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Standard Model of Particle Physics
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Maxwell Equations
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Standard Model of Particle Physics
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Beta-decaly
Muon-decay

N o

Time scale; 1&#~ 10° s

4 Strong Interaction
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o Einstein dreamed to
come up with a unibed | -
description! | L

o But he failed to unify
electromagnetism and
gravity (GR)







Maxwell: Electromagnetism

@—
[

w—
[
-

Electricity

Magnetism

ElectroMagnetism

Light

Three
Become
one
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The Magic of Constants

Classical ! Quantum
Physics d Physics

Relativistic
Kinematics

Quantum
Field Theory
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The Magic of Units

'c] = m/s

[mass] [length

1]=J as=MeV as = ftime]

lc=197.3MeV é&fb

Imass][length} ? ~ a

[e] = Coulomb = time 2

e? 1

Ic  137.03€




l = c=1
c=3! 1Pm/s q
| ¢ = 197.3MeV &fm —>

1sec = 3! 10°m

1fm |

200MeV

1

[length] = [time] ! MV




The History of
Electroweak Theory



The Birth: Beta Decay
Al B+e
Oy

(ZN)! (Z+1,N" 1+e& TS

particle
(N) m,=939.5656 Mev (electron)

@) m, =9382723 MeV
© m,=0.510999 MeV
0.7823 MeV=0Q for n— p+e”

The conservation of Energy and momentum
requires the electron have a single value of energy.



Number of electrons

Beta Deca

1914, Chadwick |

Expected

Observed
spectrum of electron
energies energy
n !
Ener
% Endpoint of

spectrum

pe



What I1s Wrong?

Something to loose

Oor

Something to add



Nell Bohr

¥ ready to abandon the law of conservation of 4‘
ener ”
i 1929
¥ propose a statistical version of the conservation
laws of energy, momentum, angular momentum

1924, Borh, Kramers, Slater, Oy 8 "T | Qi
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Neutrino
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The Desperate Remedy

4 December 1930
Gloriastr.
Zurich
Physical Institute of the
Federal Institute of Technology (ETH)
Zurich
Dear radioactive ladies and gentlemen,

to save the “exchange theorem””™ of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons,  which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-




Neutrino

In 1932 Chadwick discovered a neutral
nuclear constituent. By studying the
properties of the neutral radiation n emitted
In the process

‘Be+ D 6°C +n
He found out that n was a deeply
penetrating neutral particle slightly heavier
than the proton, quite distinct from
gamma-rays.

2CWNK 8 qPGWVTQPr»(GTOKNjgNKV
PGWVTCN QPGr j'Z é99GWVTKPQr



Neutrino
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Fermi Theory

D 1934

[

€ Mg =Gg I')"Fly "Rl

% Ge ! 10 %(GeV) °
Loosely like QED, but zero range and non-diagonal

The Interaction behind beta decay remains
unknown in FermiQOs time.

It took some 20 years of work to Pgure out a
detailed model pbtting the observation.



In Fermi theory the transition probability per unit time is given by:

2 & > I#
& WS [
u u O
if J(leptons) =0 IM[? =1 Fermi transition
if J(leptons) =1 IM|? =3 Gamow-Teller transition
dE, dN states ‘
() e
E, <
P
v CeQ
*( 11
+,"+," Kinetic energies of proton, electron, antineutrino b
) ( (
Energy and momentum ( ) = 0
conservation ' " " "
( 0

"o 1, |, I 108%-



Parity (refdection) Violation

Parity conservation had been assumed, almost without question

1" puzzle (19500s) Lee, Yang (1956)
! + | n+n( P — _|_1

|+| n+u+ ol n+ 00
P=11

wo particles with same mass,
charge, spin, lifetime,
but different decay modes and

parity
Need a pseudo-scalar to measure the parity violation effects.

L




Parity Violation in Decay of
Polarized Nuclel
i SQCO!J D 5¢ | SgNi!!J D 4° e T,
! Co Elj € Gamow-Teller transition

Wu, et al . — —— S

Vb — ® Co, =5 = Before decay

PRL 105, 1414
(1957)

Detector 2 Detector 1

Detector 2




Parity Violation in Beta Decay

B (AT PULSE |
1.20 I ASYMMETRY HEIGHT I0V)
E EXCHANGE
<§( 110k GAS IN |
uin 1
| :
Ol 1.00 oo ¥ T~0.01k
=9
Z|Z
D=
3|5 0.90 n
15
@)
vV 0.80 |- 7
0.70 | | | | | | | |
2 4 6 8 10 12 14 16 18
TIME IN MINUTES
l I 1
P! co!Pe Ve | | \
.1/D 1C D 1C p— cos! np D b~
S C lc C I, C
: . —_ + . —
e 1= 1 vcC e =+ vo/C

left-handed right-handed



Two-Component Neutrino Theory

Goldhaber et al (1958)
Neutrino: Left-handed; Anti-neutrino: Right-handed

Ps "+ #s ps * s
particle $ 3. e €
helicity probability "1 C1 "v=c Cyv=cC

5+

6OC0!JP' 5&" * | 6°Ni((!JP' 4&" * & & &M




Charged Pion Decay

Garwin, Lederman, Weinrich, PRL 1415 (1957)

a o b
er u
| + u W+/ + Trll
! {aZ)’W\ M
e+’ l-l+ e+
W+
J!P +=0P 3, =0" :
D C
= <= <= <& = = <=

o > < > < .
| + u+ et U+ <= 'e o I



V-A Theory

(maximal violation of parity and charge conjugation)

Feynman

& Gell-man; Sudarshan, Marshak (1958)
e
Gr
— U — ! h
H = 553, = et
0% & Ie%nic hglronic
J:l:@llu 1|| |5"e+ml|“ 1" !5"“

:z[mL!u"eL +qﬂL!p"uL]

¥#, = PL# = L 2" 5# (vector - axial)

¥ Gg # 1.17$ 10' ® GeV ' 2 (Fermi constant)

¥ Can extend third family, neutrino masses

¥ Hadronic current

o % 5&
‘]u # @, 1" !'° ncos#:+ pion, strangeness, etc



P C and CP

¥VI A" maximal violation of P, C

P WCC acts of e, and e (noton ek or e})

Dl g # Y1 : spin opposite (along) momentum (helicity = "

2

¥ Under space rel3ection (P):

! ] ! 11
J,$ @ "H 1+ " Hor @t 1+ "0 #y

= 2[ﬁBR ! ll#eR + an" u#uR ]

Die,J, (L$)$ J(t! )
b P violated maximally

Homework-1

)



P, C and CP

¥ Under charge conjugation (C):

‘J:l ! 11 be"u .1+ ||5 e! 11 bu"u .1+ ll5 u!
- 11 l
Die,J ' Jg
b C violated maxi;fnally
b However, H = d®% H invariant under CP

Homework-2



OV-AO Theory: SM Picture
W

u u
Gr
— H — | h
H o= 9, Iu= g *

leptonic hadronic

¥ Leptonic current

% & % &
! Ile+ml!u 1" ! lll-l

Jh=@ 1, 1

!
H

¥ Quark form (p " wuud, n " udd)

% &
J" =@y, 1" 1> d* =2 !, d”



Fermi Theory Violates
Unitarity at High Energy

e - e
Pl ("ce ! e "g)! G,—%S
(s" EZy)
AL TEN
. . |
D pure S-wave unitarity: ! < -
o 0! |

D fails for Eav " % 500 GeV
F

le e’
Fermi theory: divergent integrals
) # # | e
A 34 o3 R
k2 k2
I e e




Intermediate Vector Boson Theory
Yukawa (1935); Schwinger (1957)

JG—" g° for My # Q
2 8M ¢ "

T

b no longer pure S-wave $

Pl.e % !|.e better behaved




’ Pbut, ete .! W*™W' \violates

unitarity for s ! 500 GeV
# ky/M™ w for longitudinal
polarlzatlon (non-renormalizable)

P introduce W °© to cancel

bbxes WW*W' and ete WP
vertices

! 1]
P requires J,J # JY

(like SU (2))

P not realistic

Glashow model (1961) (W,Z,gamma, but no mass term)



Lepton universality

e-l universality

| R & L~
Cs%l 1 %mm / I\?évlagvrrﬁ 9 e 15

M2 M2, S

Cls®! e®hang' /

| " | "
Cs®! 1 %mn » BR s”! | %mm #g!zq!
’ Cls®! e%mnd' = BRIs®! e%and’  g2q.

k Phase
space

# 0:974% 0:004 factor

BR s”! | %mm y 117:36% 0:05'%

BR!s*! ¢e%hgng' 117:84% 0:05' %

=gy 0 =ge! 1:001" 0:002



Lepton universality

| -S universalitﬂ

'm t
QV P - g/ £
m B t 5~ €
W g W2 o3 -
T I
i !e
) 0 0
C!”1 e’pgm 1 Se

|
Ci#s* ! ehgm$ s BRis™!  e%hang §
C!%! &%gm ggfnPq g g
CH#s*! e ham$  g202miqs 02md o

1 Ss M G

2 S  BR#% ! €% 1 q,
=0, ! 1:001" 0:00:




Quark Mixing

Charged current is universal in lepton sector
but not In quark sector

Universality requires
M/ Ge | haLCaeeL | HLCaUL M/ Ge | haLCaeeL I IS|_CaU|_

BUT B
e
WE)»A e - L e”
{
u

2 ud} | S //U
p - =
u !{d g d}p

1'S=0 | S=1

d

YYVY




Cabibbo Mixing

1963

Introducing a mixing

d = dcosOc + ssin O¢c

M/ Gg!bc,ma ! d2c?u,

M/ Ggcoshc !k c,m 8. cu.  for DS$ O
M/ Ggsinhc!kc,m !5 cu. for DS$ 1:

L suppression factor  sinhe $ 0:221

The charged weak interaction are also universal
In quark sector, provided quark-mixing.




Drawback of Cabibbo mixing

Flavor changing neutral current
d2c,d’ $ coshetl c,d. & sirfhch c,s
& coshc sinhc'd c,s & 5. C,d(

- W*A? - 7 4—\76
Kt _ 3> gt 2
u > N 0 U g N ot
u u
Br ~ 10_2 Br ~ 10—10

Grpsind, G cosf,.sin 6,



GIM Mechanism .,

Glashow, lllipoulos, Maiani

( Z;, > ( ¢ > $ %dsinhe! scoshe!
S

AP A P F D
d coshc  Sinhc

% $ %sinhe coshe s

e, 1 sirthetc,d " cofheh c,s # coshe sinhc®iLc,s " 5c,d
t80c,d® $ coshetl c,d. & sirfhch c,s. & coshe sinhc'dc,s & b c,di(

+ EZV(ZSZ - c_iiyadi — C_ZLyadL + ELyaSL

Flavor changing neutral currents cancel out, 1973
but Flavor conserving neutral currents remains.| CERN




Gauge Theories

Standard Model is remarkably successful
gauge theory of the microscopic interactions



Symmetry

¥ A symmetry follows from the assumption that a
certain gquantity is not measurable.

¥ That implies the existence of conserved guantities.
NN NoetherOs theorem

1) ;e 2) ' i S
e A AF:+'( AF
xbz] P RFb 1%iUz« |
xbai 1+ F 4ib ! AM!
xbfz | L FT .
xbBe! P 3) » O
X b » | T



Quantum Mechanics

¥ Group operations represented by unitary operators ( Y in
a linear vector space of state vector |! !

vector transformation: BEREENE
operator transformation: 11 1= yly L

¥ |f system is symmetric under group, H,u]=0

¥ Of particular interest are symmetry groups with representation like

u(y=¢' 179

Generators of the group
iInPnitesimal & operators having guantum
parameters |[— | #0Os as eigenvalues

¥ Connection through OchargeO & conserved OcurrentO
Q! ¥ °(x) " (x) =0




Quantum Field Theory

I (X) Is an operator
L = ulu
=@!i voh)@a+i VQ)

j j

1

—qa&a'!' +i Q1 (X)]
J'
SO [QJ N ()()] =0 + symmetry + conservation
law
Note: often ulu' T =exp(i " d)! (x)

J

K eigenvalues of Q)



Internal Symmetry

¥ Symmetries whose transformation parameters do
not affect the point of space and time X

¥ It is more natural in QM and QFT. For example, the
phase of the wave function. Equation of Motion
(Dirac or Schrodinger), normalization condition are
iInvariant under the transformation:

| I( x) ! € 1( x)

¥ It implies the conservation of the probability current.



Helsenberg Isospin Theory

¥ Assume the strong interaction are invariant under a
group of SU(2) transformation in which the proton
and neutron form a doublet N(x)

NG = Eg‘(; - Nx) ! AN (x)

1 are proportional to Pauli matrices

b are the three angles of a general rotation
In a three dimensional Euclidean space



Global Symmetry

X— X + a

A Is trajectory of a free particle in the (X,y,z) system

AO is also a possible trajectory of a free particle

In the new system
The dynamics of free particles Is invariant under space

translations by a constant vector



Gauge Transformation

The transformation parameters are functions of the
space-time point X

A free particle dynamics is not invariant under translations
in which X is replaced by k (x).

=

X—= X + a(x,t)

A

For AOO to be a trajectory, the particle must be subject to
external forces



WeylOs Gauge
Transformation

¥ Soon after GR was written by Einstein, Weyl
proposed a modibcation E

He added invariance with respect to

a) gy = ! (X)gu

o S () > same ! (x) phase
b) A, = Ay i R

b) Is the regular ambiqguity required of EM potentials

a) is weird =i ds® = g, dx" dx” ! !ds?

Lengths are
re-OgaugedO



WeylOs Gauge Transformatio

¥ suggests an invariance even though space & time
can change over all space and time

¥ the mediator which holds the space-time structure
together would be the electromagnetic beld

An early attempt to unify gravitation with electromagnetism

The brilliant idea did not work but the name stuck.

In 1927 London revived the idea E but the symmetry isnOt
the scale of space-time, rather the phase of the wave function.



Symmetry= Force

¥ Neither Dirac nor Schrodinger equation are 6(x)
iInvariant under a local change of phase

Free Dirac Lagrangian

! L =V(x)(ig —m)¥(x)

IS not Invariant under the transformation
()" "N () —f 1 (X)

In order to restore invariance, we must modify free
Dirac Lagrangian such that it is no longer describe a
free Dirac Field.

. Invariance under gauge symmetry
leads to the introduction of interactions.




QED Interaction

¥ Local U(1) symmetries y(1) =¢" @

L (x) ! 1'(x)= € a1 (x)

L)L (1) = e "O9x)[i" M4, " m]e" P09 (x)

= 19(x) [i" "#, ! m]! (x) ! gES(X)E(x)" ! (x)
EL()

Derivative term causes trouble N> debne a new divergence
operator to cancel the unwanted term!

Dy ! 1y + X

L
\ as-yet unnamed vector operator



QED Interaction

¥ The goal Is to get the gradient term to transform simply
(Dy) — (Duw)/ = ¢ () (Dp)
Start out with
L = ¥(x)[i""Dy ! m]! (x)
= 9(x)[i" ##, + i" *X , — m]! (x)

Transform ¢ — ¢’
L() — E(lb/) - zgy(iﬁ) {iv” [au + Xu — iq@u 0(x)] — m} wl(x)

Still not right!
One must simultaneously transform

Xp ! X=Xg"iglhy"(x) Bingo!



QED Interaction

¥ Denote X, ! 1gA,(X) so the gradient looks like
D,! 'y +IigA,
and total transformation necessary to leave L along is
| — 1Q0(x)
X) — L) — € X
() = ¢ (x) () o
Au(x)! A (x)= Ap(x)" ',"(x) gauge function

¥ Add free gauge beld

. 1
L = 9(" "#,! m)! gA,!@ M1 aFu FH

free interaction  free A,

FIO=THAT 1A



Utilizing Symmetry

If invariance with respect to local U(1) symmetry is of
paramount important E

N-> one is forced to invent the photon

Demand of a symmetry E Get new belds AND dynamics!!

Other symmetries N> New spin 1, 2, .. belds?

The Intriguing research project in 1954 of
Yang & Mills E and independently by Shaw

Local SU(2) symmetry N> isotriplet of spin-1 belds



Global versus Local

133 484/

Global U(1) gauge Local U(1) gauge
transformation transformation



Non-Abellan Gauge Theory

L = 9" *#,! m)!
o

Now ! = ,i as bases for SU(2) operators

Debne a new covariant derivative
S o
Dy, ! o, + igW, az

2
Al g z 1 z I
L= (0 Ha )L S8 AW, | Z@“l 4




£ = @(AB’JF-M)‘"- i-‘”"a* gl" "/42:" =
-»-:.b Cowplicated

| -!N - _ |~ ! v

...A‘_ F," = "é (Bvbp-" 3',.,),) ¢ LF b

_ by
+3b w'o . 3" b” MA{"
- % 7"[ ( L,.L'Y- (Ev'l:;.)(zk :v)‘]
b ,b

= 30" self- couplings for s . . /. L



Non-Abelian Gauge Theory

L = 9" "4, 1 m)! | |E iy a\ﬁ/ | = A AfD!
¥ Gauge invariance implies:

b N (apparently) massless gauge
bosons A,

b Specibed interactions (up to gauge .
coupling g, group, representations),
Including self interactions L b



SU(2): Global versus Local
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W and Z discovery

¥ UAL experiment (1976, Rubbia, Cline, Mcintyre)
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W-boson Discovery (1983)

¥ UAL experiment
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W-boson Discovery (1983)

¥ UAL experiment
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W-boson Discovery (1983)

¥ UAL experiment
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Z-boson Discovery (1983)

¥ UA1 experiment




Z-boson Discovery (1983)

UA1 experiment

<
=
o

oo
|

(@)
|

number of events
AN
|

N
|

02 100 108 11¢
m(ee GeV

68 76 84




¥

Summary

Beta decay; neutrino

Fermi Theory

Parity violation; two-component neutrino theory
V-A theory; Quark mixing

Gauge theory; QED; Non-Abelian SU(2)

W-boson and Z-boson discovery



Next Lecture

The origin of W-boson and Z-boson masses

Afternoon Lecture

ConbPrming the W-boson and Z-boson event experimentally



