
Standard Model



Quantum Chromodynami
sHadrons { mesons and baryons { are "bound states" of quarks and gluons.
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� Asymptoti
 freedom : the e�e
tive 
oupling vanishes at high energies
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{ Intera
tions of quarks and gluons visible at high energies{ Perturbation appli
able, but parameters 
onne
ting quarks/gluonsto hadrons need to be known� stru
ture fun
tions (parton distributions)� de
ay 
onstants (f�; � � �)� wave fun
tions (quarkonia)



...� Color 
on�nement : neither free quarks nor free gluons{ Cru
ial to separate short{ and long{distan
e physi
s� QCD Lagrangian{ Gauge group : SU(3)gluons 8quarks (3L + 3R)� nf nf : #(
avors)
{ Parameters : masses generated by Higgs me
hanismgauge 
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 hyper
harge 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 (va
uum stability) :�V�� = 12�2 + 12�� = 0 ) � = ��2� � v2'0 = v; 'a = 0 (a = 1; 2; 3)with losing the generality leading to the va
uum expe
tation 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 expli
itly broken by the U(1)Y gaugeintera
tions.



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 s
alar �elds 'i(i = 0; 1; 2; 3) the three �elds ('1; '2; '3)be
ome the longitudinal 
omponents of the massive gauge bosons (W�; Z)while '0 = (v + H)=p2 remains as a physi
al �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 Intera
tions� Covariant derivative in terms of physi
al 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 ele
tri
 
harge Q ) QEDParti
le 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 intera
tionsL = 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 Intera
tionsF a�� = ��Aa� � ��Aa� + gfab
Ab�A
�[Ta;Tb℄ = i fab
T
 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 intera
tions 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 intera
tions [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 se
ondarymW = 12gv mZ = 12gZvmu = 1p2huv md = 1p2fdvml = 1p2flv mH = p2�1=2v� Neutrinos were exa
tly massless within the SM ) Not any more� Baryon and lepton numbers are automati
ally 
onserved (no renormal-izable B/L{violating intera
tions) ) Probably not any more
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Higgs PhenomenologyMinimal Higgs BosonSomething needed in J = 0 se
tor� 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 � � ��16s2W
2W 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 
an
els 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 physi
alH � 3 unphysi
al (W�; Z)� Higgs : vibration of the va
uumJ = 0; P = +; C = +; Q = 0; � � �



Higgs CouplingsHiggs 
ouplings 
an be derived by repla
ing 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 s
alar 
oupling (Q++)
Higgs De
ays

H f(p)�f(�p)
M = � gmf2mW �u(p)v(�p)

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

Partial De
ay 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 smallbran
hing ratios in general� Equivalen
e 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 Produ
tion� 1st and 2nd generation quarks/leptons 
ouple extremely weakly to H� "Large" 
oupling required, i.e. produ
tion via heavy parti
les
t�t H W+

W� H ZZ H
� Main produ
tion 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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(’98-’99)Higgs Sensitivity Study (’03)

statistical power only
(no systematics)

 Discoveryσ5
 Evidenceσ3

95% CL Exclusion



Higgs Physi
s Menu
mHelementary or 
omposite ?ele
troweak physi
st�t 
ondensation ?
�HHiggs se
torResonan
e shape (if wide)How to measure ? (if narrow)

JPC = 0++
Bran
hing RatiosH ! W+W�=ZZ ! 
ustodial SU(2) symmetryH ! t�t; �+��; � � � ! Yukawa; minimal or not ?H ! 

; Z
; gg ! one{loop stru
ture




