The Standard Models of Particle Physics & Cosmology
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Lecture 1: Introduction to Particle Physics and Cosmology

Lecture 2: Some Basic Backgrounds of the Standard
Model of Particle Physics

Lecture 3: Some Basic Backgrounds of the Standard
Model of Cosmology, Dark Matter, Dark
Energy, Gravitational Waves and Black Holes



Lecture 1: Introduction to Particle Physics and Cosmology

Outline

® Introduction
® Seven periods of modern particle physics

® Three dark clouds in modern particle physics

DC1. Cosmic microwave fluctuations
DC2. Dark energy
DC3. Neutrino oscillations




Lecture 2: Some Basic Backgrounds of the Standard
Model of Particle Physics

Outline

® Introduction
® Some basic concepts
® Anomalies in four-dimension

® Uniqueness of fermion representations
and charges in the standard model

® Family problem

® Broken symmetry and mass generation



Lecture 3: Some Basic Backgrounds of the Standard
Model of Cosmology, Dark Matter, Dark
Energy, Gravitational Waves and Black Holes

Outline

® Introduction
® Some basic concepts in cosmology
® Dark Matter
® Dark Energy

® Gravitational Waves and Black Holes
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Outline

® Introduction
® Seven periods of modern particle physics

® Three dark clouds in modern particle physics

DC1. Cosmic microwave fluctuations
DC2. Dark energy
DC3. Neutrino oscillations
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hat is the niverse made of ?
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What do we know about our Universe?
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We know much but
we understand very little
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Dark
Matter
26.8%

95% of the cosmic matter/energy is

still a mystery, which has not been
— observed in the best labs on Earth yet.
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The Big-Bang Theory
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“The Standard Model” in Cosmology

Radiation:
| 0.005%

I

Chemical Elements:
(other than H & He)0.025%

eutrinos
<0.62%

Stars:
0.9%

Cold Dark Matter:
(CDM) 26.8%

Dark Energy (A):
68.3%

+ inflationary perturbations
+ baryol/lepto genesis




® Seven periods of modern particle physics

5.

6.

Modern Particle Physics: 7 Periods

<1945 -- Pre-Modern Particle Physics Period

Startup Period (1945 -- 1960) - Early contributions to the
basic concepts of modern particle physics.

Heroic Period (1960 -- 1975): Formulation of the standard . . .
. . V3 37%:
model of strong and electroweak interactions.

Period of Consolidation and Speculation (1975 -- 1990):

Precision tests of the standard model and theories beyond
the standard model.

- B F
“Frustration” and “Waiting” Period (1990 - 2005) i

. : 1992: Cosmic microwave fluctuations (2006 Nobel Prize
Preparation Period (2005--2020)  11998: Dark energy (2011 Nobel Prize | )

1998,2001: Neutrino oscillations (20) 5 Nobel Prize)

Super-Heroic Period (2020--2035)

+ something unexpected?

LHC: ...
GW: LISA > KfR » KE: 2030
100 TeV Collider 2030




® Three dark clouds in modern particle physics

In the Sth period of " Frustration” and ~ Waiting” (1990- 2005):

DC1. Cosmic microwave fluctuations (1992— 2006 Nobel Prize)
DC2. Dark energy (1998—2011 Nobel Prize)
D(C3. Neutrino oscillations (1998-2001—2015 Nobel Prize)

DC1. Cosmic microwave fluctuations |tanmdibibadt i

very cold (-270.275 C,2.725 K)

and nearly uniform relic radiation
left over from the hot big bang

1965 %i2% 7 —  Physics Nobel Prize 1978



Cosmic Microwave Background

The COBE satellite (1992) enabled

measurement of the CMB in all directions.

If you had microwave eyes:

Cosmic Microwave Background Spectrum from COBE

(1965) B

Black Body Spectrum
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A ) The Nobel Prlze )
g in Phvsics 2006 V4

"for their discovery of the blackbody
form and anisotropy of the
cosmic microwave background radiation"

John C. Mather George F. Smoot
NASA University of California, Berkeley



If you had microwave eyes:

SPECTRUM OF THE Cosmic

MicrRowAVE BACKGROUND
Frequency (GHz)
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COBE WMAP Planck
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Multipole moment 1
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Cosmic Microwave Background (CMB)

Planck 2013

Multipole moment, /
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DC2. Dark Energy The Acceleration Universe

Big News
in 1998

ACCELERATING = = « —=
UNIVERSE -
H i g h - Z Te a m Breakthrough of the Year /‘

Riess et al.
(1998)

Supernova
Cosmology
Project

Perlmutter et

al,, (1999)



- A\The Nobel Prizef
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"for the discovery of the accelerating expansion of the
Universe through observations of distant supernovae"

/7

Photo: Roy Kaltschmidt. Courtesy: Photo: Belinda Pratten, Australian Photo: Homewood Ptogph
Lawrence Berkeley National National University

Laboratory

Saul Perlmutter Brian P. Schmidt Adam G. Riess



Distant supernovae

Higher-z SNe la from HST

After

Before

7=1.39 Z=0.46 Z=0.52 7=123 Z=1.03
“~
— e .
HST04Sas HST04Yow HST04Zwi HSTO05Lan HSTO5Str
\ R
-~ .
-
Host Galaxies of Distant Supernovae
Hubble Space Telescope » Advanced Camera for Surveys
50 SNe la, 25 at z>1 Riess, etal




Distant supernovae Standard candles:
Their intrinsic luminosity is known

Their apparent luminosity can be measured




Distant SN as standard candles
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LuminOSity diStance: di — ;“r—}__ Ls the absolute luminosity of the source

F observed flux
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dy, S _
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Perlmutter et al and Riess et al (1998)
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More data over the past 10 years

a1l

Flat Models

e

~70%
Dark Energy




SNe la

Concordance region:
68% dark energy

27% dark matter
5% atoms
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on since the universe's birth 15 billion

e rate of expansion. The curve changes

0, when abjects in the universe began flying apart at a

hat the faster expansion rate is due to a mysterious, dark

The current universe is accelerating!

e —ER

Dark energy is pushing galaxies apart.




Edward Witten

IAS, Princeton

r

‘Most embarrassing observation in physics’ —

that’s the only quick thing | can say about dark .
.‘energy that’s also true.” 4




Dark Energy

m One of the most important discoveries in cosmology

m No 1. in Science Magazine’s top 10 science problems of our time
m Nothing short of a revolution required to understand

m Challenges fundamental physical laws and the nature of the cosmos



DC3. Neutrino oscillations

\Neutrmo Oscﬂlatlons/
b FIRZ

The Nobel Prize in Physics 2015 5,
W& Takaaki Kajita, Arthur B. McDonald "%
(BRI THRE BrATYHTHE =

“for the discovery of neutrino oscillations,
which shows that neutrinos have mass”

CRRRAL T R EIE RSN F RN TH 8K T
PR B AL PE o O R AR A AR T AR A AR ) TR B S
o . . n

This discovery has changed our understanding of the innermost
workings of matter and showed that the Standard Model cannot be
the complete theory of the fundamental constituents of the universe.“

-



Solution to Solar and Atmospheric Neutrino Problems

Neutrino Oscillations i IR
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Origin of Neutrino Masses
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