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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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-our Forces In Nature

2 Electromagnetism

F<arada;

®

3 Weak Interactlon

Beta-decay
Muon-decay

Time scale: 10-'2~ |03 s

4 Strong Interaction

Kz E K
EER

Time scale: 1023 s



ZHRHENR —Z

o Einstein dreamed to
come up with a unified
description

o But he failed to unify
electromagnetism and

gravity (GR)







Maxwell: Electromagnetism

VxD=p V X B =
ot
— — — — — l—j
ot
Electricity
Three
ElectroMagnetism > Become
one
Magnetism
Light
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The Magic of Constants
Srvaes

hc

\4

Relativistic
Kinematics

Quantum
Field Theory
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The Magic of Units

c] =m/s

hl=J s=MeV-s= 'mass| |length]

time]

hic = 197.3MeV - b

| hl3
e] = Coulomb = \/ mass||length| C

timel? -

e? 1
o —= —

he  137.036




h=c=1

c:leOSm/s lsec = 3 x 10%m

1
200MeV

q
q

1fm ~

hec = 197.3MeV - tm

1
MeV

length| = [time| ~



The History of
Electroweak [heory



Ihe Birth: Beta Decay
A— B+e™

(Z,N) = (Z+1,N —1)+e"
particle
@ m, = 939.5656 MeV (electron)

@ m, =938.2723 MeV
® m,=0510999 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 Decay

1914, Chadwick | &

Expected

Observed
spectrum of electron
energies energy
n — pe
Ener
% Endpoint of

spectrum



What is Wrong”?

Something to loose

ol

Something to add



Nell Bonhr

e ready to abandon the law of conservation of

energy

* propose a statistical version of the

1929
conservation

laws of energy, momentum, angular momentum

1924. Borh, Kramers, Slater, “4@5+
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Neutrino

Wolfgang Pauli 1930

Letter to the physical Institute of the
Federal Institute of Technology. Zurich

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 + a— ?C +n
He found out that n was a deeply
penetrating neutral particle slightly heavier
than the proton, quite distinct from
gamma-rays.

Pauli %y “neutron” #Fermiggpk “little
neutralone” , AL K&EiHE “Neutrino”



Neutrino

Solvay 1933 Physics Conference (Brussels, Belgium)

Pauli #g & T f Y P iRFix 8

Heisenberg

1‘€ &@

71
-c-p. _g&y
Rutherford

Schrodinger 0 S

Broglue



~ermi [ heory

» 1934

e My =GF [EVM%} [Evuwy}

Gr
V2 . Gp ~ 107 (GeV)

Loosely like QED, but zero range and non-diagonal

The interaction behind beta decay remains
unknown in Fermi's time.

It took some 20 years of work to figure out a
detailed model fitting the observation.



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

27T » dn
W=""GM|"——
h dE,
if J(leptons) =0 IM|2 = 1 Fermi transition
if J(leptons) = 1 IM|? =3 Gamow-Teller transition
p,E
dE, dN states N
P, T 3
E, <
P
v v,
. . . . . qb EV
T E, E kinetic energies of proton, electron, antineutrino
Energy and momentum P+p+qg=0
conservation T+EV L F = Eo

Ey=m,—m, —m,~0.8 MeV



Parity (reflection) Violation

Parity conservation had been assumed, almost without question

0 —7 puzzle (1950°s) Lee, Yang (1956)
O — 7’ P =41

T 7T+7T+7T_, 7T+7TO7TO

P=-1

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

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

- =

O-p




Parity Violation in Decay of
Polarized Nuclel
$Co(J =5T) 5% Ni*(J =41) e,

— —
OCo p_e Gamow-Teller transition

Wu, et al m——

)b — t:g Co. J=5 = Before decay

PRL 105, 1414
(1957)

Detector 2 Detector 1

Detector 1 Detector 2




Parity Violation in Beta Decay

| | | | | | | |
B (AT PULSE _
1.20 B ASYMMETRY HEIGHT I0V)
E EXCHANGE
GAS IN
ul £1.100 -
— N\
< (LW X l
C I<—): PY
Ol 1.00 - o* -8 FY.o—
= §
pd =
3|= 0.90 -
-
re
O
vV 0.80 | -
0.70 | | | | | | | |
2 4 6 8 10 12 14 16 18
TIME IN MINUTES
O{O'CO ° pe Ve I — I_
10) =1+ =1+a-—<cosh A== —
‘ ¢ Iy +1_

e” A= —v./c
left-handed

et A= +uv./c
right-handed

(04

~0.01k

v
C



Two-Component Neutrino Theory

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

p, T4 o pv T ov
particle Ve V., e eT
helicity probability -1 +1 —v/c +v/c

DCo(JF =5%) 1 = ONi*(J' =4T) t +e +7,

—

4+ v,
A
1/2

t

e

1/2

v




Charged Pion Decay

Garwin, Lederman, Weinrich, PRL 1415 (1957)

a b
Ve,Vy
nt{ u W * Vu
€ Uy et
P P W+
JTC+=O_ JH =0" V
a b C
—> <= <= <= = Yy — <=
<z ® S <  — = o e
Vu T w* el ut <& Ve Ve T e’



V-A Theory

(maximal violation of parity and charge conjugation)
Feynman & Gell-man; Sudarshan, Marshak (1958)

Gr
H=—"_gigr Jo= J, + J|
V \/§ H g \ﬁ/ \/
leptonic hadronic
] _
sy 5 T2 = & (1= ) e e (1= 77)
=2 [éL’Y,uVeL + I"JL'Y,qu,L]
T o Y = Pry = 1_2'75170 (vector - axial)

e Gr ~1.17 X 107% GeV* (Fermi constant)

e Can extend third family, neutrino masses

e Hadronic current

JZT ~ DYy (1 — ’75) 1 cos 0. + pion, strangeness, etc



P C and CP

e V — A = maximal violation of P, C
— WCC acts of e; and ef, (not on ej, or e7)

_w —]-:F’y5¢-s' 't I t hl.. -
L,R > —t: spin opposite (along) momentum (helicity = =

Il
D | =
|

e Under space reflection (P):
Jﬁ — e v+ (1 + 75) Ve + py* (1 + 75) v,
= 2 [erY"Ver + UrY'VuR]

—ie, JE (6, @) = T (t, —F)

— P violated maximally

Homework-11



P C and CP

e Under charge conjugation (C):

Jﬁ — — VeV (1 + 75) e — VpYu (1 + '75) M
—ie, J, — —J.

— (' violated maximally

— However, H = [ d*% H invariant under C P

Homework-2



V-A' Theory: SM Picture

> U
n{d > d (p
=

u u
Gr
H=——JIJ" J,= J. + J*
\/§u H M, >

leptonic hadronic
e Leptonic current

Jﬁ =€ v, (1 —~°) Ve + fvu (1 —7°) vy

e Quark form (p ~ uud, n ~ udd)

JZT = vy, (1 —7°)d = 2ury,d;



Fermi Iheory Violates
Unitarity at High Energy

Ve

e
— _ G%—,s
—U(Ve€2—>€ Ve) — —£
, (s = Ecp)
JH J,
— pure S-wave unitarity: o < 157
S
.

— fails for ECTM > /o= ~ 500 GeV
_ F

Fermi theory: divergent integrals
e Ve
[ (ia) (i)
k2 k2




Intermediate Vector Boson [heory
Yukawa (1935); Schwinger (1957)

— no longer pure S-wave —

— ve,e~ — v.e~ better behaved




— but, ete- — WTW ™~ violates

W~ W+
unitarity for /s 2> 500 GeV
T\’ ~ €, ~ k,/My for longitudinal
polarization (non-renormalizable)
e et

— introduce WP to cancel

— fixes WWTW~— and eTe WP
vertices

— requires |J, JT| ~ J°
(like SU(2))

— not realistic

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



|_epton universality

e-u universality

T AY
.
s~ g
_ T
e ¢ — / W
- T T R ;
W ge\—'\ W g,u,\\_
Ve Vi,
2 )
_ _ 8 g _ __ 8 8
F(T — U vﬂvf) 5 gmg [(t7 — e Vevy) o< =3 ‘ng
M2, M3, M2, M2,

F(f_ — ILL_VﬂVT) B BR(‘L’_ — ,LL_VIuVT) B @p_ﬂ

' [(t— —evv,) BR(r-—eny,) g2p,
k Phase
space

BR(t™ — u v,v:)  (17.36 +
(T — "“V)—( 730 )% = 0.974 £ 0.004 factor

R(tz— — e V,v;) (17.844+0

_> g./ge = 1.001 + 0.002




|_epton universality

(-7 universality]

gM//

- \NN e J—

M _~~‘ —— T \~~_~~‘ —— e
W ge\\ . W ge\\_
v, Ve
F(,u_ — e_?evﬂ) ] (=
I'(tm —eVv:) 71,BR(t™ — e V,1;)

[(u™ — e Vevy) _ gggft mz Pu 83 mxst Pu

[(t- —evev:) glgzmip, gimip,

% 1 T, m; p.
g2 7,BR(t™ — e ,1;) mz Py

= g,/g. = 1.001 £ 0.003




Quark Mixing

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

Universality requires
M o Gg * Very,eer - dry’ur M < Gg - Ver 7 €er - SLY UL

BUT

Ve Ve

L e L

a W
u

> S - u
L==E e =)
. ) A{d - dJ’

U > U

u

AS =0 AS =1



Cabibbo Mixing

1963

Introducing a mixing

d = dcosOc + ssin O¢c

M GF ' éLyaveL ' C_iij/aI/tL

M GF COS HC ' éLyaVeL ° C_I,’Lj/al/tL for AS =0

M < GgsinOc - epy, ver - spy'u;,  for AS = 1.

L suppression factor  sin 6. = 0.221

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




Drawback of Cabibbo mixing

Flavor changing neutral current
d,v,d, = cos*Ocdyy,d; + sin“0cs;y,St

-+ COS QC Sin (9(: [C_ZLVGSL -+ ELyadL]

V@ Ve
Ve
E W'¢Le+ E Z'""L
v T e 7
» \Tco N \Tﬁ
u u
Br ~ 1072 Br ~ 1010

Grpsind, G cosf,.sin 6,



GIM Mechanism

Glashow, lllipoulos, Maiani

( Z;, ) ( 5/ > s’ = —dsin Oc + scos O¢.
d\ [ cosOc sinlc\/[d
s ]\ —sinfc cos0Oc s

5 p,8, = sin“Ocdyy,d; + cos*0csry,s; — cos Oc sinOc[dyy,s; + 517,d;]

d,y,d, = cos*Ocd;y,d; + sin*0cs;y, s + cos Oc sin Oc[dpy,s; + 517,d;]

+ EZVGSZ - 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 successtul
gauge theory of the microscopic interactions



Symmetry

* A symmetry follows from the assumption that a
certain quantity iIs not measurable.

* That implies the existence of conserved quantities.
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Quantum Mechanics

* (Group operations represented by unitary operators () in
a linear vector space of state vector |a)

vector transformation: a) — |a') = u|a)
operator transformation: 0 — 0 = ybu !
* |f system is symmetric under group, H,u] =0
o Of particular interest are symmetry groups with representation like

u(e) = e 125 &'

Generators of the group
infinitesimal & operators having gquantum
parameters |— #'s as eigenvalues

* (Connection through ‘charge’ & conserved ‘current’

Q= [ ds) 9,j"(x) = 0




Quantum Field Theory

¢(x) is an operator
o — ¢ =upu"
=(1-i)y dQ)p(1+i)y Q)

J J

= =0¢+iy Q)]

J
SO [Q37¢(Qj)] —( + symmetry + conservation

law

Note: often ugu™' = exp(i » €/¢’)¢(x)
J

\ eigenvalues of @’



Internal Symmetry

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

e |tis more natural in QM and QFT. For example, the
phase of the wave function. Equation of Motion
(Dirac or Schrodinger), normalization condition are
invariant under the transformation:

U(z) = V()

e |t implies the conservation of the probability current.



Helsenpberg 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)

—

T are proportional to Paull matrices

o are the three angles of a general rotation
N a three dimensional Euclidean space



Global Symmetry

X—® X 4 a

A

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

A’ 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 transtormation parameters are functions of the
space-time point x

A free particle dynamics is not invariant under translations
in which dis replaced by ad(z) .

- =

X—= X + a(xy)

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



Weyl's Gauge
Transtormation

e Soon after GR was written by Einstein, Weyl
proposed a modification ...

He added invariance with respect to

a) ¢, = ANx)gu.
) 9, ( )Q%A(x) > same \(x) phase
b) A, = A,

OxH

b) is the regular ambiguity required of EM potentials

a) is weird el ds® = g, dr"dz” — \ds’

Lengths are
re-'gauged



Weyl's Gauge Transformation

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

e the mediator which holds the space-time structure
together would be the electromagnetic field

An early attempt to unify gravitation with electromagnetism

The brilllant iIdea did not work but the name stuck.

In 1927 London revived the idea ... but the symmetry isn't
the scale of space-time, rather the phase of the wave function.



Symmetry= Force

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

Free Dirac Lagrangian
L =V(z)(ig —m)¥(z)

IS not iInvariant under the transformation
U(z) = V@0 (1) el 0,60(2)

n order to restore invariance, we must modity 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 ¢ (9) = ¢*¢(*)<
¥(z) = ¢ (x) = e PY(x)

L() = L) = e D (2) [iy* 0, — m] "N (x)

(x) [iv" 0 — m](x) — q0,0(x)h(x)y (x)
L()

Derivative term causes trouble —> define a new divergence
operator to cancel the unwanted term!

D,=0,+ X,

s

\ as-yet unnamed vector operator



QED Interaction

 [he goal is to get the gradient term to transform simply
(D) = (D) = ") (D))
Start out with
L =4(x) [iv"' Dy — m] Y(z)
= Y(z) iy 0, + v X, — m|Y(x)
Transform ¢ — @
L) = L) = (2) {iv" [0y + X, — 1g0,0(2)] — m} ' (z)

Still not right!
One must simultaneously transtform

X, — X/, = X,, —iqd,0(x)

Bingo!



QED Interaction

e Denote X, =1iqA,(x) so the gradient looks like
D, =0, +1qA,
and total transtormation necessary to leave £ along is
z) — ' (x) = Q0@ (4
() = /(@) @)
Au(z) = A () = Au(x) — 0,0(z)  gauge function

* Add free gauge field

- _ 1 )
L = (iy" 0y —m) — gAY — T Fu P

free 1 interaction  free A,

FHY = 9P AY — ¥ A¥



Utilizing Symmetry

It invariance with respect to local U(1) symmetry is of
paramount important ...

—-> one Is forced to invent the photon

Demand of a symmetry ... Get new fields AND dynamics!!

Other symmetries —> New spin 1, 2, .. fields?

The intriguing research project in 1954 of
Yang & Mills ... and independently by Shaw

Local SU(2) symmetry —> isotriplet of spin-1 fields



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



Non-Abelian Gauge Theory

L = &(ifyuau —m)y

Now 9 = ( z; ) as bases for SU(2) operators

Define a new covariant derivative

—

D, =0, +igW, -

v

_ L
L= §(iv" 9y — m) — S0y - Wy = 2 fo - P

=
2




£ = @(AB’JF-M)‘"- i-‘”"a* gl" "/42:" =
-»-:.b Cowplicated
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...A‘_ F," = "é (Bvbp-" 3',.,),) ¢ LF b

_ by
+3b w'o . 3" b” MA{"
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= 30" self- couplings for s . . /. L



Non-Abelian Gauge Theory

£ =i 0y = m)s = §590 - Wy = 3 F -

e Gauge invariance implies:

— N (apparently) massless gauge e

bosons AL

— Specified interactions (up to gauge z
coupling g, group, representations),
including self interactions Yo



SU(2): Global versus Local

s §JJ

Global SU(2) gauge Local SU(2) gauge
transformation transformatlon



W and Z discovery

UA1 experiment (1976, Rubbia, Cline, Mclntyre)
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W-boson Discovery (1983)

« UAT experiment
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W-boson Discovery (1983)

 UA1 experiment i
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W-boson Discovery (1983)

« UAT experiment

P




/-boson Discovery (1983)

 UA1 experiment




/-poson Discovery (1983

UA1 experiment
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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

Contirming the W-boson and Z-boson event experimentally



