


P(x) — €"%(x)

L = (aﬂ¢(x))T 9 P(X) — M P(X)" @(X) not invariant due to derivatives

0,0 — 0, =" ¢+iQe""% 9 ,a(X)

To obtain invariant Lagrangian look for a modified derivative transforming covariantly

o (X)
D,¢—>€e""D,¢

Need to introduce a new vector field Aﬂ — Aﬁ +8ﬂ05

Dﬂ :aﬂ _iQ'Aﬁt




Extension to non-Abelian symmetry

U (2) local gauge invariance

igzoz(x).S

Q—e  °Q

(The Sandard Model

U3)® U (2)®U (1))

L = iQD,»*Q+iurd, y“us +idrd ,*d,

— 1 O-I [ /
D,=09,+ig, ?Wﬂ
where

W, > W, -d,& - 9,&,W

j 7k

Need 3 gauge bosons
W* W™, W’




SUJ (3) local gauge invariance

Symmetry :

(g
4 Local conservation of
\d) 3 stropg colc:lur charges
qja%(e|g3a()().?b) \Pa
b
1 0 0 10 0 ﬂ%GL_aﬂal’_ggfrstasGL
=0 -1 0| z=/50 1 0
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QCD : a non-Abelian (SU(3))
local gauge field theory




QCD Quantum Chromodynamics Symmetry :

(a) ]
Local conservation of
SUG) g 3 strong colour charges
4/ a(04 )2
Strong coupling, o, LPa | (e S )b \Pa
q j e b ——glg-aﬂar — f"s"'aSGL
< G*=1..8 Yo, 194G )Y
Gauge boson
(J=1) QCD : a non-Abelian (SU(3))

“Gluons” local gauge field theory




Partial Unification U2)1

U (3)® U (2) QU (1)
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Matter Sector ‘‘chiral”

y M)

Down

Family Symmetry?

b

R Family Symmetry?

Neutral



Fermi theory of # decay N— PE Ve

G_J%[a”?’ (1=75)u, ][ave%f(l_%)ue]
N\
velocity

V|1 &2,

" Right-handed



Fermi theory of # decay N — PE Ve

L = %[uﬂy (1 75)“ ][aveya(l_ys)ue]
-

o ) V-A
9,




Weak Interactions

uR’ dR’ eR

Weak coupling, o,

Gauge boson
Wwa=1..3 +— (J=1)

W=, Z
b

Neutral currents

Symmetry :

Local conservation of
2 weak isospin charges

\Pa S (eigza(x).z' ): \Pa

W W 0 f"StagW;

¥, —ig, AW )y ¥

A non-Abelian (SU(2))
local gauge field theory




(9@ +M?*)-0"9,)B" = "

NV (2 2 L =g+ phpt /M)
(—g”'(—p "+ M )+pﬂpv)1 / 0 —M’

Bﬂ — gﬂeip'x Free particle solution

(ﬂzi'l) — - +'
€ +(O’1’ +l, O) / \/5 Helicity polarisation vectors
£(4=0) _

(A () _ P.B
Z €y & =79, T 2
2 M



Propagation of unstable scalar particle

. . :—ijzgp(p) No decay
AR
% — i QF ( p) D(n) Particle decays

~ Ar(p) \ into final state n

iJ iD(n)

Optical theorem — conservation of probability, time evolution is unitary

S'§=SS" =1 Sy =05 +IT,
2 rnlﬂtot
Im(T,, ) :%Z|Tnk| = —
-3* Im(Ar (p) =1 " HIA: (pD(M)| = 3% [Ar(p)| [+ 3 |D(M)[ dQ

1
) Ar(p) = P (A-(X)oc & Mat)

tot




e Z AR
L

I
N
X

e q.l,v

o(e'e — hadrons) =

88 89 90 91 92 93 94 95
Energy, GeV

(N is no. of light - wrt My - neutrinos)

127 I'(Z — ee)'(Z — hadrons)

(E*=M2)" +M_T;

—

}

Cross section (pb)

ﬂ-m ea s/GSM

a
7

1

Vs7s > 0.85 LEP

1.24
1.1

1
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Fermi theory (‘40s)

M =%G<k>7ﬂ<l—y5>u<p> U(a )7, (1- 7.)v(p)

1
. = G2
© 19 Mt

The hard part!

expt 1 _ . )
7" = =2.19703(4) 10 sec ) G =1.16637(1) 10~ GeV



;e(qz)
Qﬂ?vumﬂrzneuo
_QﬂQV/
M =ig,, u(k)7*(1-y)u i u 1= )V
Oy U(K)y"(1=75)u(p) QM +ie Owu(q)7. (1=75)V(P)
In u decay Q2£O(mfl)<< M.,
G. =1.16637(1) 10~ GeV
|::> g\/2V ] _g\/2V g\fv _ GF
Q' -M, M, M2 -






Causality?

QM : U (X'- X) oc e-m\/(x'—x)z_(t‘—t)z ><

Field theory :

—lw, ‘t'—t‘—ip.(x'-x) L. X

" — 1 d’p
Ap (X'=X) = |j(2ﬂ)32wpe X

=D(X=y)-D(y-Xx)

When (X—Y)* <0, we can perform a Lorentz transformation taking (X—Yy) = —(X—Y)
...causality preserved (e™'—e™")

No (continuous) transformation possible for (x-y)> >0

...and amplitude nonvanishing (e™ —e™)






Fundamental principles of particle physics

Introduction - Fundamental particles and interactions

Symmetries | - Relativity

Quantum field theory - Quantum Mechanics + relativity
Theory confronts experiment - Cross sections and decay rates
Symmetries Il — Gauge symmetries, the Standard Model

Fermions and the weak interactions

» The Standard Model and Beyond

Have Fun!






