.063− i0.14367 0.0026819− i0.015758 −136.03i− 70.675

−3.6203− i35.9460 −0.0035368 + i0.041316 120.47− i286.100

−3.0602− i0.49553 0.057628− i0.2462700 −235.27 + i33.529

 , giα/10−2

62.184, 76.275, 95.736, mNi (GeV)

126.78, mS (GeV) M4
−60.008 + i2.4015 −0.55187− i1.1133 −32.641 + i41.313

5.0213 + i22.533 3.5209− i2.2480 −112.35− i32.473

4.2829 + i3.7764 −2.2562 + i2.3886 −171.25− i94.890

 . giα/10−2

���r�� ¤ ��A��� � wmnl� ­r��� ��ry�tm�� �y� : 2.4 �¤d�

¨�wtbyl��  d`�� �htn� ¨t�� �®�Aftl� Ty�A��� Tyb§r�t��  wyq�� 2.2.3

T�Rwm�� Tyb§r�t��  wyq�� �ym� �rt�� ¤ �q��  � (8.4) �®�Aft�� Yl� 	�§

(3.4) �¤d��� ¨�

�Aylm`�� Ty�A���  wyq��

B (µ→ e+ γ) 4.2 ∗ 10−13
]59[

B (τ → µ+ γ) 4.4 ∗ 10−8
]60[

B (τ → e+ γ) 3.3 ∗ 10−8
]61[

B (τ → e− + e+ + e−) 2.7 ∗ 10−8
]62[

B (µ→ e− + e+ + e−) 1.0 ∗ 10−12
]60[

B (τ → µ− + µ+ + µ−) 2.1 ∗ 10−8
]61[

¨�wtbyl��  d`�� �Aht�A� Tql`tm�� �Aylm`�� Yl� Ty�r�t��  wyq�� : 3.4 �¤d�
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Tyqbtm�� T�A�k�� 3.2.3

T§r\n�� ,�y\`�� CA�f�³� T§r\� ¨¡  wk�� ­�K� �w� A�wyJ r��±� TyRrf��

d`� ,T�A�k�� ,­C�r��� ,X�S�� Ty�A� TWq� �� ­CAb�  A�  wk��  � Yl� Pn�

,(... ,©¤wn�� �yl�t�� ,�Fwt�� ,¨�wk�� ��St��) ���r� ­d`�  wk�� r� CA�f�³�

 E�wt�� �@¡ ,©C�r�  E�w� �An¡  A�  wk�� rm� �� ­rkbm�� �A\�l�� ¨�

Ah�Amys�� Tml\m�� ­ Am�� ��Aft� �mF ��Ð  � Am� ,Tlyq� �Amys� �l�� �mF

Tylm`�� £@¡ �Ð� ,©CAy`m�� �Ðwmn�� �Amys� �� ��¤E� ¨W`§ ��Aft�� �@¡ ,­ ASm��

�l� �t§ Ah�®� �� ,�l��� Tylm� ¨¡ Tysk`�� Tylm`�� ,ºAn�³� Tylm`� �r`�

©CAy`m�� �Ðwmn�� �Amys� �� ��¤E� � AO� �§rV �� Tml\m�� ­ Am�� �Amys��

(�l��� �d`� ºAnf�� �d`�) ©C�r���  E�wt�� ºAn�� ,Ty�A`�� ­C�r��� �A�C 
��

.Tml\m�� ­ Am�� �Amys� C�rqtF� T�yt� ,
�A� �Amys���  d� Yqb§

T�C ¨� _Af��� ¢q��C �Fwt�� �@¡ ,�Fw� Tl�rm� r�  wk��  � �¤r`m�� ��

,Tml\m�� ­ Am�� �Amys� d�Ab� ¢n� �t� ,(©C�r���  E�wt�� �®t��) ­C�r���

�Ðwmn�� �Amys�� Ty�r��� T�AW�� Pq�  � Am� ,Ah¶An� �d� Y�� « � Am�

Yms� ,Tml\m�� ­ Am�� �Amys� �l� �d� ©� ��d}³� �¤d�� �ms§ �� ©CAy`m��

T�A�k�� ¨¡A�¤ ?dm�t�� T\�� T�r`� Annkm§ �yk� ,dm�t�� T\�l� T\�l�� £@¡

?Tyqbtm��

¨� Tml\m�� ­ Am�� �Amys�� T§ d`�� T�A�k�� Ah��� Tyqbtm�� T�A�k�� �§r`� �km§

T\�� T�r`� ,����� ­d�¤ ¨� Tml\m�� ­ Am�� �Amys�  d� ¨¡¤ dm�t�� T\��

�Fwtl� ��A¡ �d`� �� ¢§¤As� ¤ ��Aft�� �d`� 
As� �®� ��  wk� dm�t��

­ Am�� �Amys�  d� ��Aqm�A� �Fwt�� ¨� rmts§  wk�� dm�t�� T\�� d`� ,(H )

C¤r� �� Tml\m�� ­ Am�� T�A�k� P�An� Y�� © ¥§ Amt� �@¡ ,At�A� Yqb§ Tml\m��

­CAb`�A� T�r`m��¤  A�zt�w� T� A`� �®� �� P�Ant�� �@¡ TF�C �t� ,��z��

:]63[ Ty�µ�

(4.18)
dnDM
dt

= −3HnDM− < σv > (n2
DM − n2

DMeq
).

,Tml\m�� ­ Am�� ºAn�³ ¨Rr`�� �Wqm��σ ,�Fwtl� ��A¡ �d`� ��m§ H �y�

.Tybsn�� T�rs��v ,Tml\m�� ­ Aml� T§ d`�� T�A�k��nDM
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T�A�k�� ��� «r�±� Tyb§r�t��  wyq�� �rt��  � (8.4) �®�Aft�� Yl� 	�§

Tml\m�� ­ Am�� C¤ 	`l� �Jrm�� w¡ N1 A�rbt�� �Ð� ,Tml\m�� ­ Aml� Tyqbtm��

Tymls�� Tmys��� TVAFw�  wk� �wF ,ºAn�²� Tysy¶r�� ­Anq�� ,T�A��� £@¡ ¨�

ºAn�� ��wn�  w�¤ T�A� ¨� .N1N1 → `α`β Ty�At�� Tylm`�� ¨� S± T�w�Km��

¨� r�¥� �wF ºAn�²� ¨lk�� �A`f�� �Wqm�� ¨� Ty�AR� Tm¡As�  ��
(1)
,«r��

XbZ Anyl� 	�§ ,T�A��� £@¡ CAbt�³� �y`� A�d�� �Ð� ��@� .Tyqbtm�� T�A�k�� Tmy�

.]28[ ΩDMh
2 = 0.1186± 0.0020  �  AmS� � wmnl� ­r��� ��ry�tm��

LEP − II T�r�t� �l`tm�� dyq�� 4.2.3

� AO� ¨� 
m� ¨t�� ¤ ,­ wqfm�� T�AW�� ¤ © A�±�  wtf�A� Tql`tm�� �A��±�  �

�tk�� z�r� T�AV dn� �zk�C� ¨t��¤ , LEP − II rybk��  ¤r�§Ew�  ¤r�k��

��Ð 
�A� ,	y�rt�� Yl� 130.2 fb−1
¤ 176 Tq��w�  A`m� �yq� ¤ 209GeV ¤ 189

e−e+ → γ+ /ET Tylm`l� ¨Rr`�� �Wqm��  � �¤d�¤ �§� .]64[ T§A�l� TyblF T�yt�

�¤d�§ �� �h�� ¯� ,©CAy`m�� � wmn�� �A`�w� �� �ft§ Ty�A� T�d� 
ws�m�� ¤

 ¤r�k�� � AO� ¨� Tlyq� �Amys� �At�� �km§ ¢�� �h� d�¥§ d��¤ �y� ¯ ¤

.(S < 3) ©CAy`m�� � wmn�� �� ��r��� ©� �y�s� �d� ¤ ,rybk��  ¤r�§Ew�

An\�¯ �y� �Ðwmn�� ��ry�t� dyq� Anyl� 	�¤ ,¨bls�� ��b�� �@¡ Y�� � AntF� ¤

 wk§ dyq�� �@¡  �� �q�� ¨�wtbyl��  d`�� �Aht�A� �l`tm�� dyq��  wk§ A�dn� ¢��

.�rt��

­CAJ³� z§z`� �rV 3.3

�rft�� Tbs� w¡ TF¤Cdm�� �ÐAmnl� Ty¶Ah� T�A�� bb̄ d�� Yl� An`�J A�  �

,B
(
h→ bb̄

)
= 57.7% Cdq� ¨t�� ¤ bb̄ �¤E Y�� h z�y¡  ¤Ew� �®�mR³ ­rybk��

AS§� ¨¡ ¤ B
(
Z → bb̄

)
= 15.12% ¨¡ Z ©CAy`m��  ¤Ewb�� �rf� Tbs�  � Am�

­ºAfk�� Tbs�  ³ �Amt¡²� ry�� bb̄ + /ET ­Anq�� CAyt��  � Am� ­rbt`� Tbs�

�C�wk�� Yl� �r`t�� ºwF Amny� %80 ¨��w� �lb� (Bottom) �C�wk�� �� �Kkl�

]14[ ��rm�� ¨� �¯A��� C�r� Yl�
(1)
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¨W��� � AOm�� �� �� ¨� ,¨��wt�� Yl� %1 ¤ %10 �� ���� Cdq� u/d/s ¤ c

.]65[(ILC) ¨�¤d��

ry� �z��� ��d�tF�� e−e+ → bb̄ + /ET Tylm`�� TF�Cd� �th� ,­r�@m�� £@¡ ¨�

,�ASyf�t�� Hf� �� TbWqtsm�� �z��� �� TbFAn� �ASyf�� �� TbWqtsm��

¤ Ec.m. = 500 GeV �tk�� z�r� T�AW� �ytflt�� �ytmy� ��� �� ��Ð¤

Ty�r� �Aylm� �®� ©CAy`m�� �Ðwmn�� ¨� �lm§ ,TF¤Cdm�� Tylm`�� �§� ,1 TeV

�Ðwmnl� Tfyf��� �A¡wn§r�wn�� ¨¡ T`¶AS�� ¤� ­ wqfm�� TyRr`�� T�AW�� ¤

��Ð Tml\m�� ­ Am�� � wmn�� ¨� A�� .α = µ, e, τ �y� , /E
(SM)
T ≡ ναν̄α ©CAy`m��

Tynymy�� �A¡wn§r�wn�� �®��� �y� �� ��±� wn§r�wn��  �� ,Ty�wy�r� T`ybV

�ty� ,N2,3 ,Ahlq�� A�� ,Tml\m�� ­ Am�� C¤ 	`l� �S�±� �Jrm�� w¡ Tlyq���

T�w�Km�� �A�wtbl�� �� ��¤E� Y�� 
�Aht� �� ,�A� AOm�� ¨� �¤z� Ah�At��

�t� ¨t�� �Aylm`�� rb� N1N1 Tml\m�� ­ Am�� �� �¤E ¤ `αR`βR(α, β = µ, e, τ)

Tymls�� T`ybV ��Ð Tml\m�� ­ Am�� � wmn�� ¨� A�� ,S± Tymls�� Tmys��� TVAFw�

.Tml\m�� ­ Am�� C¤ 	`l� ¨t�� ¨¡ φ Tymls�� Tmys��A�

e−

e+

Z

Z

h

b

b̄

να

ν̄α

e−

e+

e−

Z

Z/γ∗

να

ν̄α

b

b̄

e−

e+

W

W

Z/h/γ∗
b

b̄

νe

ν̄e

e−

e+

Z

h

Z

φ

φ

b

b̄

(a)
(b) (c)

(d)

e−

e+

S

S

N1

b

b̄

Z/h/γ∗

N1

(e)

Tylm`�� ��� �� ­CAJ³� ¤ (b),(a) Tyfl��� ¨� �¡As� ¨t��  Amn§A� �AWW�� �¡�

�kJ 3.4 : .e−e+ → bb̄+ /ET
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�ASyf�t�� �Am`tF� Y�¤±� Tq§rW�� 1.3.3

�An¡ ,­CAJ³� z§z`� ¤ Tyfl��� {f� Yl� �m`�  � TbFAnm�� �ASyf�t� �km§

�Ay�A�rb��{`� �m`ts� �y� Ty�µ� Tq§rW�� ,�ASyf�t�� £@¡ d§d�t� �ytq§rV

¨t�� Ty�A��� Tq§rW�� �Am`tF� Annkm§ Am� ,�y� �kK� �ASyf�t�� ��r�tF¯

�A`J �Am`tFA� ��Ð ¤ �ASyf�t�� ��r�tF� ¨� ©rKb�� rOn`�� Yl� dmt`�

¨Rr`�� �Wqm�� dy�wt� �@¡ ¤ ,�A�¤r�§Ewb�� ¤ �A�¤r�k�¯� �� 	Wqts� ry�

Yms� �ASyf�t�� �� T�wm�� �Am`tFA� ­CAJ³� ¤ Tyfl��� �� �k� ¨lRAft��

Aht�CAq� ¤ � Amn�� ¤ Tyfl��� �A`§Ew� Yl� �wO��� �� Ty�¤±� �ASyf�t��

	`l�� ¤ 1 TeV ¤ ECM = 500 GeV �yflt�� �q� z�r� ¨t�AV dn� ��Ð �t§¤

An�� ©� TyW��� Ty�wtbyl�� �A� AOm�� ¨� Tlm`tsm�� Ty�r��� ��ry�tm�� Yl�

�m`� �� ­CAJ³A� xAsm��  ¤ Tyfl��� {f� Yl� �m`� ¨t�� �¯A�m�� �r�ts�

£@¡ ¨� TR¤r`m�� �¶Atn��  � ,]52, 18[ ��rm�� ¨� ��Ð �� Am� ,A¡z§z`� Yl�

.Aq�AF Cw�@m�� ��rm�� �� ­rJAb� 
lm`tF� Ahl� ­rqf�� £@¡ ¨� ­r�dm��

,(4.4) �¤d��� ¨� T�Rwm�� �ASyf�t�� �� Tl�Ak�� T�wm�m�� �ybWt�

ECM �ASyf�t�� T�wm��

500 15 < pbT , 30 < /ET , 71 < M b,b̄ < 145 , 0.4 < 4Rb,b̄, 90 ≤ Eb,b̄
T ≤ 230 , 210 ≤M b, /ET

T ,

1000 15 < pbT , 30 < /ET , 71 < M b,b̄ < 145 , 0.4 < 4Rb,b̄,125 ≤ Eb,b̄
T , 240 ≤M b, /ET

T .

z�r� ¨t�AV dn� e−e+ → bb̄+ /ET ��Aft�� ��� �� �ASyf�t�� �� Tl�Ak�� T�wm�m��

TyRr`�� T�r��� Tym� pbT ��m§ �y� .ECM = 1 TeV ¤ ECM = 500 GeV �q���

�C�wkl� ­d�AO�� Tltk�� ��m� M b,b̄
,­ wqfm�� T�AW�� ¨¡ /ET ,(b) ©r`q�� �C�wkl�

T�AW�� Eb,b̄
T .�yS�� ª¤r�m�� T§¤�E ¨¡4Rb,b̄ ,

(
b̄
)
©r`q�� �C�wk�� dR ¤ (b) ©r`q��

TyRr`�� Tltk�� ��m� M b, /ET
T ,

(
b̄
)
©r`q�� �C�wk�� dR ¤ (b) ©r`q�� �C�wkl� TyRr`��

�¤d� 4.4 : .GeV ­d�w� Cdq� �A�AW�� ¤ �tk�� �ym� .­ wqfm�� T�AW�A-©r`q�� �C�wkl�

T�z� An�Am`tFA� ¤ ,ECM = 1 TeV ¤ ECM = 500 GeV �q��� z�r� ¨t�AV dn�

T�Rwm�� �¶Atn�� Yl� AnlO�� ,�A�¤rt§Ewb�� ¤ �A�¤r��¯� �� TbWqts� ry�

(5.4) �¤d��� ¨�

®yl� {f��� ­CAJ²� ¨Rr`�� �Wqm��  � (5.4) �¤d��� �¶At� �®� �� ^�®�
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ECM (GeV) σBG (fb) � Amn�� σS (fb) σ′BG (fb) σ′S (fb) S100 S500

M1 1.475 0.520 0.9808 2.1936

500 108.19 M2 1.479 17.804 0.638 1.2024 2.6888

M3 1.425 0.956 1.7960 4.0168

M4 1.338 1.070 2.0088 4.4912

M1 0.352 0.282 0.3216 0.7192

M2 0.353 0.292 0.3328 0.7448

1000 233.27 M3 1.265 49.072 0.942 1.0720 2.3976

M3 0.954 0.760 0.8656 1.9352

¤σS, σBG Ty�¤±� �ASyf�t�� �Am`tFA� ­CAJ¯� ¤ Tyfl�l� ¨Rr`�� �Wqm�� �y� YW`�

dn� σ′S, σ′BG (4.4) �¤d��� ¨� T�Rwm�� �ASyf�t�� �� Tl�Ak�� T�wm�m�� �ybW� d`�

Tql`tm�� S500 ¤ S100 ­CAJ¯� Tym¡� .1 TeV ¤ ECM = 500 GeV �q��� z�r� ¨t�AV

�¤d� 5.4 : .	y�rt�� Yl� 500 fb−1
¤ L = 100 fb−1

�wWs�A�

ECM = 500 GeV �q��� z�r� ¨t�AV dn� ¤ TF¤Cdm�� � Amn�� �ym�� Tbsn�A�

T�Rwm�� �ASyf�t�� �� Tl�Ak�� T�wm�m�� Anlm`tF� Am� ��Ð ¤ 1 TeV ¤

Amny� Ty�¤¯� �ASyf�t�� Ahy� Anlm`tF� ¨t�� T�A��A� T�CAq� (4.4) �¤d��� ¨�

�tk�� z�r� T�AV dn� (79%)83.5% ¨��w�� Tyfl�l� ¨Rr`�� �Wqm�� {f���

.(ECM = 1 TeV) ECM = 500 GeV

Atl� dn� � Amn�� �ym�� Tbsn�A� ©CAy`m�� �Ðwmn�� �� ��r��� ©� d¡AK� ¯

 w�¤ ^�®� Amny� . L = 100 fb−1
�wWs�� Tmy� ��� �� Tltk�� z�r� T�AV

T�AV dn� M3,4 ���r�� ¤ ��A��� � wmnl� Tbsn�A� ©CAy`m�� �Ðwmn�� �� ��r���

dn� A�� . L = 500 fb−1
�wWs�� Tmy� ��� �� ECM = 500 GeV �tk�� z�r�

d¡AK� ¯ An��� �wWs�� Tmy� Hf� ��� �� ¤ ECM = 1 TeV �tk�� z�r� T�AV

.�ÐAmn�� �ym�� ©CAy`m�� �Ðwmn�� �� ��r���

�wWs�� �y� ��� �� (5.4) ¤ (4.4) �kK�� ¨� �A`§Ewt�� �lt�� |r`ts�  ±�

�q��� z�r� ¨t�AV ��� �� �wRw� ­CAJ³� ­d¡AKm� An� �ms� ¨t�� ¤ T`f�rm��

.	y�rt�� Yl� 1 TeV ¤ ECM = 500 GeV

Ah� Tymls�� Tml\m�� ­ Am�� T�A� ¨� �A`§Ewt��  � ^�®� ,(4.4) �kK�� �®� ��
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T}A� ,Ty�wy�rf�� Tml\m�� ­ Am�� ¤ Tyfl��� �A`§Ewt� T�CAq� Tflt�� �AkJ�

�C�wk��¤ b�C�wk�� �y� TybWq�� T§¤�z��Eb
, , cos(θb,b̄) :Ty�At�� �A`§Ewt�� ��� ��

Ty�wy�rf�� Tml\m�� ­ Am�� �A`§Ew� A�� .cos(Θb,b̄) ¤ ηb,b̄ ,M b, /ET ,pbT ,Eb
T ,  ASm��

�®� �� Amny� .Xys� ��r��� �� Tyfl��� �A`§Ewt� T�CAq� �kK�� Hf� Ahl�

Ty�wy�rf�� ¤ Tymls�� Tml\m�� ­ Am�� �y� T�whs� zymt�� �km§ An��� ,(5.4) �kK��

�� Yt� T�CAq� �@¡ ¤ �A`§Ewt�� �kJ ¨� �R�w�� �®t�³� 	bs� �� ¤

.Tyfl���


AWqtF³� Ty}A��� �Am`tF� Ty�A��� Tq§rW�� 2.3.3

Y�� ºA�l� d� , ¨�¤d�� ¨W��� � AOm�� ¨� �AqtF ¨t�� Tylbqtsm�� 
CA�t��  �

�O�  � �km§ ¨t��  ¤rt§Ewb�� ¤  ¤rtk�²� TbWqtsm�� �z��� Ty}A� �Am`tF�

 � Ahnkm§ �A�¤rt§Ewb�� 
AWqtF³� T�C A�� ,|P (e−)| < 0.80 £An`� %80 Y��

�ms� �wF ­zym�� ¤� Ty}A��� £@¡ ,]26, 25, 24[|P (e+| < 0.30) ©� %30 Y�� �O�

Am� .?Ty�A`J ¤� TymlF ,Ty�wy�r� ¨¡ �¡ ,Tml\m�� ­ Am�� T`ybV d§d�t� An�


AWqtF� �Aby�r� ��¤ ­CAJ³� T§wq� ¤ z§z`� ¤ Tyfl��� �b� ¤� �ylqt� �ms�

¤Ð  ¤rt§Ewb�� ¤ Tynym§ Tb�r� ¤Ð  ¤rtk�³� x¤Cdm�� ��Aft�� ¨�  ± ,Tny`�

:¨l§Am� �r`§  ¤rt§Ewb�� ¤�  ¤rtk�³� 
AWqtF�  � .T§CAs§ Tb�r�

(4.19) P (f) = (NfR −NfL)/(NfR +NfL),

Yl� T§CAsy�� ¤ Tynymy�� Tb�rm�� ��Ð �A�wy�rf��  d� w¡ NfL ¤ NfR �y�

.	y�rt��

�ASyf�t�A� _Aft�³� ¤ ,P (e−, e+) = [+0.8,−0.3] 
AWqtF³� Ty}A� �Am`tFA�

Hf� dn� Tq�As�� Tylm`�� Hf� �yl�� ¤ TF�C dy`� (4.4)�¤d��� ¨� Tq�As��

�l� �� Ah�CAq� ¤ (6.4) �¤d��� ¨� �¶Atn�� |r`ts� �§� ,�tk�� z�r� �A�AV

.TbWqtsm�� ry� T�z��� �Am`tFA� Ahyl� �O�tm��

Ahy� �m`ts� �� ¨t�� T�A��� �y� T�CAq� º�r��� ¤ ,(6.4) �¤d��� Yl�  Amt�³A�

{f��� ^�®� ,Ty}A��� £@¡ Ahy� Anlm`tF� ¨t�� �� TbWqtsm�� �z��� Ty}A�

�tk�� z�r� T�AV ��� �� %80 ¤ %72 ¨��w�� ,σBG Tyfl�l� �A`f�� �Wqm��
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P (e−, e+) = [0, 0] P (e−, e+) = [+0.8,−0.3]

Ec.m. (GeV) σBG(fb) Models σS (fb) S100 S500 σBG (fb) σS (fb) S100 S500

M1 0.520 0.9808 2.1936 0.558 1.9488 4.3584

500 17.804 M2 0.638 1.2024 2.6888 5.061 0.685 2.3832 5.3304

M3 0.956 1.7960 4.0168 2.166 7.2328 16.1736

M4 1.070 2.0088 4.4912 2.570 8.4944 18.9944

M1 0.282 0.3216 0.7192 0.303 0.7640 1.7096

M2 0.292 0.3328 0.7448 0.313 0.7896 1.7656

1000 49.072 M3 0.942 1.0720 2.3976 9.950 5.472 12.8312 28.6912

M4 0.760 0.8656 1.9352 4.219 10.0520 22.4784

T�wm�m�� �Am`tFA� σS(fb) ­CAJ³� ¤ σBG(fb) Tyfl�l� �A`f�� �Wqm�� �y� YW`�

500 GeV �tk�� z�r� T�AV dn� (4.4) �¤d��� ¨� T�Rwm�� �ASyf�t�� �� Tl�Ak��

�z��� �Am`tFA� ¤ (P (e−, e+) = [0, 0]) TbWqtsm�� ry� �z��� �Am`tFA� 1 TeV ¤

Tql`tm�� S500 ¤ S100 ­CAJ²� Ty¶AO�³� T�¯d�� . (P (e−, e+) = [+0.8,−0.3]) TbWqtsm��

�¤d� 6.4 : .	y�rt�� Yl� 500 fb−1
¤ L = 100 fb−1

�wWs�A�

.

¨��w�� σS ­CAJ²� �A`f�� �Wqm�� �f�C� Amny� .	y�rt�� Yl� 1 TeV ¤ 500 GeV

500 GeV �tk�� z�r� T�AV �� �� dn� ¨�A��� ¤ �¤±� �y�Ðwmn�� ��� �� %7

(%137) %98 ¨��w�� S ­CAJ²� Ty¶AO�³� T�¯d�� z§z`� ¨� �¡AF Am� .1 TeV ¤

�Af�C� ��s� Am� .�y�Ðwmn�� ®k� (1 TeV 500 GeV) �tk�� z�r� T�AV dn�

¤ (%140) %127 ¨��w�� ( ���r�� �Ðwmn��) ��A��� �Ðwmnl� �A`f�� �Wqm�� Tmy�

¤ .¨��wt�� Yl� ,1 TeV ¤ 500 GeV �tk�� z�r� T�AV dn� (%455) %481 ¨��w��

%1097 ¨��w�� ¤ (%323) %303 ¨��w�� S Ty¶AO�³� T�¯d�� ��r� �mF A� �@¡

z�r� T�AV dn� (M4 ���r�� �Ðwmn��) M3 ��A��� �Ðwmn�� ��� �� (%1061)

TbWqtsm�� �z��� Ty}A�� An�Am`F� dn� .	y�rt�� Yl� ,1 TeV ¤ 500 GeV �tk��

�@¡ ¤  A� �kK� Tyfl�l� ¨Rr`�� �Wqm�� {f� �� ,P (e−, e+) = [+0.8,−0.3]

��  ¤rt§Ewb�� , ¤rtk�³� �y� �m�� ¨t�� �}Afm�� �b� ¤�  Am�³ ���C

�O�§ �§� Ty�wy�rf�� Tml\m�� ­ Am�� T�A� ¨� A�Am� Hk� ©CAy`m��  ¤Ewb��

A��Cw�A� �A�wy�r� �� T�w�Km�� Tymls�� Tmys��� �m�� ¨t�� �}Afml� z§z`�

�� ��C Y�� © ¥§ Am� T�w�Km�� �A�wtbl�� ¤ (Tlyq��� Tynymy�� �A¡wn§r�wn��)

.­CAJ²� �A`f�� �Wqm�� Tmy�
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T�AV Atl� ��� �� ���r�� ¤ ��A��� � wmnl� Tbsn�A� �AKt��  w�¤ ��s�

�� ^�®� Am� ,L = 100 fb−1
�wWs�� Tmy� ��� �� ��� �� ¤ �tk�� z�r�

�d�A� �ÐAmn�� �ym� ��� �� �AKt��  w�¤ L = 500 fb−1
�wWs�� Tmy� ���

�tk�� z�r� T�AV dn� Amny� .500 GeV �tk�� z�r� T�AV dn� �¤±� �Ðwmn��

�Ðwmn�� �� ��r��� ©� «r� ¯ An��� ,�wWs�� Tmy� Hf� ��� �� ¤ ,1 TeV

,TymlF T`ybV ��Ð Tml\m�� ­ Am�� �§� ¨�A��� ¤ �¤±� �y�Ðwmnl� Tbsn�A� ©CAy`m��

��A��� �y�Ðwmn�� ��� �� �AKt��  w�¤ �wRw� «r� ,��Ð �� Hk`�� Yl� ¤

Yt� ( r��� ¤� 1ab−1
) Ty�A� �wWF �y� Y�� �At�� �wF ��Ð ��� �� . ���r�� ¤

Tml\m�� ­ Am�� �§� ,�wRw� ¨�A��� ¤ �¤±� �y�Ðwmn�� ­CAJ� ­d¡AK� �� �kmt�

.TymlF T`ybV ��Ð  wk� T�A��� £@¡ ¨�

Ty}A� �Am`tFA� ,Tnnqm�� �A`§Ewt�� �lt��  µ� |r`ts� (7.4) ¤ (6.4) �kK�� ¨�

�tk�� z�r� T�AV ��� �� ��Ð ¤ P (e−, e+) = [+0.8,−0.3] TbWqtsm�� �z���

:	y�rt�� Yl� 1 TeV ¤ 500 GeV

 � ^�®� ,500 GeV �tk�� z�r� T�AV ��� �� ©� (6.4) �kK�� Y�� � AntF�

�y�Ðwmn�� �A`§Ew� ©� Tymls�� T`ybW�� ��Ð Tml\m�� ­ Am�� T�A� ¨� �A`§Ewt��

�Ðwmn��) Tyfl��� �A`§Ewt� T�CAq� Tflt�� �AkJ� Ah� M1,2 ¨�A��� ¤ �¤±�

¤ ηb ,M b, /ET ,pbT ,Eb
T :Ty�At�� Ty�r��� ��ry�tm�� ��� �� T}A� ,(©CAy`m��

M3,4 ���r�� ¤ ��A��� �y�Ðwmn�� �A`§Ew�  � AS§� ^�®� ,��Ð ��¤ .cos(Θb,b̄)

�A`§Ewt� T�CAq� Tflt�� �AkJ� Ah� Ty�wy�r� T`ybV ��Ð Tml\m�� ­ Am�� �§�

TybWq�� T§¤�z�� cos(θb,b̄) :Ty�At�� Ty�r��� ��ry�tm�� ��� �� T}A� ,Tyfl���

TyRr`�� T�AW��Eb
T ,( b ) �C�wk�� T�AV Eb

,

(
b̄
)
 ASm�� �C�wk��w( b ) �Cwk�� �y�

T�AWl� ­d�AO�� Tltk��M b, /ET ,( b ) �C�wkl� ¨Rr`�� ��d��pbT ,( b ) �C�wkl�

b ) �Cwk�� �y� TybWq�� T§¤�z�� cos(Θb,b̄) ¤ ηb,b̄ ,( b )�C�wk�� �� ­ wqfm��

.��d�� £A�� ¨�

(
b̄
)
 ASm�� �C�wk��w(

�A`§Ew�  � ^�®� ,1 TeV �tk�� z�r� T�AV ��� �� ©� (7.4) �kK�� �®� ��

Tflt�� �AkJ� Ah� cos(Θb,b̄) ¤ M b, /ET ,pbT ,Eb
T ,Eb

:Ty�At�� Ty�r��� ��ry�tm��

Tml\m�� ­ Am�� ¤ M1,2 Tymls�� Tml\m�� ­ Am�� ,Tyfl��� �y� T�CAq� A�Am�

Tml\m�� ­ Am�� ¤ Tyfl��� �A`§Ew�  � ^�®�  � Annkm§ Am� .M3,4 Ty�wy�rf��

,cos(θb,b̄) :Ty�At�� Ty�r��� ��ry�tm�� ��� �� T}A� �kK�� Hf� Ah� Ty�wy�rf��

.ηb,b̄ ¤ ηb
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�tk�� z�r� T�AV dn� Ahyl� �O�tm�� �¶Atn�� �y� T�CAq� º�r�� �®� ��

Ahyl� �O�tm�� �l� �� (6.4) �kK�� ¨� TbWqtsm�� �z��� �Am`tFA� 500 GeV

�®t��  w�¤ T\�®� Annkm§ ,(4.4) �kK�� ¨� TbWqtsm�� ry� �z��� �Am`tFA�

,M3,4 Ty�wy�rf�� Tml\m�� ­ Am�� T�A� ¨� ,�A�m�� �ybF Yl� .Amhny� �R�¤

�� Tym\��  wk� M b, /ET ¤ pbT ,Eb
T ,Eb

:Ty�At�� Ty�r��� ��ry�tm�� �A`§Ew�

,10 GeV < Eb
T < 60 GeV ,30 GeV < Eb < 70 GeV :Ty�At�� �A�A§z�³� ���

¨� A�� .	y�rt�� Yl� 350 GeV < M b, /ET < 465 GeV ¤ 15 GeV < pbT < 65 GeV

:Ty�At�� Ty�r��� ��ry�tm�� �A`§Ew�  � d�� ,M3,4 Tymls�� Tml\m�� ­ Am�� T�A�

¤ |cos(Θb,b̄)| < 0.65 :Ty�At�� �A�A§z�³� ��� �� Tym\��  wk� ηb ¤ cos(Θb,b̄)

�¶Atn�� T�CAqm� ¤ 1 TeV �tk�� z�r� T�AV dn� A�� .¨��wt�� Yl�−1 < ηb < 0.2

(7.4) �kK�� ¨� TbWqtsm�� �z��� �Am`tF�  ¤d� ¤ �Am`tF�� Ahyl� �O�tm��

 � �km§ An��� ,M3,4 Ty�wy�rf�� Tml\m�� ­ Am�� T�A� Yl� zy�rt�A� ¤ ,(5.4) ¤

,Eb
:Ty�At�� Ty�r��� ��ry�tm�� ��� �� Tym\��  wk� �A`§Ewt��  � ^�®�

,160 GeV < Eb
T < 380 GeV :Ty�At�� �A�A§z�³� �®� cos(Θb,b̄) ¤ M b, /ET ,pbT

Yl� |cos(Θb,b̄)| < 0.4 ,450 GeV < M b, /ET < 780 GeV 160 GeV < pbT < 330 GeV

.	y�rt��

�ÐAmn�� �lt�m� ­CAJ³�¤ Tyfl�l� ��d�±�  d� P�l� ,(7.4) �¤d��� ¨�

ry� T�z� ��d�tF�� ¤ (P (e−, e+) = [+0.8,−0.3]) TbWqtsm�� T�z��� ��d�tF��

.1 TeV ¤ 500 GeV �tk�� z�r� T�AV �� �� dn� ,(P (e−, e+) = [0, 0]) TbWqts�

�z��� �Am`tF�  � �wRw� An� �yb� ,(7.4) �¤d��� ¨� TR¤r`m�� �¶Atn��

NBG Tyfl��� ��d��  d� {f� Y�� « � P (e−, e+) = [+0.8,−0.3] TbWqtsm��

¨� .¨��wt�� Yl� ,1 TeV ¤ 500 GeV �tk�� z�r� T�AV ��� �� %80 ¤ %72 ¨��w��

�y�Ðwmnl� NS ­CAJ³� ��d��  d� �� ��r�� Y�� AS§� Ah�Am`tF� « � ,
�w�� Hf�

�y�Ðwmn�� A�� .1 TeV ¤ 500 GeV �tk�� z�r� T�AV ��� �� %7.3 ¨��w�� M2,1

(%455) %481 ¨��w�� ¤ (%140)%127 ¨��w�� �f�C� ��d�±�  d�  �� (M4) M3

�� {¶Af�� �@¡  � .	y�rt�� ¨l� 1 TeV ¤ 500 GeV �tk�� z�r� T�AV ��� ��

­ Am��  � ,�@¡ ¨n`§ ,Tml\m�� ­ Am�� T`ybV �w� �R�¤ �y� Ä¯� w¡ A� ��d�±�

Tsm� ¨��w�  wk§ ��d�±� ¨� {¶Af�� Am� Ty�wy�r� T`ybV ��Ð  wk� Tml\m��

T`ybV ��Ð  wk� Tml\m�� ­ Am��  �� �yf`R ��d�±� {¶A�  A� �Ð� A�� �A`R�

.TymlF
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P (e−, e+) = [0, 0] P (e−, e+) = [+0.8,−0.3]

Ec.m. (GeV) NBG Models NS S100 S500 NBG NS S100 S500

M1 33.2864 0.9808 2.1936 35.7120 1.9488 4.3584

500 1139.456 M2 40.8320 1.2024 2.6888 323.904 43.8400 2.3832 5.3304

M3 61.1840 1.7960 4.0168 138.6368 7.2328 16.1736

M4 68.4800 2.0088 4.4912 164.4864 8.4944 18.9944

M1 18.0608 0.3216 0.7192 19.4048 0.7648 1.7104

M2 18.6944 0.3328 0.7448 20.0320 0.7896 1.7656

1000 3140.608 M3 60.2880 1.0720 2.3976 636.8064 350.2080 12.8312 28.6912

M4 48.6528 0.8656 1.9360 270.0224 10.0528 22.4784

Tl�Ak�� T�wm�m�� �Am`tFA� NS �ÐAmn�� �lt�m� ­CAJ³� ¤ NBG Tyfl��� ��d��  d�

1 TeV ¤ 500 GeV �tk�� z�r� T�AV dn� (4.4) �¤d��� ¨� T�Rwm�� �ASyf�t�� ��

TbWqtsm�� T�z��� �Am`tFA� ¤ (P (e−, e+) = [0, 0]) TbWqtsm�� ry� �z��� �Am`tF��

�wWs�A� Tql`tm�� S500 ¤ S100 ­CAJ²� Ty¶AO�³� T�¯d�� .(P (e−, e+) = [+0.8,−0.3])

�¤d� 7.4 : .	y�rt�� Yl� 500 fb−1
¤ L = 100 fb−1
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5 
Ab��

Tm�A���

¢�Aqf�� ¤ ¢�A�A�� ,¢�As�� �ym�� ©CAy`m�� � wmn�� An�¤An� ,­r�@m�� £@¡ ¨�


Ast�� ¤ ©CAy`m�� � wmn�� �Amys� Y�� ¢ll�� ¤ z�y¡ Ty�� Y�� An�rW� Am�

�yq�t�A� Anm� Am� TyW��� ¤ Ty��C¤d�� �A� AOm�� AnFC �� Ahtlt� �Amys���

¨¡ �¡ Aht`ybV d§d�� ¤ Tml\m�� ­ Aml� ­CAJ³� Tym¡� �� �Kk�� Ty�Ak�� ¨�

 ¤r�§Ewb- ¤r�k�� �A� AOm�� ¨� Ah�At�� �km§ ¨t�� ¤ ,Ty�wy�r� �� TymlF

��Aft�� TF�Cd� Anm� �@h� , ILC ¨�¤d�� ¨W��� � AOm�� ��� Tylbqtsm�� TyW���

¤ ECM = 500 GeV �yflt�� �q� z�r� ¨t�AV ��� �� e−e+ → bb̄+ /ET ¨�At��

.1 TeV

£@¡  � �� Anqq�� �§� ,�yn�� �y�Ðwm� T�A� �k� A�rt�� ��Ð ��� �� ¤

¨¶rm�� ry� �®�mR³� ��� Ty�A��� Tyb§r�t��  wyq�� �rt�� ­CAt�m�� � Amn��

,(LFV ) Ty�wtbyl�� Thkn�� �Aht�� , wyml� ÐAK�� ¨sVAn�m�� �z`�� ,z�y¡  ¤Ewb�

� AOm�� T�r�� �� Tlmt�m�� Tyb§r�t��  wyq�� ¤ Tml\m�� ­ Aml� T§r�±� T�A�k��

.LEP − II  ryF ¨� rybk��  ¤r�§Ewb- ¤r���

A�d�¤ �y� ,�ASyf�t�� �� T�wm�� �ybWt� ¯¤� Am� ­CAJ³� �ys�� ��� ��


Sf��� ,(4.4) �¤d��� ¨� TbFAnm�� �ASyf�t�� T�wm�m� An�Am`tF� dn� ¢��

T}A� ,­CAJ³� Tym¡� 
`f�C� ¤ _w�l� �kK� Tyfl�l� ¨Rr`�� �Wqm�� Tmy�

Anl�F �y� Ty�wy�r� T`ybV ��Ð Tml\m�� ­ Am�� Ahy�  wk� ¨t�� T�A��� ¨�

ECM = 500 GeV �tk�� z�r� T�AV dn� ©CAy`m�� � wmn�� �� ��r���  w�¤

�tk�� z�r� T�AV dn� ¢�� A�d�¤ Am� .L = 500 fb−1
�wWs�� Tmy� ��� �� ¤
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�A`§Ew� �®� �� Tml\m�� ­ Am�� T`ybV d§d�� ¤ zym� Annkm§ ,ECM = 500 GeV

Am� .cos(Θb,b̄) ¤ ηb,b̄ ,M b, /ET ,pbT ,Eb
T ,Eb, cos(θb,b̄) Ty�At�� Ty�r��� ��ry�tm��

T`ybW�� ��Ð Tml\m�� ­ Aml� Tnnqm�� �A`§Ewt�� �\`m� ¨l� �A§z��  w�¤ ��s�

­ Am�� ¨t�A� �y� T�A� T�whs� zymt�� Annkm§ Am� .Tyfl��� �� Ty�wy�rf��

z�r� dn� ��Ð¤ �A`§Ewt�� 	l�� �®� �� Ty�wy�rf�� ¤ Tymls�� Tml\m��

.ECM = 1 TeV �q���

Ty}A�� An��d�tF� �� �k� Tq�As�� ��wW��� Hf� dy`� Ty�A��� ­wW��� ¨�

¨��w�� 
Sf��� Tyfl�l� ¨Rr`�� �Wqm�� Tmy�  � An\�¯ ,TbWqtsm�� �z���


`f�C� ­CAJ®� ¨Rr`�� �Wqm�� Tmy�  A� ,A�Am� �� �� Hk`�� Yl� ¤ %80

T�AV ��� �� ,Ty�wy�r� T`ybV ��Ð Tml\m�� ­ Am��  wk� Am� T}A� %480 ¨��w��

ryb� �kK� ­CAJ³� Tym¡� Tmy� z§z`� Y�� « � Am� ,ECM = 1 TeV �tk�� z�r�

­wW��A� T�CAq�  A`ml� ­ry�} �y� ��d�tFA� ¤ Ah�AKt�� T�whF ¨�At�A� ¤

,M3,4 ���r�� ¤ ��A��� �y� wmn�� ��� �� �AKt��  w�¤ Anl�s� �y� ,Y�¤±�

Hm� ��AS� ­CAJ³� ��d��  d� �`� Am� .L = 100 fb−1
�wWs�� Tmy� ��� ��

­ Am�� T�A� ¨� �y�r� ��AS� Amny� Ty�wy�rf�� Tml\m�� ­ Am�� ��� �� ��r�

¨� Ahyl� �O�tm�� �A`§Ewt�� �y� �R�¤ �®t�� Y�� « � Am� Tymls�� Tml\m��

z�r� T�AV �� �� dn� ��Ð ¤ Ty�A��� ­wW��� �� T�CAq� Y�¤±� ­wW���

.1 TeV ¤ ECM = 500 GeV �q���
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Aht`ybV d§d�� ¤ Tml\m�� ­ Aml� ­CAJ¯� Tym¡� �� �Kk�� Ty�Ak�� �� Anqyq�� ,­r�@m�� £@¡ ¨�

Tylbqtsm�� TyW���  ¤r�§Ewb- ¤r�k�� �A� AOm�� ¨� Ah�At�� �km§ ¨t�� ¤ ,Ty�wy�r� �� TymlF ¨¡ �¡

¨t�AV ��� �� 𝑒−𝑒+ → 𝑏𝑏̄ + 𝐸𝑇 ¨�At�� ��Aft�� TF�Cd� Anm� �@h� , 𝐼𝐿𝐶 ¨�¤d�� ¨W��� � AOm�� ���

.1 TeV ¤ 𝐸𝐶𝑀 = 500 GeV �yflt�� �q� z�r�

Tyb§r�t��  wyq�� �rt�� � Amn�� £@¡  � �� Anqq�� Am� ,�yn�� �y� wm� T�A� �k� A�rt�� �§�

Thkn�� �Aht�� , wyml� ÐAK�� ¨sVAn�m�� �z`�� ,z�y¡  ¤Ewb� ¨¶rm�� ry� �®�mR¯� ��� T�§d���

� AOm�� T�r�� �� Tlmt�m�� Tyb§r�t��  wyq�� ¤ Tml\m�� ­ Aml� T§r�¯� T�A�k�� ,(𝐿𝐹𝑉 ) Ty�wtbyl��

.𝐿𝐸𝑃 − 𝐼𝐼  ryF ¨� rybk��  ¤r�§Ewb- ¤r���

�Wqm�� Tmy� 
Sf��� �§� ,�ASyf�t�� �� T�wm�� �ybWt� ¯¤� Am� ,­CAJ³� �ys�� ��� �� ¤

­ Am�� Ahy�  wk� ¨t�� T�A��� ¨� T}A� ,­CAJ¯� Tym¡� 
`f�C� ¤ _w�l� �kK� Tyfl�l� ¨Rr`��

z�r� T�AV dn� ©CAy`m�� � wmn�� �� ��r���  w�¤ Anl�F �y� Ty�wy�r� T`ybV ��Ð Tml\m��

�\`m� ¨l� �A§z��  w�¤ Anl�F Am� .𝐿 = 500 𝑓𝑏−1
�wWs�� Tmy� ��� �� 𝐸𝐶𝑀 = 500 GeV �tk��

T�whs� zymt�� Annkm§ Am� .Tyfl��� �� Ty�wy�rf�� T`ybW�� ��Ð Tml\m�� ­ Aml� Tnnqm�� �A`§Ewt��

z�r� dn� ��Ð¤ �A`§Ewt�� 	l�� �®� �� Ty�wy�rf�� ¤ Tymls�� Tml\m�� ­ Am�� ¨t�A� �y� T�A�

.𝐸𝐶𝑀 = 1 TeV �q���

,TbWqtsm�� �z��� Ty}A�� An��d�tF� �� �k� Tq�As�� ��wW��� Hf� dy`� Ty�A��� ­wW��� ¨�

Tmy�  A� ,A�Am� �� �� Hk`�� Yl� ¤ %80 ¨��w�� 
Sf��� Tyfl�l� ¨Rr`�� �Wqm�� Tmy�  � An\�¯

,Ty�wy�r� T`ybV ��Ð Tml\m�� ­ Am��  wk� Am� T}A� %480 ¨��w�� 
`f�C� ­CAJ®� ¨Rr`�� �Wqm��

¤ ��A��� �y� wmn�� ��� �� �AKt��  w�¤ Anl�F �y� , ,𝐸𝐶𝑀 = 1 TeV �tk�� z�r� T�AV ��� ��

��� �� ��r� Hm� ��AS� ­CAJ¯� ��d��  d� �`� Am� .𝐿 = 100 𝑓𝑏−1
�wWs�� Tmy� ��� �� , ���r��

�®t�� Y�� « � Am� Tymls�� Tml\m�� ­ Am�� T�A� ¨� �y�r� ��AS� Amny� Ty�wy�rf�� Tml\m�� ­ Am��

�� dn� ��Ð ¤ Ty�A��� ­wW��� �� T�CAq� Y�¤¯� ­wW��� ¨� Ahyl� �O�tm�� �A`§Ewt�� �y� �R�¤

.1 TeV ¤ 𝐸𝐶𝑀 = 500 GeV �q��� z�r� T�AV ��

,Ty�wtbl�� Thkn���htn� Yt�� �®�Aft�� ,¨�¤d�� ¨W��� � AOm�� ,Tml\m�� ­ Am�� : Ty�Atfm�� �Amlk��

.Ty¶AO�¯� T�¯d�� ,Tynymy�� ��wn§r�wn��
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Résumé

Dans cette thèse, nous avons étudié la possibilité de détecter la signification de signal pour la
matière noire et d’identifier sa nature, aux future collisionneurs électron-positron tels que le collision-
neur linéaire international et le collisionneur linéaire compact, a deux énergies différentes du centre de
masse Ec.m. = 500 GeV et 1 TeV, a travers le processus e+ + e− → bb̄ + /ET . Pour ce but, nous
considérons deux types de modèles dans lesquels la matière noire pourrait etre soit un rèal scalaire soit
un lourd neutrino droit semblable a de nombreus modèles motivés par la masse des neutrinos. Pour le
premier modèle, nous prenons une extension très simple du modèle standard en ajoutant un réel scalaire
singulet φ, pour le duxième modèle, le modèle standard a été étendu avec un scalaire singulet chargé
éléctriquement S± et toirs neutrinos droits Ni, ou les leptons chargés sont couplés aux neutrinos droits
via une interaction qui viole le saveur leptonique qui implique un scalare singulet chargé. Donc nous
avons considéré deux ensembles de valeurs de de paramètres pour les deux modèles, et nous avons défini
et étudié les différentes contraintes expérimentales récentes, comme la désintégration invisible de Higgs, le
moment magnétique anormal du muon, la violation de saveur leptonique, la densité relique de la matière
noire, et les contrainteset du LEP-II . Après cela, nous définissons un ensemble de coupures cinématiques
qui suppriment le fond (le model standard), et générer des différentes distribution qui sont utiles pour
identifier la nature de la matière noire. L’utilisation de faisceaux polarisés P (e−, e+) = [+0.8,−0.3] au
collisionneur linéaire international facilité la détection du signal et l’identification de la matière noire
devient plus claire, ou la significance statistique est augmentée par deux fois (cinq fois) pour la matière
noire scalaire (fermionique).

Mots-clés : la matière noire, le collisionneur linéaire international , le collisionneur linéaire compact,
les process FLV, le champ scalaire singulet chargé S±, les neutrino droit, la significance statistique.



abstract

In this thesis, we investigated the possibility of detecting the signal significance of dark matter and
identifying its nature, at the future electron-positron colliders such as the International Linear Collider
(ILC) and Compact Linear Collider (CLIC), at two different center-of-mass energies Ec.m. = 500 GeV and
1 TeV, through the process e+ + e− → bb̄ + /ET . For this purpose, we consider two types of models in
which the dark matter could be either a real scalar or a heavy right-handed neutrino similar to many
models motivated by neutrino mass. For the first model, we take a very simple extension of standard
model by adding a real singlet scalar φ, for the second model, the standard model was extended with
an electrically charged singlet scalar filed S± and three right-handed neutrinos Ni, where the charged
leptons are coupled to the right-handed neutrinos via a lepton flavor violating interaction (FLV) that
involves a charged singlet scalar. So we considered two parameter values sets for both models, and we
defined and investigated the different recent experimental constraints, like the Higgs invisible decay, the
muon anomalous magnetic moment, lepton flavor violation, dark matter relic density, and the constraints
from LEP-II. After that we define a set of kinematical cuts that suppress the background (the standard
model), and generate different distributions that are useful in identifying the dark matter nature. The
use of polarized beams P (e−, e+) = [+0.8,−0.3] at the International Linear Collider makes the signal
detection easier and the dark matter identification more clear, where the statistical significance gets
enhanced by twice (five times) for scalar (fermionic) dark matter.

Keywords : dark matter, ILC, CLIC, FLV process, charged singlet scalar filed S±, right-handed neu-
trinos, the statistical significance.


