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Prelude
� Goal : When you hear a rumor,{ understand the physis immediately for yourself.{ write a paper within a week.� Baselines{ 4{dimensional spaetimex� = (t; x; y; z); x� = (t;�x;�y;�z)p� = (E; px; py; pz); p� = (E;�px;�py;�pz)metri : g�� = g�� = diag(1;�1;�1;�1)x2 � x�x� = g��x�x� = t2 � x2 � y2 � z2{ Consider only the physis to be on�rmed at olliders.(Gravitation is not onsidered in this leture.)� Framework : Renormalizable relativisti loal �eld theory.� Key onepts{ Symmetry{ Mass� Basi strategy : Perturbation theory



Poinar�e GroupThe Poinar�e group is the fundamental spaetime symmetry group of trans-lations and Lorentz transformations; any physial objet that lives in theMinkowski spae of the four dimensional spaetime must belong to somerepresentations of the Poinar�e group.The Lorentz transformation to the spaetime oordinate x�x0� = ��� x�leaving the length of the four vetor x� invariant asx02 = g�� x0�x0� = x2should satisfy the relation: g�� ������ = g��The six (anti-symmetri) generators M�� of the Lorentz group de�ned by��� = 24exp 0�� i2!��M��1A35��satisfy the Lie algebra[M��; M��℄ = i [g��M�� � g��M�� + g��M�� � g��M��℄whih an be expressed as [Ji; Jj ℄ = +i �ijk Jk[Ji; Kj℄ = +i �ijkKk[Ki; Kj℄ = �i �ijk Jkin terms of the generators of rotations and boostsJi � 12 �ijkMjk; Ki �M0i



The mixed algebra of fJi; Kig an be diagonalized�N�i ; N+j � = 0�N�i ; N�j � = +i �ijkN�k�N+i ; N+j � = +i �ijkN+kby introduing two generatorsL : N�i � 12 (Ji + iKi)R : N+i � 12 (Ji � iKi)In terms of N�i and N+i , we an onstrut SU(2)L�SU(2)R representationsof the Lorentz group(n;m) : 8><>: N�2j(n;m)i = n (n + 1) j(n;m)iN+2j(n;m)i = m(m + 1)j(n;m)iThe two SU(2) generators are related by Parity PP : 8>><>>: Ji ! +JiKi ! �Ki ) P : N�i $ N+i
SpinorsNow we introdue 2{omponent spinors0�12; 01A :  L(x) = 0B� �1�2 1CA = f��g )  0L(x0) = �L L(x)0�0; 121A :  R(x) = 0B� ��1��2 1CA = f�� _ag )  0R(x0) = �R R(x)



The generators in the spinor representation are expressed asJi = 12 �i; Ki = � i2 �iwith the Pauli matries�1 = 0B� 0 11 0 1CA ; �2 = 0B� 0 �ii 0 1CA ; �3 = 0B� 1 00 �1 1CA ; �i�j = Æij + i �ijk�kFor the rotation of ~! and the boost of ~�, the generators are given by
�L = exp ��i( ~J � ~! + ~K � ~�)� = exp 8<:�i~�2 � (~! � i~�)9=;�R = exp ��i( ~J � ~! � ~K � ~�)� = exp 8<:�i~�2 � (~! + i~�)9=;The magnitude ! = j~!j is the rotation angle while the magnitude of theboost vetor ~� [ whih is parallel to the veloity vetor ~� ℄ is alled the rapidityrelated to the speed � as

e� = (1 + �) = vuuut1 + �1� � ; osh� = ; sinh � = �
VetorsPolarization vetors of a vetor boson in the frame where its momentum ishosen as 3{axis an be obtained by boosting the polarization vetors in therest frame along the 3-axis:p� = (m; 0; 0; 0) boost�! (E; 0; 0; p) with E = m; p = �m



��(p; 1) = (0; 1; 0; 0) (0; 1; 0; 0) : transverse��(p; 2) = (0; 0; 1; 0) (0; 0; 1; 0) : transverse��(p; 3) = (0; 0; 0; 1) boost�! (p=m; 0; 0; E=m) : longitudinalThese vetors satisfyp���(p; a) = 0; ��(p; a) ��(p; b) = �Æab ; a; b = 1; 2; 3and the heliity spin{1 states are determined from the above polarizationvetors by ��(p;�) = 1p2 [� ��(p; 1)� i ��(p; 2)℄��(p; 0) = ��(p; 3)The ontration of the heliity polarization vetors and � is6��(p;+) = �p2 0B� 0 10 0 1CA6��(p;�) = �p2 0B� 0 01 0 1CA6��(p; 0) = 0BB� 1m (p� E) 00 1m (p� E) 1CCA
The Dira EquationFor a free partile, the only operator whih an appear in the wave equationis the 4{momentum operator p� = i �� or in the spinor notationp� ��+� _� = 0B� p0 � pz �px + ipy�px � ipy p0 + pz 1CA



p� �� _��� = 0B� p0 + pz px � ipypx + ipy p0 � pz 1CAOne simple wave equation an be a linear di�erential relation between theomponents of spinors, expressed by the operators p���+� _� and p���� _��p� ��+� _� �� _� = m�� p� �� _��� �� = m�� _�where ��+ = (1; ~�) ��� = (1;�~�)The need to use the mass in the wave equation implies the simultaneousonsideration of two spinors (�� and �� _�); with only one of these, it wouldnot be possible to onstrut a relativistially invariant equation ontaininga dimensional parameter. The above relativisti wave equation is alled theDira equation having been �rst derived by Dira in 1928.The spinor form of the Dira equation is the most natural one, in the sensethat its relativisti invariane is immediately apparent. In appliations of theequation, however, other forms of the wave equation may be more onve-nient. We denote a four{omponent Dira spinor by the symbol  . In thespinor representation, it is a bispinor = 0BB� ���� _� 1CCAThe Dira equation is put in terms of the 4{omponent spinor in the formp� � �6p = m The spinor form of the wave equation with the omponents of the abovebispinor orresponds to the 4� 4 matries � :Weyl=Chiral : � = 0B� 0 ��+��� 0 1CA



We introdue an additional gamma matrix 5 and two hiral projetion op-erators :5 � i0123 = 0B� �1 00 1 1CA P� = 1 + �52 � = � = R=L
In the general ase, the matries � need to satisfy only the onditionsensuring that p2 = m2. To �nd these onditions, we multiply the Diraequation by 6p6p 6p = 12p�p� (�� + ��) = m 6p = m2 and we must therefore have�� + �� = 2 g��

Free{partile SolutionsLet us solve the Dira equation. We take into aount a plane wave solution (x) = u(p) e�ip�x p2 = m2 � p0 > 0 ) (�p� �m)u(p) = 0It is easiest to analyze this equation in the rest frame, where p�0 = (m;~0);the solution for a general p an then be found by boosting the rest{framesolution(m0 �m)u(p0) = m 0B� �1 11 �1 1CAu(p0) = 0 ) u(p0) = pm 0B� �� 1CA



for any 2{omponent spinor � normalized to be �y� = 1. Now that we havethe general form of u(p) in the rest frame, we an obtain u(p) in any otherframe by boosting. Consider a boost along the 3{diretion. Then with therapidity � the boosted spinor is given byu(p) = exp 264�12� 0B� �3 00 ��3 1CA375pm 0B� �� 1CA= 264osh �2 0B� 1 00 1 1CA� sinh �2 0B� �3 00 ��3 1CA375pm 0B� �� 1CA
= 26664 �pE + p3 �1��32 � +pE � p3 �1+�32 �� ��pE + p3 �1+�32 � +pE � p3 �1��32 �� � 37775The last line an be simpli�ed to giveu(p) = 0BB� pp � �+ �pp � �� � 1CCAwhere it is understood that in taking the square root of a matrix we take thepositive root of eah eigenvalue. This expression for u(p) is not only moreompat, but is also valid for any arbitrary diretion of ~p.The amplitude of the plane wave ontains one arbitrary two{omponentquantity �. Thus, for a given momentum, there are two di�erent independentstates, orresponding to the two possible values of the spin omponent. But,in the relativisti theory the orbital angular momentum ~l and the spin ~sof a moving partile are not separately onserved. Only the total angularmomentum ~j = ~l + ~s is onserved. The omponent of the spin in any �xeddiretion is therefore also not onserved. However, the omponent of thespin in the diretion of the momentum is onserved ; sine ~l = ~r � ~p theprodut p̂ � ~s is equal to the onserved produt p̂ �~j. This quantity is alledthe heliity. Heliity states orrespond to plane waves in whih � = �� is an



eigenvalue of the operator p̂ � �̂:~� � ~pj~pj ��(p) = � ��(p) � = �If we write ~pj~pj = (nx; ny; nz) = (sin � os�; sin � sin �; os �)then the normalized heliity eigenstates an be expressed as�+(p) = 1r2(1 + nz) 264 1 + nznx + iny 375 = 264 os �2sin �2 ei� 375��(p) = 1r2(1 + nz) 264 �nx + iny1 + nz 375 = 264 � sin �2 e�i�os �2 375apart from arbitrary phases. In the heliity basis we an express the Diraspinor as u(p; �) = 2664 (E � �p)1=2 ��(p)(E + �p)1=2 ��(p) 3775 � 0BB� u�(p; �)u+(p; �) 1CCAThe subsripts are so hosen as to satisfyP+u(p; �) = 1 + 52 u(p; �) = 0B� 0u+(p; �) 1CAP�(p; �) = 1� 52 u(p; �) = 0B� u�(p; �)0 1CA
In addition to the positive{frequeny plane wave solution u(p), there existsa negative{frequeny plane wave solution (x) = v(p) e+ip�x



satisfying the same Dira equation. The easiest way to �nd this solution isto onsider harge onjugation represented by a unitary matrix C:CT�Cy = �� CCy = 1 ) C = �i20v(p; �) = C �uT (p; �) = (�i20) 0u�(p; �) = 0B� 0 �i�2i�2 0 1CAu�(p; �)whih an be derived through the following proedure(i��� �m) = 0 y  �i  �� �y �m! = 0 y0  �i  �� 0�y0 �m! = 0�  �i  �� � �m! = 0��i�T�� �m� � T = 0��iC�TCy�� �m�C � T = 0Noting that i �2 ��� = ����� [� = �℄ we an obtain the negative{frequenysolution in the heliity basis asv(p; �) = � 2664 �(E + �p)1=2 ���(p)(E � �p)1=2 ���(p) 3775 � 0BB� v�(p; �)v+(p; �) 1CCAIt is an interesting exerise to hek that the heliity spinors u(p; �) andv(p; �) satisfy the following relations�u(p; �)u(p; �0) = +2mÆ��0 X� u(p; �)�u(p; �) =6p +m�v(p; �)v(p; �0) = �2mÆ��0 X� v(p; �)�v(p; �) =6p�mWe have seen that the neessity of two spinors (�; �) to desribe a partilewith spin 1=2 is due to the mass of the partile. This neessity disappears if



the mass is zero. The wave equation whih desribes suh a partile an bederived from a single spinor, say the undotted spinorp� �� _��� �� = 0 ) (E + ~p � ~�) � = 0The energy and momentum of a partile with m = 0 are related by E = j~pjso that we have(p̂ � ~�)�(p) = ��(p) : heliity � = �1=2= �On the other hand the dotted spinor �� satis�es(p̂ � ~�) ��(p) = ���(p) : heliity � = +1=2= +Consequently, states of the massless partile with a de�nite momentum areneessarily heliity states, for whih the spin omponent in the diretion ofmotion has a de�nite value. If the partile spin is opposite to the momentum(heliity �1=2), the antipartile spin is along the momentum (heliity +1=2).The neutrinos in the Standard Model were supposed to be suh partilespossessing these properties.
2{omponent Spinor TehniqueFor the ontration of a four{vetor a� and � we write6a = 0B� 0 6a+6a� 0 1CA 6a� = a����For the Pauli{adjoint of the four{omponent spinors we have�u(p; �) = uy(p; �)0 = �uy+(p; �); uy�(p; �)��v(p; �) = vy(p; �)0 = �vy+(p; �); vy�(p; �)�



Hene strings with even and odd numbers of {matries are expressed, re-spetively, �u(�p; ��)P�u(p; �) = uy�(�p; ��)u�(p; �)�u(�p; ��) 6aP�u(p; �) = uy�(�p; ��) 6a�u�(p; �)�u(�p; ��) 6a 6bP�u(p; �) = uy�(�p; ��) 6a� 6b�u�(p; �)and the similar relations hold for strings with v's and with u and v.
An ExampleAs a �rst example, let us alulate the heliity amplitude for the proesse�(k; �) + e+(�k; ��)! ��(p; �) + �+(�p; ��)in the lowest order. We hoose the e� momentum diretion as the positivez-axis and assume that the muon pair is produed on the x-z plane with the�� sattering angle �:k = ps2 (1; 0; 0;+1) �k = ps2 (1; 0; 0;�1)p = ps2 (1; � sin �; 0; � os �) �p = ps2 (1;�� sin �; 0;�� os �)q = k + �k = p + �p s = q2 � = r1� 4m2=swhere m is the muon mass and the eletron mass is negleted. In thisoordinate system the eletron and muon 2-omponent spinors are given byu(k;+)a = Æa+s1=4 0B� +10 1CA u(k;�)a = Æa�s1=4 0B� 0+1 1CA



v(�k;�)a = Æa+s1=4 0B� 0�1 1CA v(�k;+)a = Æa�s1=4 0B� +10 1CAu(p;+)b = !b 0B� hsh 1CA !b = (E + b p)1=2u(p;�)b = !�b 0B� �shh 1CAv(�p;�)b = �b!b 0B� sh�h 1CAv(�p;+)b = b!�b 0B� hsh 1CA h = os �2 sh = sin �2The sattering amplitude due to the  and Z exhanges is written asM(��� : ���) = e2s Qab h�v(�k; ��)�Pau(k; �)i h�u(p; �)�Pbv(�p; ��)iQab = 1 + ss�m2Z + imZ�Z aea a�bafL = T f3 �Qf sin2 �Wos �W sin �W afR = � Qf sin2 �Wos �W sin �WIt is quite straightforward to evaluate the eletron urrent (although you needto do a little exerise to get familiar with the tehnique)j�+(���) = �v(�k; ��)�P+u(k; �) = v(�k; ��)y+��+u(k; �)+= Æ�+ Æ���s1=2(0;�1) [1; ~�℄ 0B� 10 1CA= Æ�+ Æ���ps (0;�1;�i; 0)= Æ�+ Æ���p2s ��(q;+)j��(���) = �v(�k; ��)�P�u(k; �) = v(�k; ��)y����u(k; �)�



= Æ�� Æ��+s1=2(1; 0) [1;�~�℄ 0B� 01 1CA= Æ�� Æ��+ps (0;�1;+i; 0)= �Æ�� Æ��+p2s ��(q;�)Note that the positron heliity is always opposite to the eletron heliity. Onthe other hand, it is a little demanding to evaluate the muon urrent:J�+(+;�) = �u(p;+)�P+v(�p;�) = �!2+(h; sh) [1; ~�℄ 0B� sh�h 1CA= ps2 (1 + �) (0;� os �; i; sin �)J��(�;+) = �u(p;�)�P�v(�p;+) = �!2+(�sh; h) [1; �~�℄ 0B� h�sh 1CA= ps2 (1 + �) (0;� os �;�i; sin �)J�+(+;+) = �u(p;+)�P+v(�p;+) = !+!�(h; sh) [1; ~�℄ 0B� hsh 1CA= m (1; sin �; 0; os �)J��(�;�) = �u(p;�)�P�v(�p;�) = !�!+(�sh; h) [1; �~�℄ 0B� sh�h 1CA= m (�1; sin �; 0; os �)With these expressions we obtain the heliity amplitudes:M(��� : ���) = e2s Qab ja(�; ��) � Jb(�; ��)� e2 Æ�;��� Æ�aQab h� : ���ih+ : ++i = mps sin �



h+ : +�i = 12(1 + �)(�1� os �)h+ : �+i = 12(1 + �)(+1� os �)h+ : ��i = mps sin �h� : ++i = mps sin �h� : +�i = 12(1 + �)(+1� os �)h� : �+i = 12(1 + �)(�1� os �)h� : ��i = mps sin �At high energies the amplitude is greatly simpli�ed beause of hirality on-servation M(�;�� : �;��) = �e2Q�� (�� + os �)
Gauge Interations� Obtained by the replaement�� ) D� = �� + igT aAa�� Universality : there is only one oupling onstant for eah simple group.The gauge interation of a partile is totally determined by knowing therepresentation of the partile.� Conserves fermion hirality� �(v � a5) Z� = h(v + a) � L�  L + (v � a) � R�  RiZ�



List of Possible Renormalizable InterationsSpin 0 1=2 11 Gauge Gauge GaugejD�'j2 � 6D F ��F��1/2 Yukawa No No�  '0 Salar No No'3, '4
Breaking of fermion hirality is entirely due to a mass term or a Yukawainteration [apart from anomalies℄.� Non{renormalizable e�etive interation of gauge bosons an be on-struted from D� and F�� suh as� ��� F �� � �D� F ��

Presription of Model Building� Fix the gauge group{ Gauge bosons are determined{ Parameters : gauge ouplings



� Fix the representations of fermions and salars{ Gauge interations of matter partiles are �xed (no new parameters){ The total fermion representation must be anomaly{free� Give global symmetries if needed� Write down all possible mass terms and interations ompatible with thesymmetries{ Parameters� salar potential parameters ('2; '3; '4)� fermion masses and Yukawa ouplings



From Lagrangian to Cross Setion� Partile states in the Hilbert spae{ The vauum h0j0i = 1 j0i : dim = 0
{ One{partile statehpjp0i = 2p0(2�)3Æ3(~p� ~p0) jpi : dim = �11 = j0ih0j +Xp jpihpj+ � � � Xp = d3p(2�)32p0� Quantum �elds'(x) = Xp �a(p) e�ip�x + ay(p) eip�x� (x) = Xp X�=� �a�(p)u(p; �) e�ip�x + by�(p)v(p; �) eip�x�A� = Xp X�=�;0 �a�(p) ��(p; �) e�ip�x + ay�(p) ���(p; �) eip�x�

� S matrix Sfi � hf outji ini = 1fi + i (2�)4 Æ4(Pf � Pi)TfiUnitarity : SSy = SyS = 1 ) T yT = �i �T � T y�



Lagrangian to Feynman Rule� Free parts (or kineti terms) ) Propagators; Interations ) Verties
' 'p! i 1p2�m2+i"
�  p! i (6p+m)p2�m2+i"

A� A�k ! i �g��+k�k�m2k2�m2+i"
Massless : i �g��+(1��)k�k�k2k2+i"� = 1 : Feynman gauge� = 0 : Landau gauge



� Verties : from iLint{ No derivatives L = i f � 15 2' 1
 2 ' i � i f5 = �f 5

L = �e � � A� 
 A� i � (�e)�g�� = �i e �

L = �'3 = 6� � 13!'3�'
' ' i � 6� = 6 i�



{ With derivatives
L = �ie('���'� ��'� ')A�'  p0 '� � e+i p0�x
' � e�i p�x!p' A� i � (�ie) � [(�ip�)� (ip0�)℄= �i e (p+ p0)�
L = �i e�W+� W� (�� g�� � ��g��)A�W+�

W�� A� q� e�i q�x i � (�i e �) [(�iq�)g�� � (�iq�)g��℄= �i e � (q� g�� � q� g��)



Feynman Rules to Sattering AmplitudeA Feynman graph is a sum of all possible graphs for a given proess usingthe verties and propagators of the model.� Vertex ! vertex fator� Internal line ! Propagator� Loop ! R d4k(2�)4� External line ! wave funtion{ salar : 1{ fermion :� initial 8>><>>: partile u(p) �!�antipartile �v(p) � �� �nal 8>><>>: partile �u(p) �!�antipartile v(p) � �{ vetor :� initial ��(p) �nal ���(p)� Closed fermion loop ! fator (�1)� A graph with an exhanged fermion pair ! fator (�1)Following the above presription one an obtain iTfi � iM where M isalled the sattering or transition amplitude.



Sattering Amplitude to Cross Setion/Width� Deay rate (in the rest frame)d�(p! k1 + � � � + kn) = 12M X jMj2 d�n
� Sattering ross setiond�(p1 + p2 ! k1 + � � � + kn) = 12r(p1 � p2)2 �M 21M 22 X jMj2 d�nwhere �P denotes the average for the initial states and the sum for the�nal states.� Final{state phase spaed�n = (2�)4 Æ4 0� p� nXi=1 ki1A nYi=1 d3ki(2�)32k0iThe evaluation of the phase spae integrals is failitated by the identityd3ki2k0i = d4pi Æ(k2i �m2i ) �(k0i )You are reommended to derive the 2{body phase spaed�2 = ��f32�2 sin �1d�1d�1 ��2f = s2 � 2(m21 +m22)s + (m21 �m22)2s2



Standard Model



Quantum ChromodynamisHadrons { mesons and baryons { are "bound states" of quarks and gluons.
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� Asymptoti freedom : the e�etive oupling vanishes at high energies
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{ Interations of quarks and gluons visible at high energies{ Perturbation appliable, but parameters onneting quarks/gluonsto hadrons need to be known� struture funtions (parton distributions)� deay onstants (f�; � � �)� wave funtions (quarkonia)



...� Color on�nement : neither free quarks nor free gluons{ Cruial to separate short{ and long{distane physis� QCD Lagrangian{ Gauge group : SU(3)gluons 8quarks (3L + 3R)� nf nf : #(avors)
{ Parameters : masses generated by Higgs mehanismgauge oupling �s = g2s4�quark masses mu;md;ms;m;mb;mt

LQCD = �14Ga��Ga �� +Xq �q(i6D �mq)q



Gauged Higgs System� SU(2)L doublet : ' with hyperharge Y = 1=2' = 1p2 0B� i('1 � i'2)'0 � i'3 1CA SU(2) : '! exp(iTa�a)'U(1) : '! exp(iY �)'� Potential : The gauge invariant and renormalizable LagrangianLHiggs = (D�')yD�'� V (')for the Higgs doublet is given by the most general potentialV (') = �2'y' + �('y')2
V ['℄

j'jv=p2
0

{ O(4) � SU(2)L�SU(2)R : 'y' = 12 �'20 + '21 + '22 + '23� � 12�



Spontaneous Breaking of SU(2)L�U(1)Y� �2 < 0 and � > 0 (vauum stability) :�V�� = 12�2 + 12�� = 0 ) � = ��2� � v2'0 = v; 'a = 0 (a = 1; 2; 3)with losing the generality leading to the vauum expetation value (vev)of the Higgs doublet h'i = 1p2 0B� 0v 1CA
� Unbroken gauge symmetry leaving h'i invariantQ = T3 + Y = 0B� 1 00 0 1CA ) SU(2)L � U(1)Y ! U(1)EM
� The potential itself has the ustodial SU(2)D symmetry.SU(2)L � SU(2)R ! SU(2)DThis group is the symmetry of the Higgs potential only; in the fulltheory SU(2)R and SU(2)D are expliitly broken by the U(1)Y gaugeinterations.



Gauge Boson Masses� SU(2)L�U(1)Y ovariant derivativeD�' = 0��� + ig�a2W a� + ig012B�1A'
� Gauge boson mass terms ome from the Higgs kineti term :L = (D�h'i)yD�h'i ( h'i = 1p2 0B� 0v 1CA= v28 �g2 �(W 1�)2 + (W 2�)2� + (gW 3� � g0B�)2�W�� = 1p2 �W1� � iW2��Z� = 1rg2 + g02 �gW3� � g0B��= 14g2v2W y�W � + 18(g2 + g02)v2Z�Z� � m2WW y�W � + 12m2ZZ�Z�mW = 12gv v � 246GeVmZ = 12rg2 + g02 v > mW

{ The state orthogonal to Z�A� = 1rg2 + g02 �g0W 3� + gB��is massless so that it is nothing but the photon �eld.



{ The weak mixing angle �W is de�ned as
tan �W = g0g ) 8>><>>: Z� = W 3� os �W �B� sin �WA� = W 3� sin �W +B� os �W� Among the four salar �elds 'i(i = 0; 1; 2; 3) the three �elds ('1; '2; '3)beome the longitudinal omponents of the massive gauge bosons (W�; Z)while '0 = (v + H)=p2 remains as a physial �eld - this is alled theHiggs boson.� The so{alled � parameter� � m2Wm2Z os2 �W = g2Z=m2Zg2=m2W = NC Fermi ouplingCC Fermi oupling{ SM Higgs : � = 1{ General Higgs :m2W = 12hI3j(I+I� + I�I+)jI3ig2h'i2= �I(I + 1)� I23 � g2h'i2 I� = I1 � iI2m2Z = 2I23 (g2 + g02)h'i2) � = m2Wm2Z os2 �W = I(I + 1)� I232I23(I; I3) = 0�12;�121A! � = 1 (1; �1)! � = 12(1; 0)! � =1 0�32;�321A! � = 13 � � �



tan �W = g0g sin = os �W = g0=gpg2+g02
gZ = rg2 + g02

g g0
e = gg0pg2+g02

� os �W � sin �W
� sin �W � os �WSU(2)L U(1)Y

U(1)EM



SU(2)�U(1) Gauge Interations� Covariant derivative in terms of physial gauge bosonsD� = �� + igp2 �I+W� + I�W y�� + igI3W 3� + ig0Y B�Y = Q� I3 fW3; Bg ! fZ; Ag= �� + igp2 �I+W� + I�W y�� + igZ �I3 �Q sin2 �W�Z� + ieQA�{ W� ouples with pure SU(2) gauge oupling{ Z ouples to a linear ombination of SU(2) and EM harge{  ouples to the eletri harge Q ) QEDPartile Names I Y = hQi SU(3)ClL = " �e #L 12 �12 1eR 0 �1 1qL = " ud #L 12 16 3uR 0 23 3dR 0 �13 3' = " '+'0 # 12 12 1~' = " �'0�'� # 12 �12 1
� Fermion gauge interationsL = Xfermions � L i 6D L + � R i 6D R



u
d W� � ip2 g�PLf
f Z �igZ� �I3PL �Q sin2 �W�
f
f  �ieQ�

� Yang{Mills InterationsF a�� = ��Aa� � ��Aa� + gfabAb�A�[Ta;Tb℄ = i fabT Tr(TaTb) = 12ÆabL = �14F a��F a ��= �14 ���Aa� � ��Aa��2 � gfab��Aa�Ab �A ��14g2fabef deAa�Ab�A�Ad�
{ SU(2) : fab = �ab [a = 1; 2; 3℄{ Gauge boson self ouplings��Higgs{gauge/Higgs{fermion interations later
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Fermion Masses� Only Higgs doublets an give known fermion masses while any nontrivialHiggs representation an give gauge boson masses� Fermions annot have SU(2)�U(1) invariant mass term, i.e. quarks andleptons are massless before symmetry breaking� A single doublet ' an generate masses of all quarks, leptons andW�; Z� Yukawa interations [only one generation is onsidered℄ :�L = f (�qL �d)'� h (�qL�u) ~' + h::h'i = 1p2 0B� 0v 1CA h ~'i = 1p2 0B� �v0 1CA= 1p2fv( �dd) + 1p2hv(�uu) � md�dd + mu�uu) md = 1p2fv mu = 1p2hvMinimal Model based on SU(2)�U(1)�SU(3)� The only dimensionful parameter is v; all other masses are seondarymW = 12gv mZ = 12gZvmu = 1p2huv md = 1p2fdvml = 1p2flv mH = p2�1=2v� Neutrinos were exatly massless within the SM ) Not any more� Baryon and lepton numbers are automatially onserved (no renormal-izable B/L{violating interations) ) Probably not any more



Higgs PhenomenologyMinimal Higgs BosonSomething needed in J = 0 setor� Assume SU(2)�U(1) without Higgs and with W�; Z masses put byhand{ e+e� ! ZZe�
e+

Z
Z

e�
e+

Z
Z

d�d os � � ��16s2W2W m2em4ZThis omes from J = 0 partial wave and eventually violates unitarityat high energies; so something is needed to ure the J = 0 part.Adding the standard Higgs anels the ill behavior entirely. [Higgs{fermion oupling must be proportional to the fermion mass !℄e�e+ H ZZ



{ W+W� ! W+W�
W�
W+ ; Z W�

W++ ; Z + M� E2d�d os � � s
�W�
W+ H W�

W++ H ) M� onstantd�d os � � 1=s
� SU(2) doublet with 4 omponents - 1 physialH � 3 unphysial (W�; Z)� Higgs : vibration of the vauumJ = 0; P = +; C = +; Q = 0; � � �



Higgs CouplingsHiggs ouplings an be derived by replaing v by v +Hm) m 0�1 + g2mWH1A
� With gauge bosonsL = m2WW y�W � + 12m2ZZ�Z�! m2W 0�1 + g2mWH1AW y�W � + 12m2Z 0�1 + gZ2mZH1AZ�Z�= (masses) + gmWHW y�W � + 12gZmZHZ�Z�+ 14g2H2W y�W� + 18g2ZH2Z�Z�
H WW igmWg�� H ZZ igZmZg��
No HZ, H, Hgg at tree level� With fermionsL = �mf �ff! �mf 0�1 + g2mWH1A �ff = (mass)� gmf2mWH �ff



H ff �i gmf2mW avor{onserving salar oupling (Q++)
Higgs Deays

H f(p)�f(�p)
M = � gmf2mW �u(p)v(�p)

H W�(p; ��)W+(�p; ���)
M = gmW �� � ���

Partial Deay Widths
�(H ! f �f ) = �m2fmH8m2W sin2 �WN fC�3f= GFm2fmH4p2� N fC�3f �f = vuuuut1� 4m2fm2H



�(H! W+TW�T ) = �m2W�W2mH sin2 �W �W = vuuuut1� 4m2Wm2H�(H! W+LW�L ) = �m3H�W16m2W sin2 �W 0B�1� 2m2Wm2H 1CA�(H ! W+W�) = �m3H�W16m2W sin2 �W 0B�1� 4m2Wm2H + 12m4Wm4H 1CA= GFm3H�W8p2� 0B�1� 4m2Wm2H + 12m4Wm4H 1CA�(H ! ZZ) = 12 � GFm3H�Z8p2� 0B�1� 4m2Zm2H + 12m4Zm4H 1CA
� In the limit of mH � mW ;mZ�(H ! ZZ) = 12�(H ! WW )
� H ! ; Z; gg : only via fermion and/or W loops leading to smallbranhing ratios in general� Equivalene theorem : �(H ! VLVL)� �(H ! VTVT )�(H ! f �f ) � �WmH � 0�mfmW 1A2 � (Yukawa)2mH�(H ! V V ) � �WmH � 0�mHmV 1A2 � �mH 6� (gauge)2mHin the limit of mH � mV .



Higgs Boson Prodution� 1st and 2nd generation quarks/leptons ouple extremely weakly to H� "Large" oupling required, i.e. prodution via heavy partiles
t�t H W+

W� H ZZ H
� Main prodution modes(a) Higgs{strahlung : e�e+ Z ZH � � G2F M4Z96�s �S �ps lower part(b) W fusion : e�e+W�W+ �eH��e � � G3F M4W4p2�3 log sM2Hps upper part() Gluon fusion : g

9 t; b H LHC
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Higgs Physis Menu
mHelementary or omposite ?eletroweak physist�t ondensation ?
�HHiggs setorResonane shape (if wide)How to measure ? (if narrow)

JPC = 0++
Branhing RatiosH ! W+W�=ZZ ! ustodial SU(2) symmetryH ! t�t; �+��; � � � ! Yukawa; minimal or not ?H ! ; Z; gg ! one{loop struture




