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The Standard Model
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Electroweak Theory
takes three crucial clues from experiment

> The existence of left-handed weak-isospin doublets
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> The universal strength of the weak tnteractions

> The Ldealization that neutrinos are massless

Thursday, November 16, 23




Electroweak Theory

To Lncorporate electromagnetism into theory

we add to the weak-isospin family symmetry

a weakR-hypercharge phase symmetry

The electroweak theory thew tmplies two sets of gauge bosons

a weak Lsovector

a weak Lsoscalar v B ©e

e’

Thursday, November 16, 23




Symmetry Breaking

The free energy of a ferromagwnet is related to its magnetization M

G =aM?+ sM*?

The free energy Ls symmetric under rotatiow in space

ENERGY ——>
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Mexican Hat Potential

V() = p’od* ¢+ ANo*¢)” 12 <0& N> 0

V(¢)

Ls symmetric under rotations in ¢ space

Thursday, November 16, 23




Electroweak Symmetry Breaking
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Yukawa Interactions
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Electroweak Symmetry




The Standard Model Strong Interaction

Beware of quantum ducks: quark, quark, quark...

@ Development of successful gauge theory of strong interaction
which is unique to hadrons
cannot not be undertaken
until inherent property about the hadrons is understood:
they are not elementary particles

@ Hadron = made up of quarks according to two archetypes

e Binding together three quarks leads to a baryon
class of hadrons that includes neutron and proton

e Combining one quark and one antiquark makes a meson
class typified by pions

@ Keystone of any theory of strong interactions
explain peculiar rules for building hadrons out of quarks
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The Standard Model Strong Interaction

yo and ons

@ Structure of meson is not so hard to account for:
since meson is made out of quark and antiquark
assume quarks carry some property analogous to electric charge

@ Binding of quark and antiquark
explained on principle that opposite charges attract
just as they do in
electromagnetism

@ Structure of baryons is far profound enigma

@ To describe how three quarks can produce bound state
we must assume that three like charges attract
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The Standard Model Strong Interaction

Color
@ Analogue of electric charge is property called color

@ Rules for forming hadrons
require combinations of quarks to be “white” or colorless

@ Quarks are assigned the primary colors == red, green, and blue

@ Antiquarks have complementary “anticolors”
cyan, magenta and yellow

@ Each of the quark flavors comes in all three colors
introduction of color charge triples number of distinct quarks

Quark Colors Anti-Quark Colors

Antired

Vs
Antigreen Antiblue
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The Standard Model Strong Interaction
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The Standard Model Strong Interaction

QCD

@ Non-Abelian gauge theory responsible for strong interactions

@ Gauge symmetry:
iInvariance with respect to local transformations of quark color

@ Easy to imagine global color symmetry

e Quark colors = like isotopic-spin states of hadrons

indicated by arrow orientation in some imaginary internal space
e Successive rotations of 3 of turn

would change quark from red to green to blue and back to red again
e Baryon = 3 arrows with 1 arrow set to each of 3 colors
e Global symmetry transformation = by definition

must affect all 3 arrows in same way and at same time

o E.g. = all 3 arrows might rotate clockwise % of turn
e Result of transformation = all 3 quarks would change color

but all observable properties of the hadron would remain as before
e Particularly = there would still be one quark of each color

and so baryon would remain colorless
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The Standard Model Strong Interaction

Local symmetry

@ QCD requires that invariance be retained
even when symmetry transformation is local

@ In absence of forces or interactions invariance is obviously lost

@ Local transformation can change color of one quark
but leave other quarks unaltered
which would give hadron a net color

@ As in other gauge theories
way to restore invariance wrt local symmetry operations
i ntroduce new fields

@ In QCD fields needed are analogous to electromagnetic field
but are much more complicated
have 8 times as many components as electromagnetic field has

@ It is these fields that give rise to the strong force
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The Standard Model Strong Interaction

Gluons

@ Quanta of color fields are called gluons
(because they glue the quarks together)

@ There are 8 of them: they are all massless
they have a spin angular momentum 1
they are massless vector bosons like the photon

@ Also like photons = gluons are electrically neutral
but they are not color-neutral

@ Each gluon carries one color and one anticolor

@ There are nine possible combinations of a color and an anticolor
but one of them is equivalent to white and is excluded
leaving eight distinct gluon fields

o

- CIC)
w

X8 combinations
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S i
Gluons preserve local color symmetry in following way...

@ Quark is free to change its color

and can do so independently of all other quarks
but every color transformation

must be accompanied by gluon emission
just as electron can shift its phase only by emitting a photon

@ Gluon propagating at speed of light

IS then absorbed by another quark
which will have its color shifted

in exactly the way needed to compensate for the original change

@ Assume red quark changes its color to green and
In the process emits gluon that bears colors red and antigreen

@ Gluon is absorbed by green quark and in the ensuing reaction
green of quark and antigreen of gluon annihilate each other
leaving second quark with a net color of red

@ In final state as in initial state
there is one red quark and one green quark
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The Standard Model Strong Interaction

@ Because of the continual arbitration of the gluons
there can be no net change in the color of a hadron
even though quark colors vary freely from point to point
@ All hadrons remain white and the strong force is nothing more
than the system of interactions needed to maintain that condition

COLORLESS HADRON COLORLESS HADRON
GLOBAL COLOR
TRANSFORMATION
—~
COLORLESS HADRON COLORED HADRON
LOCAL COLOR
TRANSFORMATION g
WITHOUT FORCES
¥
COLORLESS HADRON COLORLESS HADRON
GLUON
LOCAL COLOR
TRANSFORMATION \
WITH STRONG FORCE
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The Standard Model Strong Interaction

Gluon exchange I
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Despite the resilience of the Standard Model

N— ) e

Lt seemus clear that there Ls wore to the story...
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The Standard Model is not enough

1 st 2“" 3"’ , electro-weak
generation symmetry breaking outside of
everyday matter exotic matter force particles (mass giving) standard model
/\ "\ ™\
4 N/ N\ 7 N\ a N a ~N
(- )
% ™ &)
4 2.4M 127G 171.2G a >
<— charge g
<«— color charge (r,g or b) g
u mass (eV) 5
T o up A charm top <— spin %
S 8< :
X e . g
3 - )
&
b a e
bottom 3 8
/g
1=
-}
2
z
)
B
to ‘)
2 E
§§< -
: 3 3
= 2
3 graviton
g
¢
/ ...............
S
\V AV4
12 fermions (+12 anti-matter) 5 bosons (+1 opposite charged W)

increasing Mass s

Thursday, November 16, 23

2210} |euonjeyaesb




Hierarchy Problem

Relative strength of the 4 forces for two protons inside a nucleus

Type Relative Strength Field Particle
Strong 1 gluons
Electromagnetic 102 photon
Weak 107° W+ and Z
Gravitational 1038 graviton

why (s the weak force 103 times stronger than gravity?

Planck scale E = GM3,/r = hc/r

Mp; ~ 10 GeV
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Neutrino Oscillations

SOURCE NEUTRINOTYPE  DISTANCE TRAVELED >
‘ ‘ Almost entirely tau

Particle ‘
accelerator

Muon neutrino at source 250 km 500 km 750 km 1,000 km

Nuclear
reactor

‘ Electron antineutrino at source 0.5 km 1.0 km 1.5 km

Muon neutrino O

Electron neutrino o

Mostly electron with equal parts muon and tau

N
o
=
=

Tau neutrino °
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Neutrino Oscillations
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Lookback Time
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Lookback Time
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Lookback Time

AT ()
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Temperature Fluctuation (microkelvins]
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Radius of Space (billions of light-years)
12 4 816y
|

|
FLAT

GEOMETRY
|
|
SPHERICAL ! HYPERBOLIC
GEOMETRY ! GEOMETRY
l
|
20 5 2 1 0.5 0.2

Angular Scale (degrees)

Thursday, November 16, 23

32




supernovae

Recessional velocity
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Lookback Time

Scale of variations tn CM®B § in large-scale structure
provide ruler to measure Universe's expansion history
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Estimated Composition of the Universe

Supernova Cosmology Project
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Rotational Velocities of Stars in Spiral Galaxies

v(kmls)

Expected
from
luminous disk

10 R(kpc)

M33 Rotation Curve

Stars and gas twn the disk move Ln cireular orbits

qravitational field provides inward acceleration
Newtonian approximation m v°(R) = G M (R)/R
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Gravitational Lensing

galaxy cluster

\ b~ lensed galaxy images

distorted light-rays
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Gravitational Lensing

RCS2 022727132623

Thursday, November 16, 23



Gravitational Lensing

RCS2 032727132623
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Gravitational Lensing

RCS2 0232727132623
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Bullet Cluste
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1E 0657558
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Bullet Cluster

1E 0657558
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Bullet Cluster
-

X-ray Gas )

1E 0657558
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Dark Matter Search Strategies

DM DM

Direct

Detection

S S

_ DM SM
Indirect
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The Cosmological Constant Problem

The concordance model of cosmology

with dark energy, PM, baryons, and three flavors of light neutrinos
provides a consistent description of BBN (~ 20 minutes)

the CM® (~ 380 Kyr)
and the galaxy formation epochs of the universe (> 1 Gyr)

3H?
87TGN

A~ 0.7p.~0.7 ~ 10747 GeV*
However

Lf wniverse Ls described by effective local @FT down to Planck scale
thew the natural value ts A ~ O(Mfl)l)

n terms of Planck units and as a natural dimenstonless qua wtitgj

A~ O(1071%2)
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Across the Multiverse
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Odds that auniversecouldform 4
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Good luck on the final... '
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