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2S1/2

2S1/2

2P3/2

2P3/2

2P1/2

2S1/2

2S1/2

2P1/25.7 x 10−5 eV

   4 x 10 eV−6

E   = − 3.4 eV

E   = −13.6 eV

2

1 1s

2s
2p

H0 spin−orbit
spin−orbit
mass
Foldy

F = 1

F = 0

Lamb−shift

hyperfine structure

 5.9 x 10 eV−6
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X`\^X`_`Tbc[rskymtxsRYX�Tbu^_)mzRYinZhTbcWrtRYx�uvR�TbXOcWmt_`TWu^rsRdZO��TbVYX`ZWXÇ_�mtRP�ÌX)e)cWu}TWTWXOREmzZ�idu^kPXORYZ[u^rsRY\vXOZ[Z���a�mzR�TWuvTWu^XOZ`�
Xzp±xdp;{|rtc:XO\^X`_`TWcWrskymtxsRYX�TbuvZWk TbVYX��;��Ý5¡�£Ôè�����£��.èbÝ~��¢o�d¡�£À�t��£

� ® Ñ Ä
³t¨	� Q ª¥�ä

®ô'@­.'@Ò�´.¯±°sÒ�²9¶s¶t¶f´z·Ç¸º²t°�»É¯ ¸¤§.p±·�»
4�rsc$efX�mzÎKu^R�TbX`cbmt_�Tbu^rtRYZ�mtRYi�xscbm�w�uvTSjUrsRYX~V�mtZ���a�mtR�Tbu}TbuvXOZ5e)uvTWV�mIiYuvkyX`RYZWuvrsR¦��Xtp xYp]{|rsc�xscWm@w�u}TSj

2X`e:TWrsR�� ZÇ_`rsRYZ[TbmtR�T��
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ª¥�ä Y ®�·d¯Â´t°�´)¸h'@°s»f¼Ã'@°�½�¾ Ó Z5X`Åg½�Ä�¯ ¸¤§.pÂ´s»

(Çm�w.uvRYxÖknmzR�j���mtchTbu^_`\^X`ZO�NTbVdX>_OrsRY_`XO�dTPrt{2TbX`ky�"XOcWmzTbadcWXE�"XO_`rskyX`Z~cWXO\vX`wzmtR�T�p�!�cWX`\�mzTWu^rsR�e)u}TbV
X`RYXOc[xtjUuvZ$XOZhT�mt�d\^u^Z[VYXOiUw�u^myTbVYXgm@wtXOcWmtxsX]XORdXOcWxzjUrt{fmn��mzc[Tbuv_O\vXµ�"XOu^RdxErt{9TbVdX]rscWiYX`c$rt{�
��q��e)u}TbV
TWVYXq�0rs\}T =OkymtRYR>_`rsRYZhT�mtR�TÇxsuvwtXORI��j
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<>=�� ����� L)GyB ;ÏD9M`DNJ��5BED ; G���� �qD&D��$F

ATOM

10 m

ATOMIC NUCLEUS

10 m

NEUTRINO

ELECTRON

MATTER

NUCLEON

10

proton/neutron

m

QUARK

−15

−14

−10

−18
< m10

up/down %:VYX�Z[TWcWaY_�TbaYc[X�rt{ kymzTWTWXOcOp
%:VdX]��mtZWuv_µaYRduvTbZ+rt{9TbVYXµknmzT[TbX`c$mtc[rsaYRYiKaYZ$mtcWXµTWVYX]mzTWrskPZOp$%:VYX�jKmtc[Xµ{|rsaYRdiÖmtZ+TbVdXg�YaYuv\^iYuvRYx
�d\^r�_�Î�Zyrt{5kPrs\^X`_OaY\vXOZ~rscPZWrs\vu^iYZ`���"rsaYRYi uvR�mÖwzmtcWuvX`TSj7rt{$e0m�j.ZniYu^Z[_OaYZ[ZWXOi uvR TWVYXlZ[XO_`TWu^rsRdZnrsR
kPrs\vXO_Oad\�mtc��YV�j�ZWu^_`Z)mtRYiI_OrtRYiYXORdZWXOi�kymzTWTWXOc0�dV�j�Z[u^_OZ`p;%:VYX�mzTbrtkyZ0mtcWX$_`rskP�ÌrsZ[XOi>rt{CTWVYX5mzTWrskyuv_
R�aY_`\^X`aYZ2e)u}TbV�m~�ÌrsZ[uvTWuvwsX5_�VYmtcWxsX��! Ñ �Ye)VYuv_�V8uvZ)m]kgaY\vTWu^�Y\vX+rt{ TbVYX�X`\^XOkPXOR�Tbmtc[jn_�V�mtcWxtX Ñ p;%:VYX�t£S¢#"]Û¤�n�$�%"'&�Ý�è� �_�V�mtcWmt_`TWXOc[u>=OX`ZgTbVYXEmzTbrsk��( ® 'E{|rscg()j�iYcWrsxtXOR ¸º(+»��� �®�§�{|rscµ(ÇX`\^u^adk
¸Ô(ÇX�»��"X`Tb_zp)QSRlTbVYX�mzTWrsk TbVYX�_�V�mtc[xsX�rz{NTbVYX�R�aY_O\vXOaYZÇu^Z2RYXOadTWcbmt\vu>=`XOi���j) ÍXO\^X`_`TWcWrsRYZ`���"rsaYRYi�Tbr
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TWVYXnR�aY_`\^X`aYZ�w�u�m>TbVdXnXO\vXO_�TbcWrtknmtxtRYX`TWu^_g{|rsc[_OXtp>%:VdXEmzTWrskyZq_�mzR��"Xyrsc[x�mtRYu@=OX`i�u^RÖTbVdXn ÏXOcWuvr.idu^_
% mt�Y\vXtp8QÀTbZgZhTbcWad_`TbadcWX>u^Z�iYX`TWXOc[kyuvRYXOiÃ��j�TbVYXn_OrsRYZ[XO_`adTbu}wsXEÊ�\v\^u^Rdx�rz{:TbVYXEX`RYXOc[xsX`TWu^_Omt\^\}jÖ\^r@e0X`Z[T
m�wzmtuv\�mt�Y\vXgXO\vXO_�TbcWrtR�rsc[�YuvTWZ�mzRYi�TWVYXI��� ���âÛ$Ý � ��� ��¡�Û¤¢o���"èÉÛ�����Û��"�^Ý���e)VYuv_�VÃ�YcWrtVYu^�Yu}TbZ${|rsc���mzc[Tbuv_O\vXOZ
e)u}TbVKV�mz\v{ ASuvR�TbXOxtXOc+Z[�Yu^RKZ[aY_�V�mtZ$TbVYX]X`\^X`_`Tbc[rsR7¸ÔZ[�Yu^R�'©�t§.��uºp±XzpqTSefrIZW�YuvR�ZhT�mzTWXOZb»ÇTbV�mzT$u^iYX`R�TWu^_Omt\
�Ymtc[TWu^_O\vXOZ:r�_O_`aY��j>TbVYX�ZbmzkyX5rsc[�YuvTOp

3s
2p

3d
3p

2s

1s

E # levels

10

2
6

2

6
2

n=1

n=2

n=3

nl

%;j��Yu^_Omt\5rsc[iYXOc>rt{qX`RYXOc[xtj \^X�wsX`\^ZIm�wzmtu^\^mt�Y\^XI{|rscE_`rsRYZ[XO_%A
a.TbuvwtX�Ê�\^\vu^RYx rz{nX`\^XO_�Tbc[rsRYu^_�rscW�Yu}TbZKuvR
mzR
moTbrsk�p %:VYX
O AÀiYXOxsX`RYXOcWmt_`j7rt{ÇTbVYX�\^X�wsX`\^ZPu^R (2j�iYcWrtxsXOR u^ZP\^uv{�TWXOi��"X%A
_OmtaYZ[X�rz{ÇTWVYXIXO\^X`_`TWcWrsRYZ]Z[_Oc[XOXORdu^RYxÖTbVYX>R�aY_`\^XOmtc~_�V�mtcWxtXt�
TWrK�ÌXyiYu^Z[_OaYZ[ZWX`i uvRÃkyrtcWXPiYX`Tbmtu^\�\�mzTWXOc`pU%:VYX>rsc[iYXOc�iYX%A
TWXOc[kyuvRYXOZ�TWVYX Z[TWcWaY_�TbaYc[X rt{ITbVYX �"XOc[u^r�i�T�mz�Y\^X rt{ITbVYX
X`\^X`kyX`R�TWZOp 4�rscluvRYZ[TbmtRY_OXÃTWVYX�XO\vXO_�TbcWrtRYu^_�Z[Tbc[aY_`TWaYcWX�rt{
1�mzcW�"rsR ¸º1:»Ke)u}TbV  ® '©§ u^Z7¸h'��o» Ä ¸¤§��©» Ä ¸º§%M"» Ä �gTbVYX
X`\^X`_`Tbc[rsRYuv_ Z[TWcWaY_�TbaYc[X rt{�u^cWrtR ¸º4�X@»Öe)uvTbV  ® §z· u^Z
¸á'��©» Ä ¸¤§��o» Ä ¸¤§%M"»
	Ï¸ºÒ��©» Ä ¸ÔÒ M"»
	Ï¸Ô³��©» Ä ¸ÔÒ�I�»
	�p9%:VYX5rtcWiYX`c�cWX`\ A
X�wzmtR�TÇ{|rsc�TWVYXq�ÌX`cWu^r�iYuv_+T�mt�d\^X5u^Z��)'�ZO�Ì§zZ`�"§z�¦��ÒtZ`�ÌÒz�¦��� ³tZO�
Òzi��¤�t³s�¦��� ²zZ`�t³si��º��²o�¦��� ·tZO�z³t{á��²zi��¤�t·t�¦��� ´zZ`��²o{á�s·zi��¤p���X`wtXO\^Z
X`RY_O\vrsZWX`i8e)u}TbVI�Ycbmz_�ÎtX`TWZÇVYm@wtXqwtXOchjIZWu^kPu^\^mtc0X`RYXOc[xsu^X`ZOp

%:VdX8kymtZWZ]rz{5mtR7mzTWrsk u^Z]uvR�XOZWZ[XORY_`XliYX�TbX`cWkPu^RYX`i7��j�TWVYX�mzTbrskPu^_nR�ad_O\^X`aYZO�f_OrsRdZWu^ZhTbuvRYx�rz{  
�dcWrtTWrsRYZO�:XOmt_�V e)uvTWV m��ÌrsZ[uvTWuvwsX8_�V�mtc[xsX � Ñ mtRYi�� RYX`adTbc[rsRYZE�"XOuvRYx�RdXOadTWcbmt\ºpÚ 9c[rtTbrsRdZEmtRYi
RdXOadTWcWrsRYZµ¸|TWrsxsX�TbVYX`c:_�mt\v\^XOiÖ�$�����^Ý�¢o�d¡W»fV�m�wsXqZWuvkyuv\�mtcfknmzZWZWX`ZO�

S � ®Í's¯±·�´s§9·�§.' ²t¹�¸á'@Ò�»;¼Ã'@° ½�Ä
� Î�xg®Ú¶sÒs¹d¯Â§s´.'Ï¶s¶s¹Y¸ºÒs¹�»f68X`Å5�z_ Ä Õ ¸¤§.p±¶�»
S���®
's¯±·�´z³�¶�§t´�§d¸h'�³�»;¼�'@° ½�Ä
� Î�xµ®Ú¶sÒs¶.¯ ²t·s²;ÒtÒ�¸Ô³�°s»068X�Å��z_ Ä ¯ ¸º§.p}'@°�»

%:VdXgZWu@=OXgrt{9TWVYX]mzTWrskPu^_�R�aY_O\vXOaYZ5uvZÇTbuvR�js��rz{9TbVYX�rscWiYX`c$rt{)'@°P{|k�® '@° ½ Ð ¿ k8�ÌmtZ$_`rsky�YmtcWX`ilTbr
TWVYX5ZWu@=OX$rz{ÏTWVYX5mzTWrsk���e)VYuv_�VIu^Z�rt{�TWVYX5rsc[iYXOc�rz{f'��!$®ô°.pv'$Rdk�® '@° ½ Ð
Q k�pN%:VYX�mzTWrskyuv_+Z[u>=OX+u^Z
idX`TbX`cWkPu^RYX`i8��jETWVYX�_OrsR.Ê�xsaYcWmzTbuvrsRIrt{ TWVYX�\^uvxsV�T:XO\vXO_`TWcWrsRdZO�

S � ® ¶d¯}'@°s¶;Òs¹d'Ï¹s¹�¸º´s§s»;¼Ã'@°�½�¾ Ð Î�xg®Ú°d¯ ²�'@°;¶s¶s¹;¶s°�§Y¸º§.'©»�68X`Å5�z_ Ä ¸º§.p}'s'©»
¸Ômt�"rsadT�'@¹sÒt·µTbu^kPXOZ0ZWkymt\^\vXOcfTWV�mtR>TbVdX5�YcWrtTWrsR�»É�YrscW�duvTbuvRYxµTWVYX�R�ad_O\^X`aYZOp�*9\^X`_`TWcWrsRYZ:_OmtR��ÌX${|c[XOXOi
{|c[rsk�mtR mzTWrsk rscPmtiYiduvTbuvrsR�mt\fXO\vXO_`TWcWrsRdZy_OmtR �"X��ÌrsadRYi¦�0\vX�m�w�u^RYxÖ�"rsZWu}Tbu}wsXIrsc~RYXOxsmzTbu}wsXÖÛ¤¢o�d¡��
\vX�mtidu^RYxgTWrPuvrsRYuv_$�ÌrtaYRYiYZ`p0*9\^X`_`TWcWrsRYZ)_OmtR�mt\^Z[rP�"X�ZWV�mzcWXOi���j�mzTbrtkyZ:uvR���¢oÞo�t�^Ý���£¦�ÌrtaYRYiYZ`p
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4�rsc+TWVYX~knmzZWZ$rt{�TbVdX~mzTbrsk¬rsRYX]V�mzZ5u^R�Tbc[r.iYad_OXOi�mtZ5ZhT�mtRdi�mtcWiKTWVYX��t£á¢#"]Û¤� "P�o¡�¡ ����Û�£)¸Ôa�»�p
QÀT2uvZ:iYX`Ê�RdXOiUmzZq'@�.'©§µrt{ÏTbVYX�kymtZWZ)rt{ÏTbVdX]Ð Ä 1 mzTbrtk8�

'�aE®ô's¯Â·t·s°�²tÒs¹�´tÒ�¸á'@Ò�»;¼�'@°�½�Ä
�)Î�xg® ¶sÒd's¯ ³�¶t³�°d'@ÒY¸ºÒ�´s»f68X`Å5�z_ Ä ¯ ¸º§.p}'©§s»
Å+u�mgTbVdu^Z:aYRYu}T)rsRYXqmt\vZWr]iYX�Ê�RYXOZ � Þt¢Wã����tèb¢�  ¡5�$��"'&�Ý�è�� �����t�

�����Ç®
¸h'�xsc�»[­Y¸h'�a�»;® ·d¯Â°s§s§�'�³Y'Ï¶s¶�¸|³�´s»;¼Ã'@°tÄS¾�¯ ¸º§.p}'@Ò�»
%:Vdu^Z~u^ZgTSj��Yuv_�mt\v\vj�TWVYXIR�aYkg�"XOcPrt{$moTbrskPZ]u^R7mÖknmt_`cWrsZ[_Ors�du^_>Zbmzky�Y\vXtpÃÆ-u}TbVYrsa.TPmtR�j�kgadTbaYmt\
uvR�TbXOcWmt_`TWu^rsRdZO� TWVYu^Z�efrsaY\^i�\^XOmti�{|rsc�TbVdXnXO\vXO_�TbcWrtRYZ�TSj��Yuv_�mt\v\vjUTWr �����FAÀ{|rs\vi�idXOxsX`RYXOcWmzTbXE\vX`wtXO\^Z�mtZ
_`rskP��mtcWX`iÃTbrÖmlZ[u^RYxt\^XEmoTbrsk�pKQSR�ZWrs\vu^iYZ`�NTbVYXn\^uv{�TWu^RYx�rt{)TbVdu^ZµidXOxsX`RYXOcWmt_`j��"XO_OmtaYZ[X>rt{)TbVYXEX ASX
uvR�TbXOcWmt_`TWu^rsRdZ]mtRYi�TbVYX>uvR�TbXOcWmt_`TWu^rsRdZgrt{ÇXO\^X`_`TWcWrsRYZge)u}TbV�RYX`u^xs�"rscWuvRYxKmzTWrskPZg\^XOmtiYZgTbrKTWVYX>��mtRYi
ZhTbc[aY_`TWaYcWXzpfQSR���mtchTbu^_`aY\�mzc�u^RIcWX`xsaY\^mtcW\}jn\^m@jtXOc[XOilZhTbc[aY_`TWaYcWX`ZÇZ[aY_�VUmtZ)_`cWu^ZhT�mt\vZ)mge0rsRdiYXOch{|aY\�e0rsc[\^i
rz{��YVYXORdrskyX`R�mÃr�_O_OadcWZ>rt{5e)VYuv_�V ZWaY�"XOc[_OrsRdiYaY_`TWuvw�uvTSj�u^ZyrsRYXUrt{5TWVYXUkPrsZ[Tye0X`\^\ ASÎ�RYr@e)R rsRYX`ZOp
�$X`�ÌX`RYiYuvRYxIrsRKTbVYX]r�_O_`aY��mzTWu^rsRKrt{�TbVdXOZWX~��mzRYiYZO��TWVYX~��mtRYiÖx�mt�dZO��TbVYX]�dcWXOZ[XORY_`Xyrz{0uvky�YadcWuvTWu^X`Z
uvRUTbVYX~kymzTbX`cWu^mt\&mzRYiKTbVYXgTWXOkP�ÌX`cbmzTWaYcWXz�Ï_`rskP�Y\^X�TbXO\}j�iYuvÈÌXOc[XOR�Tq�ÌX`V�m�w.uvrsc$X`kyX`cWxsX`ZO�CXtp xYpguvRUTbVYX
_`rsRYiYad_`Tbu}w�uvTSj�¸|_OrsRYidaY_`TWrscWZ`�"Z[XOkPu^_`rsRYiYaY_�Tbrsc[Z2mtRYiIu^Z[rs\�mzTWrscWZb»�p

simple cubic face centered cubicbody centered cubic
%:VYX2_Oad�Yu^_)\�moTWTbuv_OX`Z;mtcWX:{ÔmtuvcW\vj�_OrtkykPrsR~\�mzT[Tbuv_OXOZ`p9,.Vdr©e)RnmtcWX:TWVYX)ZWu^kP�Y\vX:_OaY�Yuv_�¸ÔZW_�»��
�"r.i.j7AÀ_OX`R�TWXOc[XOil_`aY�Yuv_P¸Ô�"_O_
	du^RImtiYiduvTbuvrsRU'qmzTWrsk uvRETbVYX�kPu^iYid\^X+rz{ XOmt_�V�_OaY�"X@»�mtRdi
{Ômt_`X%AÀ_OXOR�TWXOc$_`aY�Yu^_>¸|{|_O_�	�uvR8TbVdXgkyuviYiY\vXqrz{9X�mt_�VKZ[u^iYXµmt\^Z[rEmtRUmzTbrskn»:Z[Tbc[aY_`TWaYcWX`ZOp$QÀT
TWaYcWRYZPrsadT~TWV�mzT~{|_O_IV�mtZ~TbVdX�kPrsZhTyidXORYZ[Xl��mt_�Î�uvRYxY���YadTyiYXORYZ[uvTSj�uvZ]RYrtT~TbVYX�rsRY\}j
{Ômt_�Tbrsc)uvR�idX`TbX`cWkPu^RYuvRYxgTbVdXq\^mzTWTWu^_`X$Z[TWcWaY_�TbaYc[Xµrt{&m]knmzTWXOc[u�mt\ºp94&u^\v\^uvRYx�TWVYX�ZWu^idXOZ)rt{9m
Z[u^kP�Y\^X:_`aY�Yu^_)\^mzTWTWu^_OX`Z&e)uvTWVnmoTbrskPZ9rt{�mqiYu}È�X`cWX`R�T�Î�u^Rdi¦��cWX`ZWXOkµ�Y\^X`Z0mtR~{|_O_)ZhTbcWad_`TbadcWXt�
�Ya.T5u^Z2rt{;_OrtaYcWZ[X
�[aYZ[T$mnZWuvky�d\^X�_OaY�du^_µZhTbc[aY_`TWaYcWXz�¦�ÌX`_�mtadZWXgTbVdXµ\�moTWTbuv_OXqZ[TWcWaY_�TbaYc[Xgu^Z
iYX�TbX`cWkPu^RYX`i8��jETWcbmtRYZ[\�mzTWu^rsRdZ�\^XOm@w�uvRYx]TbVYX�Z[TWcWaY_�TbaYc[X�uvR�wtmzcWu�mzR�TOp

%:VdX>cWu^_�VdRYXOZ[Zgrt{)�YVYX`RYrskPXOR�mUcWmtRYxsuvRYx8{|c[rsk �"�}�o¡�"P�o¡y¸ºmlVdrtTg�Ya.T]aYZWaYmt\^\}j�RdXOadTWcbmt\f_Ors\v\^XO_�TbuvrsR
rz{:{|cWXOXnmzTbrtkyuv_yR�aY_`\^XOu0mtRYiÃX`\^X`_`Tbc[rsRYZb»�u^R�Z[T�mzcWZgrscq{|aYZWuvrsR�c[X�mt_�Tbrsc[ZO�NTWVYXE_Oc[u^ZhT�mt\v\^u^RdX]Z[Tbc[aY_`TWaYcWX
rz{)knmzT[TbX`cµX���TWXORYiYuvRYxlTWrUknmz_OcWrtZW_Ort�Yu^_yZWu>=`XOZ`�9ZWaY�"XOc[_OrsRYidaY_`TWuvw�uvTSjt��kymt_`cWrskPrs\^X`_OaY\vXOZ�\^uvÎtXn� 
Ç!
mzRYi�mz\^\&uvR�TbXOcWmt_`TWu^rsRdZ$e)uvTbVÖ\vu^xsV�T�mtc[X]iYXOZ[_Oc[u^�"XOi�e)u}TbVÖXO\vXO_�TbcWrtknmtxtRYX`TWu^_guvR�TWXOcWmt_`TWu^rsRYZ`p]4�rsc$TbVdu^Z
rtRYXyVYmtZµm>efXO\^\ ASiYX�wsX`\^rs�"XOiÖTbVYX`rscWX�Tbuv_�mt\N{|cWmtkyX�e0rtcWÎ�pI×$a�mtR�Tbadk XO\^X`_`TWcWr�idj�R�mtkPu^_OZy¸º×�*;��»$u^Zqm
{|ad\^\vjncWX`\�mzTWuvw�u^ZhTbu^_Ç��a�mtR�TbaYkPkPXO_�V�mtRdu^_�mz\�iYXOZ[_OcWuv�dTbuvrsR>{|rsc:TbVYX�uvR�TWXOcWmt_`TWu^rsRYZ:�"X`TSefXOX`RU_�V�mtc[xsXOZ)w�u�m
XÉ�._�V�mtRYxsX2rt{ ��Ü�¢o£á¢o�d¡:¸|TWVYX)\^u^xtV�TN��aYmtR�T�m�»Ép;×5*��-u^ZNTWVYX2��mtZWuvZN{|rsc9rs�dTbmtu^Rdu^RYx$TWVYX:{|aY\^\C¸|��a�mtR�TbaYk'A
kPXO_�VYmtRYu^_Omt\�»C(+mzkyuv\vTbrtRYu�mtR�aYZ[XOi~u^R�TbVYX),�_�VYc��rsidu^RYxsX`c&X`��aYmzTbuvrsRgTbr$_Omt\^_`aY\�moTbX;TbVYX0e0m�wsX:{|aYRY_�TbuvrsRYZ
rz{YTbVYX0XO\^X`_`TWcWrsRYZ`p9,.X�wsX`cbmt\�TbXO_�VdRYu^��aYX`ZO��cbmzRYxsu^RdxÇ{|cWrtk ZWkymtc[TNmt�Y�Yc[r@�.uvknmzTWu^rsRdZCTWr+XÉ�.TWXORYZ[uvwtX:_Orsk'A
�dadTbX`c2_Omt\^_`aY\�moTbu^rtRYZ:mtc[X5XOkP�Y\^r@jsX`i�TWr~rs�dT�mzu^RImtRIX`ÈÌXO_�Tbu}wsXqu^R�TbX`cRAámoTbrskPu^_Ç�ÌrtTWXOR�Tbu^mt\ÌTWV�mzT2u^Z0aYZWX`i
uvRÖkyrs\vXO_`aY\�mtc+�YV�j.Z[u^_`ZgmtRYi�_�VYX`kyuvZ[Tbchjspn×5*�� mt\^Z[rIaYRYiYX`cW\^uvXOZ5TbVdXE6lm©�.efXO\v\;XO��a�mzTWu^rsRYZ`py%:VdXOZWX

§t°�²



_OmtRI�ÌX5adZWXOiITbr]idXOZW_`cWuv�ÌX�_O\^mtZWZ[u^_Omt\^\}jPTWVYX5u^R�TWXOcbmz_`TbuvrsRYZ�rz{ _�VYmtcWxsX`Z:e)uvTbV>X`\^X`_`Tbc[u^_P¸ � »fmtRYiIknmzxBA
RdX`Tbuv_Ö¸���»�Ê�X`\^iYZµrsc]mzT~mUZ[XOkPu^_`\�mtZ[ZWu^_Omt\�\^X`wtXO\0TWVYXEuvR�TWXOcWmt_`TWu^rsRYZµrt{2_�V�mtcWxtXOZ��zmzTbrskPZµe)u}TbV�\^uvxsV�T
¸|��a�mtR�TbaYk�rt�dTbuv_OZ�»Ép

!ÇZ9kyX`R�TWu^rsRdXOi~mt\vcWX�mzidjs��moTbrskPZNmtc[X�_�V�mtcWmt_`TWXOc[u>=OX`i~��j�TbVYX�mzTbrskPu^_�R�aYkg�"XOc  �_`rscWc[XOZW�"rsRYidu^RYx
TWr]TbVYX5R�aYkg�"XOc:rz{ �dcWrtTWrsRYZ)u^RETWVYX5R�aY_O\vXOaYZ`p03+{�TWXOR>TbVYX`cWX�u^Z0kyrsc[X+TbVYmtRIrsRYX5�"rsZWZ[u^�Yuv\^uvTSj~{|rscfTbVYX
R�aYkµ�ÌX`cyrt{$RYXOadTWcWrsRdZK¸ �l»�p 
2aY_O\vXOu:e)uvTWV�iYu}È�X`cWX`R�TyR�aYkg�"XOcPrt{$RdXOadTWcWrsRYZP{|rscPm�xsu}wsX`R  ¬mzcWX
_Omt\^\vXOi8iYuvÈÌXOc[XOR�TgÛ^¡@¢o£S¢ ��Ý�¡){|rsc)TbVYXgZWmtkPXµXO\vXOkPXOR�T�p 
ÇaY_`\^X`u&mtc[XµiYX`RYrtTWXOiK��j8TWVYX]mzTWrskPu^_�Z[j�kg�"rs\
¸Ô(���(2Xt��X�Tb_tpÂ»�mzRYiÖu^RKrsc[iYXOc+TWr>iYu^ZhTbuvRYxsaYuvZWVUTbVdXgu^Z[rtTbrs�"XOZ5rtRYX]mtiYidZ�mtZ�mE\^X�{�T5ZWaY�"XOc[ZW_`cWu^�.T5TbVYX
TWrtT�mz\"R�aYkµ�ÌX`c�rt{�R�aY_`\^XOrtRYZ Ø ®� � ��pf3$RYX+VYmtZf{|rscf(2j�iYc[rsxsX`R Ð ( ® �¦� Ä ( ®��YRK¸ÔR�aY_O\vXOaYZ0u^Z
_Omt\^\vXOi ��Ý���£SÝ�è�¢o����mzTbrtk uvZ$_�mz\^\^X`i ��Ý���£áÝ�èÉÛ ��"q»+mtRYi ¾ ( ®��YRYR ¸ÔR�aY_`\^XOadZ$u^ZÇ_�mt\v\^XOi�£ºèÉÛ�£S¢o����mzTbrtk
uvZµ_Omt\^\vXOi�£ÔèÉÛ�£ºÛ ��"q»�pK%:VdXEu^Z[rtTbrs�"X�Ðá(�u^ZqkyrtZ[T]mz�YaYRYi�mzR�TOpK%:VYX Ä ( mt�YaYRYiYmtRY_OX>uvZµrsRd\vj�°dp±°d'©²
� p>%:VYXPTbVYuvcWi�u^Z[rtTbrs�"X ¾ ( uvZ�RYrtT�Z[T�mz�Y\^Xzp>4�rscq(ÇXO\vu^aYk�rsRYXnVYmtZqTSefrUuvZWrtTWrs�ÌX`ZO� ¾ (ÇXnmtRYi ¿ (ÇX
¸ � AÀ��mtc[TWu^_`\^X@»É�zTWVYX:\�mzT[TbX`c&�"XOu^Rdx$TbVYX:kPrsZ[T9mt�YaYRYiYmtR�T;rsRYXtp&%:VYX)XO\^X`kyX`R�TbZ9()j.idcWrsxsX`RnmzRYi~(ÇX`\^u^adkmz\^ZWrqkymtÎtX)aY�PTbVYX2�YaY\vÎgrt{�TWVYXµ¸ºmzT�\^XOmtZ[T;w�u^Z[u^�Y\vX@»&kymzTWTWXOc9uvRPTWVYXÇadRYuvwtXOcWZ[Xt��cWrsadxsVY\vjgu^R~TbVYX)rsc[iYXOc
'@§ �)'y¸ºmoTbrskPZ�»0rsc)Ò �)'y¸ÔkymtZWZb»�p

10V�mzcbmt_�TbXOc[u^ZhTbu^_)�YuvRYiYuvRYx�mtRYiPX��._Ou}T�mzTWu^rsR~X`RYXOc[xsu^X`Z�uvR~R�ad_O\^X`u�mtcWX2mzT9TWVYXÇ68X`ÅÚ\^X�wsX`\Ï¸Ô_Ortky��mzcWX
TWVYu^Z�e)uvTWV�TWVYXyX�Å AÀ\^X`wtXO\;{|rsc�mzTbrskPZ�»É�Ïe)Vdu^_�V�{|rsc�X`kyuvZWZWuvrsR�mtRYi�mt�dZWrsc[�dTbuvrsR�rz{:�YVYrtTWrsRYZ�kyXOmtRYZ
e0m�wsX`\^XORdxtTbVYZ�mtZ5Z[knmt\v\NmtZ]'�° ½ Ð Ä k8pµ ;c[rtTbrtRYZqmtRYiÖRYXOa.TbcWrtRYZ�u^RÖmzTWrskyuv_µR�aY_`\^XOu;mzcWX]�"rsaYRYiKw�u�m
mP_OrskP�Y\vX`TbX`\vjIiYu}È�X`cWX`R�T2{|rsc[_OX�TWV�mtR�TbV�mzT+u^R8mzTbrtkyZ`�"RYmtkyX`\vj>TWVYXP¡�£Ôèb¢o��ã$à�¢oèb��Ý�p)%ÏrnaYRYidXOcWZhT�mtRdi
TWVYX:kymtu^Rµ{|XOmzTbadcWXOZ9rz{ÌR�aY_`\^XOmtcNZ[TWcWaY_�TbaYc[X)rsRYX�X`ky�Y\vr@j.ZNmy¸|RYrsRYc[XO\^mzTbu}w.uvZ[TWu^_@»¦��a�mtR�TWaYkykPXO_�VYmtRYu^_Omt\
idXOZW_`cWuv�dTbuvrsR�e)uvTWVÃu^R�TbVYXn(+mtkPu^\}TbrsRYu^mtR�mtR-¸|X`ÈÌXO_`TWuvwtX@»µ�"rtTbX`R�TWu�mt\;rt{:e)Vdu^_�VÃTbVdXE\^rsRdxsXOZhTgcbmzRYxsX
�Ymtc[Tyu^Z~_OrtkyuvRYxK{|cWrsk TWVYX8XÉ�._�V�mtRYxsX8rt{5�YuvrsRYZ]e)uvTWV�kymtZWZ[XOZ*S�� \ '�³s°Ã68X�Åg�;\^XOmtiYu^RdxÖTWrÃm
��adÎzm�e0m�AS\vu^ÎzX�Tbmtu^\�rt{&TWVYXq{|rtcWk��y¸
	t»�� X��.�Ï¸�
�	t­ ½� ��»[­�	µe)VYX`cWX ½� �~u^Z:TWVYX�10rsky�.TbrsRIe�m�wtXO\^X`RYxtTWV
ª¥"­�S��säT\�'s¯ ³]{|k8�.e)VYu^_�V�u^Z)mt\vZWr]TbVdXq_�VYmtcbmt_�TbX`cWu^ZhTbuv_5ZWu>=`X�rt{&R�aY_`\^X`u¤p

!ÇZ�ZWX`XOR>u^RPTbVYX  wsX`cWZ[aYZ �¬�Y\vrtT;{|rsc0R�aY_`\^X`u¤��Z[T�mz�Y\^X2R�aY_O\vXOu"\^u^X2kPrsZ[TW\vj]rsRnrsc �[adZ[T)mt�"r@wsX2TbVYX
 
® � iYu�mtxtrsR�mt\ mtRYiUTWVYXOc[XymzcWXgkymtR�jUaYRdZ[T�mz�Y\^XgR�aY_`\^X`u&e)uvTWVÖwzmtZhTb\}jliYu}È�X`cWX`R�T�\vuv{|X�Tbu^kPXOZ`p54�rsc
TWVYX]kymtxsu^_�R�aYkg�"XOcWZ5uvRYiYuv_�mzTWXOiKu^R8TbVYXgÊ�xtaYcWXz��R�ad_O\^X`u9mtc[X]��mtc[TWu^_`aY\�mtc[\vjIZhT�mt�Y\vXtpq!+RÖu^kP�"rsc[TbmtR�T
idXO_�m�jykyr�iYX:{|rsc;VYXOm@w�jyR�aY_O\vXOu"u^Z9TbVYXÇXOkPu^Z[ZWu^rtRyrt{ � AÀ��mtc[TWu^_`\^XOZ`p&%:VYX � AÀiYXO_Om@jPuvZfmqRYu^_`XÇXÉ�dmtky�d\^Xrz{N��a�mtR�TbadkykPXO_�V�mzRYu^_Omt\�TbaYRYRdXO\^uvRYx~TbVYc[rsaYxsV8my�"rtTbX`R�Tbu�mz\¦��mtc[cWu^X`cOpf!
Z[XO_OrtRYiUiYX`_�m�j�u^Z���ASiYX`_�m�j
uvR>e)VYu^_�V8m]RYXOadTWcWrsR�_�V�mtRdxsXOZ2u^R�TbrPm]�Yc[rtTbrsR�aYRYidXOc)XOkPu^Z[ZWu^rtR>rt{9mtRIX`\^XO_�Tbc[rsRlmzRYi�mPRYX`adTbc[u^RYrd�

� 
�� M � Ñ ½�� ª� � ¯ ¸º§.p}'�³�»
QÀT)uvZ�TbVYuvZ�iYX`_�m�j>TbV�moT)u^Z:mt\vZWr]c[XOZW�"rsRYZ[u^�Y\vX${|rsc�TbVdX5u^RYZhT�mt�Yuv\^u}TSjyrz{ ¾ (q�YiYX`_�m�j�u^RYx]w�u�m ¾ (�
�� ¾ (ÇX
� Ñ ½ � ª� � p�� AÀiYXO_Om�j>u^Z�TWVYX�knmtRduv{|XOZhT�mzTWu^rsR>rz{ jtX`TÇmtRYrtTWVYXOc:{|rsc[_OXz�YTbVYX��0ÝW�o�:à�¢oèb��Ý�p

LEPTONS

NUCLEONS

(atomic nuclei)

Q/e = +1 Q/e = 0

H = p
H = pn
H = pnn
He = ppn
C = 6p 6n

e

p n

− ν

1

2

3
3

12

proton neutron

electron neutrino

10rsRdZ[Tbu}TbaYX`R�TbZ�rz{�kymzTWTWXOc
¸ÔmtZKÎ�RYr@e)R
uvR '@¶sÒ�²s»IcWX`\ A
X�wtmzR�T {|rtc�\^X`RYxtTbV�Z[_�mt\vXOZ
mt�"r@wsXP'5{|k8p
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QSZ[\�mtRdi8rt{ Z[Tbmt�Yuv\^uvTSjP{|rsc:R�aY_`\^XOuºp

Z

N

1−10 days
10−100 days
100 dgn − 10 yr
10−10.000 yr
naturally radioactive
stable
> 10.000 yr

QSR��YcWr�_OX`ZWZ[XOZ+\vu^ÎzX � AÀiYXO_Om�js���YadTÇmt\vZWr]uvR�uvR�TbXOcWmt_`TWu^rsRdZ:rt{&�dVYrtTbrtRYZ)rsc:XO\vXO_`TWcWrsRdZ)e)u}TbV�mzTWrskyZ`�
_`rsRYZ[XOc[wzmzTWu^rsRy\�m�e)Z;�Y\�m�j�ZfmtRnuvky�"rsc[TbmtR�T;cWrs\vXtp %:VYXÇkPrsZhT0uvky�"rsc[TbmtR�T9_OrtRYZWX`c[wzmzTbuvrsRn\^m�e)ZfmzcWX)TbVYX
_`rsRYZ[XOc[wzmzTWu^rsR>rz{ X`RYXOc[xtjs��kPrskPXOR�Tbadk8�.mtRYi�mtRYxtaY\�mtcfkyrtkyX`R�TWaYk�pN4�rsc�X`RYXOc[xtjImtRYi>kPrskPXOR�Tbadk
TWVYX�ZWaYk�rt{Nmz\^\�X`RYXOc[xsu^X`Z2mtRYiITbVYXy¸Ô_`rskP�ÌrsRdXOR�T A¤e)u^ZWX�»0ZWaYk�rt{Nmz\^\�kPrskPXOR�T�m]uvR>u^RYu}Tbu�mz\�mtRdiIÊYR�mt\
ZhT�mzTWXfuvZ�TbVYXfZbmtkPXtp 4�rscÏmtRYxsaY\^mtc�kPrskyX`R�TbaYk�TWVYX0_`rsRYZ[XOc[wzmzTWu^rsRq\�m�eÃmt�Y�Y\vu^XOZ�TWrÇTbVdX�TWrtT�mt\�mzRYxsaY\^mtc
kPrskPXOR�Tbadk rt{&TWVYXqu^RYu}Tbu�mz\¦mtRYi�Ê�R�mt\CZhT�mzTWXtp�%:VYuvZÇuvZ)knmtidXqad�8{|cWrtk�TbVYXqZW�du^RYZÇmtRYi�TbVYXqrscW�duvT�mz\
mzRYxsaY\^mtc�kPrskyX`R�T�m]u^R�m]kgaY\}Tbu AÀ��mtchTbu^_`\^X2rsc:_Ortky�"rsZWu}TbX$Zhj�Z[TbX`k8p

10rsRdZWu^idXOc ��ASiYX`_�m�j>mzZ)mtRIX��dmtkP�Y\^Xzp94�rsc��Yc[rtTbrsRdZO�YRYX`adTbc[rsRYZ2mtRYi>X`\^X`_`Tbc[rsRYZ`�YTbVYX5Z[�Yu^R>uvZ$'©�s§
¸�TSe0rPZW�du^R�Z[T�moTbXOZb»�p;%:VYuvZ2uvky�d\^u^X`ZfTWV�mzT

� ®������ � ����� �
� ®
	 � uvR�TbXOxtXOcÇÁ]{|rtc:X`wsX`RlR�aYkg�"XOc)rt{&_OrsRdZ[Tbu}TbaYX`R�TbZVYmt\v{ AÀu^R�TbX`xsXOc)Á]{|rsc:r�iYiIR�adkg�ÌX`c)rt{&_`rsRYZhTbuvTWaYXOR�TWZ ¸º§.p}'©²s»

%:Vdu^Z�\vXOi>Xtp xYp; mtaY\^u"Tbr]�"rsZ[TWaY\�moTbX+TWVYX$X��.uvZ[TbX`RY_OX�rt{ mgRYX`adTbcWmt\�Z[�Yu^RK'@�s§µ��mtchTbu^_`\^Xz��TWVYX]��Ý��.£ÔèÉÛ���¢o�
uvR ��ASiYX`_�m�j�¸Ô*;��pC§�pv'�³�»�p�QSRYiYX`XOi¦��TbVdX]RYXOadTWcWuvRYrEe�mzZ�{|rtaYRYiÖmtRYiKTWaYcWRYX`iÖrsadT$TWr>V�m�wsX~ZW�YuvR�'©�s§
¸Ômt\vTWVYrsaYxtVqe)u}TbVqrsRY\vj5m2\vX`{�TbVYmtRYiYX`iµZ[TbmzTbX�V�m�w�u^RYx S
�9® 
q'©­s§.�zmtR�Tbuv��mtcWmt\^\vXO\tTWr2TWVYXfkPrskPXOR�TbadkE»Ép

!ÇRYxsaY\^mtc)kyrskPXOR�TWaYk u^Z2mt\vZWr~wsX`c[j�u^kP�Ìrtc[T�mzR�T)uvR�TWVYXqZ[Tbadidj�rt{&TWcbmtRYZ[uvTWu^rsRYZ�e)VdXOcWX��YVYrtTWrsRYZ
mzcWXymt�YZWrtcW�"XOi�rsc�XOkPuvTWTWXOi¦pn 9VYrtTbrtRYZ�VYm@wtXyZ[�Yu^R 'U¸Ômt\vTWVYrsaYxtVÖe)u}TbV�rsRY\}jUTbVYX~TSefrlZ[TbmzTbX`Zqe)u}TbV
S
�l® �]'s�2��mtcbmz\^\^X`\)rscImtR�Tbuv��mtcbmz\^\^X`\:TbrÃTbVdXUkyrtkyX`R�TWaYk »�pôQÀTI\^X�mziYZnTbrÃTWVYXKZWX`\^X`_`TbuvrsR cWad\^X��� ®�°dÕ��]'sp

! \^mtZ[T>XÉ�dmtky�d\^X8efXKe�mzR�T>TWr�kyX`R�Tbu^rtR VYXOc[XKu^ZnTWVYX 
Çu}TbcWrtxsXOR moTbrsk�pÍ%:VYXKR�aY_O\vXOaYZUÐ ¿ 

_`rsR�T�mtuvRYZ�´$�YcWrzTbrsRYZ;mzRYiE´+RdXOadTWcWrsRYZ`p9QSRY_O\vaYiYuvRYx$TbVYXÇ´$XO\vXO_�TbcWrtRYZNTbVYX:TWrtT�mt\dmtRYxsad\�mtcNkPrskPXOR�Tbadk
uvZ$V�mt\}{ ASuvR�TWXOxsX`c Ä p�QSRYiYXOX`iÖuvT+TWaYcWRdZ5rsadT+TWV�mzT${|rtcÇTbVdX~mzTbrsk � ® '©­s§�p��0X`{|rsc[XgrsRYXµÎ�RdX`e�rz{9TbVYX
ÿ��CîÉý¤öNý��oøÉýCì ��� ö&ý¤øÉíÂêÇø��zî��@ý�ýºî�ý¤ø�í�ø��©÷��©í øÉþ�õ�î�õ�ö �Oý��©õ7î � ø �hî�õ 
 î��Ôì±ýºö ��!��|ý¤öhõ 	�� ö9þºö � öhþ"�Ôý¤ø��$#©øÉþ%#Çýºî:ì±ý��þºö��|ý�& � þÀøÉõ�ö �(' �+îÉý��©öhþ � þÀøÉõ�ö)�¦î �©ö �oø���ýºî:ø�#�#+î`þ��©ì±ý¤ø�í�ø��©÷��©íÂø�þ¦õ0î`õ�ö �Oý��©õ
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right−
handed

or left−
handed

only
lefthanded

Q/e = +2/3 Q/e = −1/3

u d

p = uud
n = udd

e

ν− −e e

up down

3 colors

(nucleons)

QUARKS

− ν

electron neutrino

LEPTONS

×$a�mzcWÎ�ZÏmtRYi�\^X`�dTbrsRdZ�¸Ôrt{�TbVYX9Ê�c[Z[T
{Ômzkyuv\vjd» 	�TbVYX`ZWX���aYmtcWÎ�ZUmzcWXÖTbVYX
rtRYXOZ knmtÎ�uvRYx�aY� TbVYXÚ�YcWrtTWrsRYZ
mzRYi8RdXOadTWcWrsRYZ`p

XÉ�.u^Z[TWXORY_`X�rt{�TbVYX�RYX`adTbc[rsR mtRdi ��ASidXO_�m�jt�5uvT�ZWX`XOkPXOi�RYmzTbaYcWmt\$Tbr�TbVdu^RYÎ rt{qTbVdX�Ð ¿ 
 R�aY_O\vXOaYZ
mzZn'�³U�dcWrtTWrsRYZgmzRYi�´8X`\^XO_�Tbc[rsRYZOp8QSR�TbVYmzTg_OmtZWXnTWVYXEmoTbrsk efrsaY\^i�V�m�wsXEV�mzi�mtR�uvR�TWXOxsX`c � �Nu^R
idu^ZbmzxscWX`XOkPXOR�TCe)uvTbV�rs�YZ[XOc[wzmzTWu^rsR�pÏ%:Vdu^ZÏu^\^\vaYZ[TWcbmzTWXOZ�VYr@e�Z[u^kP�Y\^X9_`rskg�YuvR�mzTWrscWu^mt\tc[aY\^X`ZC{|rtc mzRYxsaY\^mtc
kPrskPXOR�Tbadk��Yc[r©w�uviYX�Z[Tbc[rsRYxPiYu^Z[_Oc[u^kPu^R�mzTWrsc[jP�"r@e0X`cOp

%ÏrKrsaYc��YcWX`ZWXOR�T~Î�RYr@e)\^X`iYxsX Ñ ½ mtRdi � � mtcWXyXO\^X`kyX`R�T�mtchj���mzc[Tbuv_O\vXOZ�e)uvTbVdrsadTgZ[aY�YZhTbcWad_`TbadcWXtp%:Vdu^Z�uvZ�RYrtT�TWcWaYXÇ{|rscfTWVYX5�YcWrzTbrsR>mzRYi>RYXOa.TbcWrtR¦p;%:VYX`jnV�m�wsXqmµZWad�YZ[TWcWaY_�TbaYc[Xt��Xtp xYp9X`w�uviYXOR�T:{|cWrtk
TWVYX�knmzxsRYX`TWu^_$kPrskPXOR�TbZ)rt{ÏTbVdXq�Ymtc[TWu^_O\vXOZ`p&Æ�c[uvTWu^RYx

�
� ®�� � Ñ§BS ����� Õ ¸º§.p}'@·�»

rtRYXÇVYmtZ�� � ®�§.��e)VYu^_�V~e�mzZfZ[VYr@e)RE��jP�$u^cbmz_�Tbr��ÌXµ¸Ôad�PTWrµm5wsX`c[j]TbuvR�j]_Orsc[cWX`_`TbuvrsR�»&TbVdXÇR�moTbaYcWmt\
wzmt\vaYX>{|rsc~mtR XO\^X`kyX`R�T�mtchj�ZW�YuvRÚ'@�s§U��mtc[TWu^_`\^Xtp 3$RYX�V�mtZ�� � ® ².¯Â²t¹s·�mtRYi	� ��® 
+Ò.¯Â¹�§z·dp QSR
�Ymtc[TWu^_Oad\�mtc¦TWVYX;\�mzT[TbXOcCuvZ m)ZWadcW�Yc[u^ZWuvRYx)cWX`ZWaY\}T {|rscCm)RYX`adTbcWmt\���mtc[TWu^_`\^XtpÏ 9cWrzTbrsRµmtRYiqRYXOadTWcWrsRqTbaYc[RYXOi
rtadT]TbrK�"X>_OrskP�"rsZWX`i7rz{ÇTSefrÖ��aYmtcWÎÃZ[�ÌX`_OuvXOZO� ���-¸|a�»gmtRYi ��¢ �9� ¸Ôi�»µ��a�mzcWÎ�Z]e)uvTbV�{|cWmt_`TWu^rsR�mz\
_�VYmtcWxsX`Z�

�n®���§s­tÒ Ñ mtRYi�
���® 
q'©­tÒ Ñ �¦V�m�w�u^RYxIZ[�Yu^R�'©�s§�pµQSR�mtiYiYu}TbuvrsRlTbr>TWVYXOZ[XP��a�mzR�TWaYkR�aYkµ�ÌX`cWZO��TbVYX2��a�mtc[Î�Z0_�mtc[c[j~rsRYX2rt{CÒq_Ors\vrsc;_�V�mtc[xsXOZ`p�35RdX+rt{ÌTbVYXÇZ[Tbc[rsRYxsX`Z[Tfu^RYidu^_�moTbu^rtRYZ9{|rsc9TbVYX
RdXOXOiÖrt{NZWaY_�V�mtRÖmtidiYuvTWu^rsR�mz\���aYmtR�TbaYk¬R�adkg�ÌX`c+_OmtkyX�{|cWrsk�TbVdXµX��.uvZ[TbX`RY_OX]rz{;iYrsaY�Y\}j�AS_�V�mtc[xsXOi����� ��mtc[TWu^_`\^X$e)VYuv_�V�TWaYcWRYX`iUrsadT)TWryV�m�wtX�Z[�Yu^R � ® Ò�­t§.pf%:VdX�R�moTbaYcWmt\�X��.�Y\^mtR�mzTWu^rsRIu^Z2m~Z[TbmzTbX
_`rsRYZ[u^Z[TWu^RYx~rt{ TbVYc[XOX�a.AÀ��aYmtcWÎ�ZO��e)VYuv_�Vlmz\^\�mtc[X�u^R�mtR�ZRASrtcW�Yu}T�mt\N¸"OÇ®�°s»�p9Æ-uvTWVYrsadT2mtR8mtiYiduvTbuvrsR�mt\
��a�mzR�TWaYk�R�aYkg�"XOc�TWVYu^Z�efrsaY\vi��"X5u^RI_`rsR�TbcbmziYu^_�Tbu^rtREe)uvTbVETWVYXq &mtad\^u¦�Yc[u^RY_`u^�Y\vXt��VYr@e0X�wsX`cOpfÆ-u}TbV
TWVYX�u^R�Tbc[r.idaY_`TWu^rsR>rt{ _Ort\^rsc:X�wsXOchj�TbVYuvRYxyuvZ:Ê�RYXtp

%:VYX�_Ort\^rscg_�VYmtcWxsX>TWaYcWRYX`i rtadT]TbrÖ�"X>kyrsc[XETbV�mzR �[adZ[TymtR7mtiYiYu}TbuvrsR�mt\���a�mtR�TbaYk�R�aYkµ�ÌX`cOp
QÀTµu^Z�TbVYXyZWrsadcW_OXy{|rscqTWVYXnZhTbc[rsRYxUuvR�TWXOcWmt_`TWu^rsRYZ`p8%:VdXnu^R�TWXOcbmz_`TbuvrsRYZq�ÌX�TSe0X`XOR�_Ort\^rscq_�V�mtc[xsXOZ]mzcWX
kPXOidu�mzTWXOi>��jExs\vaYrsRYZ�mtRYi>TbVYX$TWVYXOrtc[jEVYmtZ:�ÌX`XORIxsu}wsXORETWVYX5R�mtkPX�×$a�mtR�TWaYk 10VYc[rskyr�idj�R�mtkPu^_`Z
¸º×�1���»]�"XO_OmtaYZ[XUrt{+TWVYX8mtR�mt\vrsxtj�e)u}TbV ×�*;�gp9QSR _OrsR�TbcWmtZ[TyTbr�×5*��g�;kPXOiYu^mzTbX`i���j �[aYZhT�¢o��Ý
�dVYrtTbrtR¦��TbVYX`cWXgmzcWX>Ý�Û}ãoÜ�£�xs\^aYrtRYZ2TWV�mzTÇmt_�Tba�mt\v\vj>VYm@wtXgm~_Ors\vrsc)_�V�mtc[xsX�TWVYXOkPZWX`\vwsX`ZO�"\^XOmtiYu^Rdx~TWrEm
\vu^RYXOmtcW\}j~cWuvZWu^Rdxg�ÌrzTbXOR�TWu�mt\"�ÌX�TSe0X`XOR�_Ors\vrsc0_�VYmtcWxsX`ZOp;%:VYuvZ�u^kP�Y\^uvXOZ5��¢o� �;��Ý�"nÝ���£�rt{Ï��aYmtcWÎ�ZOpf3$RY\}j
m]_`rs\^rscfRYXOa.Tbcbmz\¦_OrsR.Ê�xsaYcWmzTbuvrsR>cWX`��adu^cWuvRYx~Òg��a�mtc[Î�Z)V�mzZÇmµÊYRYuvTWX5XORYX`cWxtjtpf4�aYchTbVYX`c�ZWad�YZ[TWcWaY_�TbaYc[X
TWV�mtRETWVYX$��a�mtc[Î�Z:VYmtZ:RYrtT5¸|jsX�TÉ»0�"XOX`RI{|rtaYRYi¦p�×$a�mtc[Î�Z:mtcWX+Î�Rdr©e)R>TWr]�ÌX$Z[knmz\^\^X`c�TWV�mtRU'�° ½ Ð D k
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QUARKS ANTIQUARKS

ANTILEPTONSLEPTONS

×5aYmtcWÎ�Z9mtRdi]\^XO�.TbrsRYZ:¸Ôrt{�TWVYX0Ê�c[Z[T9{Ômtk'A
u^\vjd»�mtRYigTWVYXOuvc&mzR�TWu^��mzc[Tbuv_O\vXOZOp  &mzc[Tbuv_O\vXOZ
mtRYiymtR�Tbu^�Ymtc[TWu^_O\vXOZN_OmtRymtRYRYuvVYu^\^mzTbXz�sXtp xYp
Ñ � Ñ ½ _�mtRÖ�"XµTbcWmtRYZh{|rscWkPXOiKuvR�TWrErtTWVYXOc��mtc[TWu^_`\^XOZ`�fXzp±xdp mK{|X`e��YVYrtTWrsRYZ`p %:VYX
rs�Y�"rsZWu}TbXq�YcWr�_OX`ZWZ+uvZ2TWVYX���èbÝW�t£ÔÛ¤¢o�Ert{;m
��mtc[TWu^_`\^X%ASmtR�Tbuv��mtc[TWu^_`\^X2��mtu^c`p
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τ
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top bottom tau neutrino

neutrinomuonstrangecharm
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QUARKS LEPTONS

%:VYX>��mtchTbuv_O\^Xy_OrsR�TWXOR�TPrt{)TbVYX
,�T�mzRYi�mtc[i 68r�iYX`\¤� ��a�mzcWÎ�ZO�
\^X`�dTbrsRdZ��"XO\^rtRYxsu^Rdx TWrÚTbVdcWXOX
{ÔmtkPu^\^uvXOZ�mtRYiETWVYX${|rsc[_OX$��mzc[Tbu A
_O\vXOZO�"cWX`ZW�"rsRYZ[u^�Y\vXq{|rsc:TWVYXµiYu}{ A
{|XOc[XOR�T2u^R�TbX`cbmt_�Tbu^rtRYZOp

¸Ômt�"rsadT�'�° ½�¾ TbuvkyX`ZÏTWVYX�ZWu@=OX�rz{�TbVYX�R�aY_`\^X`rsRYZ�»ÉpN%:VYX:XÉ�d_`uvTbmzTbuvrsRµX`RYXOc[xsu^X`Z&{|rsc&R�aY_`\^X`rsRYZ;mtc[X0u^R�TbVYX
'�°s°I68X`Å cWmtRYxsXz�¦Tbr>�"X]_OrskP��mtc[XOiKe)uvTWVUTbVYX]R�aY_`\^XOmtcq68X`Å[AScWmtRYxsX~mtRdiÖTWVYX~mzTWrskyuv_µX�Å AScWmtRYxsXzp
�fXO_�mzaYZWX2rt{�TbVYX)_`rsRdÊ�RYuvRYx��ÌrzTbXOR�TWu�mt\º�trsRYX)iYr�XOZ9RdrtT;V�m�wsX)TbVYX)Z[uvTbaYmzTbuvrsRµTbVYmzT9TbVYX)kymtZWZ2¸|XORYX`cWxtjd»
rz{ÏTWVYX$_`rsky�"rsZ[uvTbXÇZ[j�Z[TWXOk uvZ0\vXOZWZfTbV�mtRETWV�mzT:rz{ÏTWVYX$_`rsRYZ[TWuvTWaYXOR�TbZ`��mtZ:uvZfTbVdX$_�mtZ[X${|rsc�kPrs\^X`_OaY\vXOZ`�
moTbrskPZ�mtRYiER�aY_`\^XOuºp&QSRn{Ômz_`T�TbVYX2knmzZWZWX`Z0rt{ÌTbVYXÇaY�EmzRYiniYr@e)RE��a�mzcWÎ�Z0TbadcWRnrtadTfTWrµ�"XÇuvRyX`ZWZ[XORY_`X
=`XOc[rUrsR�TWVYXnZ[_�mt\vXnrt{:TWVYXnR�aY_`\^XOrtRÃknmzZWZOp8%:VYXEZ[_�mt\vXOZgmzcWXnZ[X`T]��jÖTbVdXEZWu@=OXt��� X & 'n{|k mtRYi
ª¥�ä`­�� X & §z°s°P68X`Åµp

%:VYXP��a�mtc[Î�ZqmtRdi�\vXO�dTWrsRYZqmt\v\ TbadcWRYX`i�rsa.T5TbrIV�m�wsX~_OrtcWcWX`ZW�"rsRYiYuvRYx�mtR�Tbuv��mtc[TWu^_`\^XOZ`�¦rt{�e)VYu^_�V
TWVYXq�ÌrsZ[uvTWcWrsR�¸ Ñ � »0e0mtZÇTWVYX�Ê�cWZhTÇTWry�"X�iYu^Z[_Or@wsX`cWXOi�p:!+R�Tbuv��mtc[TWu^_`\^XOZ)V�m�wtXµrs�Y�"rsZ[uvTbX�X`\^XO_�Tbc[u^_�mtRYi_`rs\^rtc2_�VYmtcWxsX`ZO�Ì�YadTÇu^iYX`R�TWu^_Omt\�knmzZWZWX`Z$mtZÇ_OrskP��mtc[XOiITbrPTbVYX���mtc[TWu^_`\^XOZ`p�%:VYc[XOXµ��a�mzcWÎ�Z+_OmtRl{|rsc[k
_`rs\^rtc0RYX`adTbcWmt\¦_Ortkg�Yu^RYmzTbuvrsRYZ5¸ &��tèÉß�¢o�d¡W»f�dadT2mt\^Z[r]m]��a�mtcWÎnmtRYi�mtRImtR�TWu^��a�mtc[În_�mzRE{|rscWk m]_Ors\vrsc
RdXOadTWcbmt\��Ymtc[TWu^_O\vXt�9_Omt\^\vXOi "nÝ�¡@¢o�d¡�pÖ%:VYXI\^uvxsV�TbX`Z[Tgrz{2TWVYXOZ[X�mtcWXETWVYX �"Û¤¢o�d¡�p�68XOZ[rsRYZ~rt{Ç_OrsaYc[ZWX
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kµaYZ[T2V�m�wsXqu^R�TWXOxsX`c:ZW�YuvR¦��Xtp xYpNTbVdXq�du^rsRYZ)V�m�wtX�Z[�Yu^R�°dp
Æ-VYuv\^XNTWVYXfXÉ�._�V�mtRYxsX�rt{dxs\^aYrtRYZ��YcWr�iYaY_`XOZÏTbVYX;�YuvRYiYu^Rdx){|rtcW_OX;rt{�TbVdXf��a�mtc[Î�Z�¸ÔmtRYi�mtR�Tbu^��a�mzcWÎ�Z�»

uvRl��mzc[jsrtRYZ~¸ ����� »:rsc+kPXOZ[rsRYZg¸ � ª� »É��uvTÇmt_�Tba�mz\^\vjIidr.X`Z+RYrtT+\^XOmti8TWrEV�mtiYc[rsRYZ2e)uvTbVlkyrsc[X���a�mzcWÎ�ZOp
Z5\^adrsRUX��._�V�mzRYxsXPX`ÈÌXO_`TWuvwtXO\vjl�YcWr�iYaY_`XOZ�m>Z[TWcWrsRdx>ZWVYrschT AÀcbmtRYxtX]cWXO�daY\^Z[u^rsRU�"X`TSefXOX`R�R�aY_`\^XOrtRYZ5u^R
m�R�aY_O\vXOaYZ`�&e)VYu^\vX]TbVYXyX��._�V�mtRYxtXnrt{:kPXOZ[rsRYZ��YcWr�iYaY_`XOZ�TWVYXP\^rsRYx�AScbmzRYxsX8¸ÔX�È�X`_`Tbu}wsX�»qu^R�TWXOcbmz_`TbuvrsR
c[XOZ[�ÌrsRdZWu^�d\^X�{|rtcÇTbVdXgR�aY_O\vX�mtc$�du^RYiYuvRYxYp2Å$u�m~TbVYX�{|rscWkymzTbuvrsR�rt{;��a�mtcWÎ�ASmtR�Tbu^��a�mzcWÎ���mtu^c[ZO�"Xtp xYp5��j
_`rs\^\vu^iYuvRYx2XO\^X`_`TWcWrsRYZNmtRYi]�"rsZWu}TbcWrtRYZO� Ñ � � Ñ ½ 
 � � � ª� �srsRYX�VYmtZ&{|rsaYRdigTbV�mzTNrtTbVYX`cN��a�mtc[Î����tÞt¢oè�¡XÉ�.u^Z[T��ÌX`ZWu^idXOZ:aY�ImtRdi>iYr@e)R¦p9%:VYXOc[X5X��.u^ZhT�TSefrPrzTbVYX`c0{ÔmtkPu^\^uvXOZ;rt{C��a�mtc[Î�Z)mtRYi>\^X`�dTbrtRYZOp;�0X`ZWuviYXOZ
TWVYXOZ[X$RYX�e {|XOcWkPu^rtRYZO��e)VYuv_�VEu^RPXOZ[ZWXORd_OX5iYu}È�X`cfrsRd\vjg{|c[rsk�TbVYX2Ê�cWZhT0{ÔmtkPu^\}jg��j~TbVYX`u^c;kymtZWZ[XOZO�.rsRYX
VYmtZ+{|rsaYRdiKÒyVYXOm�w�jl�ÌrtZWrsRYZ`�ÌTWVYX� Q5mzRYi���� AS�Ymtc[TWu^_O\vXOZ`��e)Vdu^_�VÖmtc[XµcWX`ZW�"rsRYZ[u^�Y\vXq{|rsc2TbVYXqe0XOmtÎ
{|rtcW_OXz��Xtp xYp;u^R ��ASidXO_�m�jtp

%:VYX0Ò){Ômzkyuv\^u^X`Z¦rt{d��aYmtcWÎ�ZNmzRYi�\vXO�dTWrsRYZ`�zTbVdXOu^cÏmtR�TWu^��mtchTbuv_O\^X`ZCmtRYiqTbVYX;{|rscW_`X%AÀ_�mtc[c[j�u^RYx)��mzc[Tbuv_O\vXOZ
{|rtcWk�TWVYXy_`rsR�TbX`R�T�rt{fTbVYX~ZWr�_�mz\^\^X`i	��£À�t� ���tè ��
�¢ ��Ý��Ìrt{0XO\vXOkPXOR�T�mtchjK��mtchTbuv_O\^X`ZOpy 9cWXOZ[XOR�Tb\}jÖrsRYX
idXOxsc[XOX~rt{;{|cWX`XOiYrsk���kPrsZ[TW\vj8cWX`{|X`cWc[XOiKTbr�mtZ
�+Û}ã@ão¡ �d�tèÉ£ºÛ¤���^ÝÇc[XOkymtu^RYZÇTbr>�"X]aYRY_Or@wtXOcWX`i¦p~QÀT5e)u^\v\
�"Xqu^R�TbX`cWXOZhTbuvRYx]TbrPZWXOX�uv{ÏTbVYuvZ)iYXOxsc[XOXqrt{&{|c[XOX`iYrsk�u^Z)mz_`TbaYmt\^\}j>m~��mtc[TWu^_`\^X5rsc)uv{ uvT)uvZ:TbVYXqX`ÈÌXO_�T+rt{
Z[rskPXqadRYiYXOc[\vj�u^RdxPZhTbc[aY_`TWaYcWXzp

��� �5F;L2M�; �];

�����������������! #"
¸Ôm�»E%:VYXK¸|��aYmtR�TbaYk kPXO_�V�mtRdu^_�mz\�»$ZWu@=OXPrt{0TWVYXnV�j�iYcWrtxsXOR�moTbrsk uvZ�rz{0TbVdXnrsc[iYXOcqrt{0TWVYXE�frsVYc
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aYZWuvRYxqTWVYXÇwzmt\vaYX)rt{ ª¥�ä©� � mzRYi S � ä Ä p9%:VYu^Z;iYX`kyrsRdZ[TbcWmzTbX`Z0VYr@e-mq_�mtc[X`{|aY\�aYZ[X+rt{�aYRYu}TbZ;_�mtR
Zbm�wsXqmg\^rzT:rt{Ce0rtcWÎ�pf35RdX5iYr.X`Z:RYrtT:RdXOXOiITbr]Î�RYr@e ª¥��Yä©�$� Q ��S � � Ñ �Y�Ya.T:rsRY\}jEmt�d�YcWrs�dcWu�moTbX_Orskg�du^R�mzTWu^rsRdZOp

¸|_@»I*;ZhTbuvknmzTWXµTbVdXPkymo�.u^kymt\ÏknmzxsRYuvTWaYiYXgrz{fTWVYXPmtRYxsaY\^mtc$kPrskPXOR�TbaYk¬uv{;TbVdX]XO\^X`_`TWcWrsRÖe0rtaY\^i
�ÌXqm]cWrtTbmzTbuvRYx]ZW�dVYXOc[Xqe)u}TbV>TbVYX�cWmtiYu^adZ:�ÌX`u^RYx]TbVdXq_`\�mtZ[ZWuv_�mt\¦cWmtiYuvaYZ:aYRYiYX`cg¸Ôm�»�p

¸|i�»I/ÇZWX2TbVYX2wzmt\^aYX2rt{ÌTbVYXÇxscbm�w�uvTbmzTbuvrsR�mt\Y_`rsRYZhT�mtR�T WVX ­ ª¥�ä%Y�Tbrµ_`rsRYZhTbcWad_`T)mqknmtZ[Z'& � ¸º 9\�mzRY_�ÎknmtZ[Z�»�mtRdilm]_OrtcWcWX`ZW�"rsRYiYuvRYxP\^XORdxtTbV 	 � mtRYi�xsuvwtX$TbVYX5wzmt\vaYX5rt{ÏTbVYX�\�moTWTbX`cOp
¸|X@»�10rsRYZWuviYXOc��YVdrtTbrsRdZ�e)u}TbVKe0m@wtXO\vXORYxtTWV�rt{�²t°s°ERdk8pP1�mt\v_OaY\^mzTbX�TbVYX]{|cWX`��aYXORY_�jÖu^R�( =z��TbVYX

XORYX`cWxtj8u^RlÁEmtRYiUuvR8X�Å mtRdilTbVYXqe�m�wtXOR�aYkg�"XOc5uvRl_Ok ½ Ð ¸Ô#2X`_�mt\v\�TbVYX�cWXO\^mzTbuvrsRYZ � ®Íä`­ � �
G
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4 u^RYi�mtRIXO\vXOx�mzR�T)e0m�jETbrP_�mt\v_OaY\^mzTbXÇTbVYXq�0rsVdcÇmzRYiIR�ad_O\^XOmtc)knmzxsRYX`TWrsRYZ`�
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