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Size = 10-1%m

Ifthe proton and neutrons in this picture were.

40 cm across, then the quarks and electrons

Would be less than 0.1 mm in size and the
piiro atom would be about 10 km across

[particleadventure.org]

Standard Model (SM) of Particle Physics

Physics at A ~ 10~ 18m distance scale < E =~ 100 GeV energy scale 1@
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Natural units

@ Natural Units

(velocity of light ¢ = 1, Plancks constant i = 1)

o E=mc* =  measure Energy (E) & Mass (m)

in Giga-electron-Volts (GeV)
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Basic particle physics

Natural units

@ Natural Units

(velocity of light ¢ = 1, Plancks constant i = 1)

o E=mc* =  measure Energy (E) & Mass (m)

in Giga-electron-Volts (GeV)

proton rest-mass m, ~ 1 GeV

LHC energy is 13000 GeV = 13 Tera-eV (TeV)




Standard Model
[e]e] J

Basic particle physics

The Standard Model (SM) Particles
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Unstable particles

If not forbidden by conservation laws, particle will decay.
Eg. muon decay: W — e Vule &
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e Produce particles directly at an accelerator (E = mc?) and detect it's
decay products (in detector)
@ reconstruct a “bump”
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Experiments

Experiments <> Quantum Field Theory (QFT)

e Energy Frontier (High energy particle accelerators)
e Produce particles directly at an accelerator (E = mc?) and detect it's
decay products (in detector)
@ reconstruct a “bump”

e Intensity Frontier (Lower energy precision experiments)
@ Measure rare processes to high precision : reveal tiny effects of interesting

physics; Rare effects due to

@ Tiny quantum effects of particle with M > E
@ Suppressed couplings

e Cosmic Frontier (Astrophysics/Cosmology)
@ Known SM particles in thermal bath in the early Universe
o Any new BSM particles?



Particles in Accelerators
@0000

Accelerators as microscopes

Optical Microscope (A ~ 0.6 um )

Electron Microsope (A ~ 0.2 nm)

Particle Accelerator (A =~ 1/E) (E is Beam Energy)
@ LEP (CERN, Europe), Tevatron (Fermilab, USA): E ~ 100 GeV, A ~ 107 %¥m

@ Large Hadron Collider (LHC - CERN, Europe): E = 13000 GeV, A~ 10"¥m
(Since LHC is a proton-proton machine, pdf suppression)

Rules obeyed at these large E:
e Tiny particles, so
Boson (spin 0,1,2,...), Fermion (spin 1/2, 3/2, ...)
@ v—c S0
@ E> m, so can :
but respect (symmetries) o
Combination is a relativistic Quantum Field Theory (QFT)
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Physics at a Collider

Quantum Mechanics is probabilistic
@ In given theory, predict probability of particle production and decay

@ Compare to event rate observed at a collider - tests the theory

o Counting experiment - Statistical Evidence!
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Physics at a Collider

Quantum Mechanics is probabilistic
@ In given theory, predict probability of particle production and decay

@ Compare to event rate observed at a collider - tests the theory

o Counting experiment - Statistical Evidence!

Analogy: Coin Toss to ascertain fairness

Toss the coin many times : plot probability distribution
Smaller the deviation from fairness, larger the number of tosses required
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Physics at a Collider

Quantum Mechanics is probabilistic
@ In given theory, predict probability of particle production and decay

@ Compare to event rate observed at a collider - tests the theory

o Counting experiment - Statistical Evidence!

Similarly, if expt. results agree with new theory

@ Theory established!
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@ In given theory, predict probability of particle production and decay
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o Counting experiment - Statistical Evidence!

Disagree?

o Consider alternate theory




Particles in Accelerators
0@000

Physics at a Collider

Quantum Mechanics is probabilistic
@ In given theory, predict probability of particle production and decay

@ Compare to event rate observed at a collider - tests the theory

o Counting experiment - Statistical Evidence!

Eg: Higgs in vy channel

Theoretically compute the cross-section (probability) o
@ "signal” cross-section o(pp — h — v7)
o “background” cross-section o(pp — 77Y)
At LHC establish signal over background to discover Higgs
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The Large Hadron Collider (LHC)

LHC discovered the Higgs. Continue searching for more ...
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Particle Detectors
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Higgs discovery @ LHC

19.7fb" (8 TeV) + 5.1 fb™ (7 TeV)
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Cosmology/Astrophysics
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The expanding universe

Georges Lemaitre : Universe is expanding (1927)
origin is Big-bang: t -0, T = 00, a— 0

Edwin Hubble: v =Hgd (Hp : Hubble constant) (1929)
Ho = 67.4 + 0.5 kms—! Mpc~! [Planck 2018]
Hyp =74+ 15kms~! Mpc~! [Local]  Hubble tension!

Friedman-Lemaitre-Robertson-Walker (FLRW) metric:
ds® = dt* — a*(t) ( L dr? +rPde? + rzsin29d¢2)

1—kr2

H . H __1-a
@ Universe expanding and cooling T ~ 1/a, z = =5
@ particle physics: scattering, decay rates

@ particle of mass m in the thermal bath at T > m

Vesto Slipher : measured Red-shift (Doppler shift) of galaxies (1917) :
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Particle Physics in the Hot Early Universe

HISTORY OF THE UNIVERSE A
Dark Snergy

accelerated
expansion
Structure

Cosmie Microwave L
formation

Background radiation
Accelerators is visible

z
=
S
-
;/

= Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1010 joules)
Key
O averk
© neurino By ion * star

¥ gluon N -
O clocron TRIR LU gy W seloy

® moon @  meson -
e 1o @ baryon #® photon @ Ploe

The concept for the above figure originaced in a 1986 paper by Michael Turner

A4

Particle Data Group, LBNL © 2015 Supported by DOE
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@ Flat on large scales
@ Expansion is Accelerating

@ 95% is unknown dark matter + dark energy
@ What is it? Evidence for BSM Physics?
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@ Flat on Iarg‘;g scales
@ Expansion is Accelerating
o/ :
@ 95% is unknown dark. matter + dark energy The DARK SIDE rules!
@ What is it? Evidence for BSM Physics?



Quantum Field Theory (QFT) framework

@ Special Relativity
@ Quantum Mechanics

o Create/destroy particles

Symmetries:
@ Space-time or Internal
@ Discrete or Continuous

@ Global or Local

4-space-time: x* = (t, X)

4-momentum: p* = (E, p)

Lorentz invariance (rotations, boosts)
Translation invariance




Quantum Field Theory (QFT) framework

@ Special Relativity
@ Quantum Mechanics
o Create/destroy particles Ikt MMM

o ApAx > h
e AEAt>h
— Virtual Particles

Symmetries:

@ Space-time or Internal

@ Discrete or Continuous

@ Global or Local



Quantum Field Theory (QFT) framework

@ Special Relativity
@ Quantum Mechanics
o Create/destroy particles ailhaastd

Matter <> Anti-matter

Symmetries: .
@ electron <> positron

@ Space-time or Internal .
@ proton <+ antiproton

@ Discrete or Continuous

@ Global or Local



Quantum Field Theory (QFT) framework

@ Special Relativity
@ Quantum Mechanics

o Create/destroy particles

o Charge conjugation (C): e~ <> e

Symmetries: ) B .
e Parity (P): X = —X

@ Space-time or Internal
@ Discrete or Continuous

@ Global or Local



Quantum Field Theory (QFT) framework

@ Special Relativity
@ Quantum Mechanics
o Create/destroy particles R o

o Electromagnetism:

Symmetries: U(1) Invariance: ¢ — e/*(*)q)

@ Space-time or Internal
@ Discrete or Continuous

@ Global or Local



Standard Model (SM) theoretical structure

o Gauge Theory, Relativistic Quantum Field Theory (QFT)
e SU(3)c ® SU(2)L ® U(1)y gauge group (Internal Symmetry)
e Strong, Weak, Electromagnetic Interactions
@ 3 generations of quarks and leptons + 1 Higgs-doublet
o Complex Hitp couplings imply violation of CP-symmetry!
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Standard Model (SM) theoretical structure

o Gauge Theory, Relativistic Quantum Field Theory (QFT)
e SU(3)c ® SU(2)L ® U(1)y gauge group (Internal Symmetry)
e Strong, Weak, Electromagnetic Interactions
@ 3 generations of quarks and leptons + 1 Higgs-doublet
o Complex Hitp couplings imply violation of CP-symmetry!

SU(2); ® U(1)y Spontaneously broken to U(l)EM = Massive Weak gauge bosons
The Brout-Englert-Guralnik-Hagen-Higgs-Kibble Mechanism

SM is spectacularly successful!

Eg. (g —2)u: SM calculation and experiment agree to 10 decimal places!
Huge number of tests of SM, few inconclusive discrepancies.




Scattering and Decay rates using QFT

Higgs Production @ LHC

LHC is a p — p collider

p contains partons: g, u,d,u,d,...

Parton momentum is fraction of v/5 :
parton distribution function (pdf)



Scattering and Decay rates using QFT

Higgs Production @ LHC

LHC is a p — p collider

p contains partons: g, u,d, T, d, ...
= __v§
T VS5=14Tev

Parton momentum is fraction of v/5 :
parton distribution function (pdf)

Loop Feynman Diagrams

o(gg — h) F(h—~v)




Scattering and Decay rates using QFT

LHC Higgs Measurements

ATLAS ""’E:;’;; Total uncertainty
G
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DM processes in QFT

Particle Dark Matter (DM)

Early Universe: incomplete self-annihilation leaves relic — DM

Qoh? = 1072 (55

_ N x=m/T (time -)
xr =My /Tr =21 [Kolb & Turner]



DM processes in QFT

Direct Detection
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DM processes in QFT

Dark Matter at the LHC?

Missing momentum!

ET scale: 29 GeV
Muon




Summary

Summary

@ The Standard Model of Particle Physics is spectacularly successful
o SU(3)c x SU(2); x U(1)y gauge theory: Quantum Field Theory (QFT)
o Electroweak Symmetry Breaking by the Higgs mechanism
@ The Standard Model of Cosmology is spectacularly successful
o FLRW metric, cosmological principle
o small perturbations for structure

@ Standard Model has shortcomings : BSM new physics resolves these?
@ Observational: Dark Matter, Baryon Asymmetry of Universe, v mass
o Theoretical: Gauge & flavor hierarchy problems, strong CP problem
o Hubble tension?

@ Ongoing and future experiments should reveal more insights

o LHC high luminosity run
@ Precision experiments
o Cosmology/Astrophysics experiments
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The Building Blocks

matter constituents

FERMIONS spin = 112, 3/2, 5/2, ...

——
Leptons spin =1/2 Quarks spi

force carriers

BOSONS spin=0.1,5.
m— Unified Electroweak s 1 Strong (color)  spin =1
W ndlinot (0-0-13)x10-° Electric 7

Name
charge
0.000511

' 9
- i - - ‘ -
W neutrino* |(0.009-0.13)x10 E ,

= ) 8039 Higgs Boson  spin

Electric
. W 80.39 -harge
Vil netina® | (0.04-0.14)x10- charee

T teu 1777 91.188

[particleadventure.org]
@ Quarks, Leptons (spin 1/2): matter particles

@ Vector bosons (spin 1): strong, weak, electromagnetic force carriers

@ Higgs boson (spin 0): gives masses to particles

@ Gravity (spin 2): not part of the quantum description yet

&
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The Building Blocks

matter constituents

FERMIONS spin = 112, 3/2, 5/2, ...

Leptons spin =1/2

force carriers
BOSONS spin=0.1,5.
Fahtest Unified Electroweak Strong (color)  spin =1
W neimnor (0-0-13)x10-9 Electric
charge
| : ‘ -

gluon

Name

0.000511

middle o+ 1(0.009-0.13)x109

Higgs Boson

Name ey
8039 | +1 n GeVi

&) muon 0.106 CRDH| el

Yy hesves, | (0.04-0.14)x10-2 =

H
T 1777 42 ot |0

[particleadventure.org]
@ Quarks, Leptons (spin 1/2): matter particles
@ Vector bosons (spin 1): strong, weak, electromagnetic force carriers
@ Higgs boson (spin 0): gives masses to particles

@ Gravity (spin 2): not part of the quantum description yet

Unstable particles

If not forbidden by conservation laws, particle will decay. y
Eg. muon decay: W e Ve L
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Standard Model Interactions

Electromagnetism (Quantum Electro Dynamics)

... binds pT,e™ to form (neutral) atom(s)
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Standard Model Interactions

Electromagnetism (Quantum Electro Dynamics)

... binds pT,e™ to form (neutral) atom(s)

Strong interactions (Quantum Chromo Dynamics)

... binds quarks to form mesons & baryons; also binds p, n to form nuclei

Baryons qqq and Antibaryons 44g
Baryons are fermionic hadrons
These are a few of the many types of

[Symbolf Name [ Quark
0 B
P 1 0938 | 112 K™ kaon si -1 0494 | 0
n | neutron | udd 0 0.940 | 122 [ rho ud +1 0.776
A | lambda | uds 0 1116 | 172 B’ | Bzero | db 0 5219 | 0
& omgr s — LLIERRE te e < u 290 1 0 [particleadventure.org]
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Standard Model Interactions

Electromagnetism (Quantum Electro Dynamics)

... binds pT,e™ to form (neutral) atom(s)

Strong interactions (Quantum Chromo Dynamics)

... binds quarks to form mesons & baryons; also binds p, n to form nuclei

Baryons qqq and Antibaryons 44g

Baryons are fermionic hadrons
These are a few of the many types of
[Symbol[ Name.

A | lambda | uds | 0 1116
Q| omega | sss | oI 1672

[l
4 [l
n | newron | udd | 0 | 0940 | 12
1
3

[particleadventure.org]

Weak interactions

. causes radioactive decay: eg. 59Co —$§3 Ni + e~ + 2y
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Standard Model Interactions

Electromagnetism (Quantum Electro Dynamics)

... binds pT,e™ to form (neutral) atom(s)

Strong interactions (Quantum Chromo Dynamics)

... binds quarks to form mesons & baryons; also binds p, n to form nuclei

Baryons qqq and Antibaryons 4gq

Baryons are fermionic hadrons.

Mesons qq
Mesons are bosonic hadrons

‘These are a few of the many types of baryons. ‘These are a few of the many types of mesons.
[Symbol] Name | Q in [Symboll Name | Quark [ Electric [ Mass [Spin
content| charge | GeVrc2

» 2 7 | pion | ud | +1 | 0140 | 0

P 109 (12 K | kon | si | -1 | 049 | 0

n on | udd 0 0.940 | 122 [ rho ud +1 0776 | 1

A | lambda | uds 0 1116 | 172 B’ | Bzero | db 0 5279 | 0

Q| omega | sss | -1 1672 |31 e | ewc | c& o[ zow | o | Qe et venturelorg]

Weak interactions

. causes radioactive decay: eg. $9Co —83 Ni +e™ + 2y

&

. causes us to fall and break our bones




Backup

[e]e]e] o}

Event reconstruction

b Jet

Jet
\ .
~ 4 ».%(

% b

e ~ ) 4
. - sﬂ,}:::‘

Muon
Neutrino

DO Single Top Event (Tevatron)
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Hierarchy problem in detail

LHC (and LEP) tell us that the Higgs boson is light m, = 126 GeV

2
LD %,u2 HIH— % (HTH) No symmetry protecting the Higgs mass!

iL.tR

h h 3y?
*__ __ N 2 _ _ O A2
,i@ 5mh - 1671'2/\

V2

lr.tR
R

=

—q 1/{

(A is momentum cut-off, say M)
Quadratic divergence in the Higgs sector %
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The Higgs Mechanism

Spontaneous Symmetry Breaking (SSB)

Microscopic laws symmetric, but ground state is NOT

Spontaneous Magnetization in Condensed Matter Systems

[Fig by F. Heylighen]

The B-E-G-H-Higgs-K mechanism in the SM: Equations of motion are invariant
under Gauge Symmetry, but nonzero Vacuum Expectation Value (VEV) of Higgs
field breaks EW symmetry (spontaneous Breaking of Electroweak Symmetry

@ Give masses to WE | Z (v massless)

@ Generates fermion masses
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The Higgs Mechanism

Spontaneous Symmetry Breaking (SSB)

Microscopic laws symmetric, but ground state is NOT



‘;@ The Nobel Prize in Physics 2013
‘ Frangois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

Aahmoud

Frangois Englert Peter W. Hi

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and Peter W. Higgs "for
the theoretical discovery of a mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron
Collider”
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Beyond the Standard Model Physics

Are we done?

Now that all the SM particles have been discovered, are we done?

| don't think so ...
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Beyond the Standard Model Physics

Are we done?

Now that all the SM particles have been discovered, are we done?

| don't think so ...

Stability problem

The mass of a fundamental scalar is not protected against large quantum
corrections and is corrected to large values (“hierarchy problem”). But we
have observed a 125 GeV Higgs boson. A hint for physics beyond the SM

h__ 4,,11 W,z
i
5 V2
omy
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Beyond the Standard Model Physics

Are we done?

Now that all the SM particles have been discovered, are we done?

| don't think so ...

A nagging possibility

... that there is no dynamical explanation. Our vacuum could be just one
in a vast landscape of vacuua. Similar to the Anthropic principle!
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Beyond the Standard Model Physics

Are we done?

Now that all the SM particles have been discovered, are we done?

| don't think so ...

Keep looking ...
... who knows what lurks beyond what's measured?
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Why BSM Physics?

Motivation for Physics Beyond the Standard Model (BSM)

Questions left unanswered by the SM

Observational indications for BSM
@ What is the observed Dark Matter?
@ What generates the Baryon Asymmetry of the Universe (BAU)?

@ What generates the neutrino masses?

Theoretical arguments for BSM

@ Hierarchy problem (Higgs sector instability): Mgy < Mp;
@ Flavor problem: me < m;
@ Strong CP problem

@ Cosmological constant problem

We are intensely searching for physics Beyond the Standard Model (BSM)
... Stay Tuned! %
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@ CP violation & Leptogenesis
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Why BSM Physics?

Some new physics possibilities

Belief that something may cure the gauge hierarchy problem. But what?
@ Supersymmetry
@ Extra-dimensions
@ Strong dynamics
@ Little Higgs

Dark Matter signals

@ Thermal relic or Non-thermal relic?

@ Direct, Indirect, Collider searches underway
Strong CP problem

@ Axion search underway
Neutrino mass generation and lepton number violation

@ CP violation & Leptogenesis

Baryon Number (B) appears to be conserved - is it really?

@ Grand-unified Theories (GUT) predict Proton Decay (B violation)
experimental limit 7, > 1032 years

@ neutrino detectors (eg. SuperK) searching for it... 1@
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Why BSM Physics?

S Exotics Searchas 95% CL Lower Limits (Status HCP 2012)
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CMS Resonances Limits (Moriond 2013)
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Supersymmetry (SUSY) at LHC

o Cascade decays

@ Missing energy signals
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[ATLAS Physics TDR]

e Can we determine the spin and couplings to show SUSY?
@ Angular distributions
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Composite Higgs/Warped Ex-Dim at LHC

Look for heavy Resonances/Kaluza-Klein states (Heavy Gluon, Graviton, W, Z)
LEP precision electroweak constraints = V' > 2 TeV

Example: W/ — XX
BRW' " -~ XX)
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[Agashe, SG, Han, Huang;Soni, 2008]
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Evidence for Dark Matter (DM) — BSM physics?
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Bullet Cluster [Hubble+Chandra, NASA, ESA, CXC, M. Bradac (UCSB), and S. Allen (Stanford)]
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