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The Standard Model (SM)

A Note on Units

Natural Units: Velocity of light c = 1

E = mc2 ⇒ Measure Energy (E ) & Mass (m) in GeV

Eg: Proton mass mp ≈ 1 GeV

Standard Model (SM) of Particle Physics

Physics operating at λ ≈ 10−17m distance scale

How did we construct the SM?
Low energy precision experiments

High energy particle accelerators

Create new particles (E = mc2)
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The Standard Model (SM)

The Building Blocks

[particleadventure.org]

Added Higgs in 2012
Composites:
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics

Space-Time Symmetries

Internal Symmetries

Gauge Symmetry

Implies

Lorentz Invariance

4-dimensional Space-Time

E = mc2
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics

Space-Time Symmetries

Internal Symmetries

Gauge Symmetry

Implies

Uncertainty Principle

∆p ∆x ≥ /h

∆E ∆t ≥ /h

Virtual Particles
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics

Space-Time Symmetries

Internal Symmetries

Gauge Symmetry

Implies

Examples:

Translation symmetry ⇒
Momentum Conserved

Rotation symmetry ⇒
Angular Momentum Conserved
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics

Space-Time Symmetries

Internal Symmetries

Gauge Symmetry

Implies

Eg: Electromagnetism : U(1) Invariance

Charge Conserved
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The Standard Model (SM)

Particle Physics Theory framework

Special Relativity

Quantum Mechanics

Space-Time Symmetries

Internal Symmetries

Gauge Symmetry

Implies

Dirac: Matter ↔ Anti-matter

electron ↔ positron

proton ↔ antiproton
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The Standard Model (SM)

Form of the Theory

Specified by the Lagrangian L = T − V
(T is Kinetic Energy, V is Potential Energy)

Eg: Harmonic Oscillator : L(x , ẋ) = T − V = 1
2
mẋ2 − 1

2
kx2

Relativistic Quantum Field Theory formulation

Symmetries dictate form of L : Group Theory

Demand invariance under Group Transformations:
Eg: Lorentz Group SO(1, 3), Unitary Group U(N), Special Unitary Group SU(N), ...

Eg: Quantum ElectroDynamics (QED) is a Gauge Theory

L = ψ̄iγµ(∂µ − ieAµ)ψ −me ψ̄ψ − 1
4
FµνFµν ; Fµν ≡ (∂µAν − ∂νAµ)

Invariant under U(1) transformation:

ψ → e ieαψ ; Aµ → Aµ − i∂µα for some α(t,~x)

If α is a function of x = (t,~x) it is Gauge Invariance
If α is a constant, it is Global Invariance
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The Standard Model (SM)

Standard Model (SM) theoretical structure

Gauge Theory, Relativistic Quantum Field Theory (QFT)

SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge group (Internal Symmetry)

Strong, Weak, Electromagnetic Interactions

Eg: EM (QED) is U(1) gauge symmetry

Some Gauge Symmetries Spontaneously broken ⇒ Massive Weak gauge bosons

The Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism
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The Higgs Mechanism

Spontaneous Symmetry Breaking (SSB)

SSB : Microscopic laws symmetric, but ground state is NOT

Analogy: Spontaneous Magnetization in Condensed Matter Systems

[Fig by F. Heylighen]

Higgs Mechanism in QFT

L is invariant under Gauge Symmetry, but nonzero Vacuum
Expectation Value (VEV) of Higgs field breaks EW symmetry
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The Higgs Mechanism

The Higgs Mechanism in the SM

L ⊃ (DµH)† DµH + µ2H†H − λ
4!

(H†H)2

Spontaneous Breaking of Electroweak Symmetry

〈H〉= 1√
2

(
0
v

)
6= 0 (The E-B-Higgs-G-H-K Mechanism)

Give masses to W± , Z (γ massless)

Generates fermion masses

LYuk ⊃ −λuQH̃uR − λdQHdR − λeLHeR + h.c.

Under SU(3)c ⊗ SU(2)L ⊗ U(1)Y :

H ≡
(
φ+

φ0

)
= (1, 2)1/2

Q ≡
(

uL
dL

)
= (3, 2)1/6 ; uR = (3, 1)2/3

L ≡
(
νL
eL

)
= (1, 2)−1/2 ; eR = (1, 1)−1

Complex Yukawa couplings λ =⇒ CP violation

Unitarize WW scattering [Lee, Quigg, Thacker, 1977]

But, mass of a fundamental scalar is not protected against getting large
quantum correction. A hint for Physics Beyond the SM
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The road to the Prize

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation

8  OCTOBER 2013

Scientifc Background on the Nobel Prize in Physics 2013

T h e  B e h -M e c h a N i S M ,

i N T e r ac T i o N S  w i T h  S h o r T  r a N g e  F o rc e S

a N d

S c a l a r  Pa r T i c l e S 

compiled by the class for Physics of the royal Swedish academy of Sciences

The Royal SwediSh academy of ScienceS has as its aim to promote the sciences and strengthen their infuence in society.

BOx 50005 (LiLLa FREsCaTivägEN 4 a), sE-104 05 sTOCkhOLm, swEdEN 
TEL +46 8 673 95 00, iNFO@kva.sE  hTTP://kva.sE
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

The Beginnings

- Fermi (1934): Theory for β-decay

- C.N.Yang, T.D.Lee (1956) : Parity Violation in Weak Decays

- Marshak, Sudarshan (1957); Feynman, Gell-Mann (1958) : V-A theory

- Schwinger (1957): SU(2) gauge field theory

But gauge theory has massless Wµ. Contradicts experiment!

- Glashow (1961); Salam, Ward (1964): SU(2)×U(1) electroweak gauge
theory

Short range of weak interactions by adding m2
W WµW µ

Theory Non-renormalizable

Any way to keep gauge invariance, while making Wµ massive?
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

Spontaneous Symmetry Breaking & Goldstone Theorem

- Y.Nambu 1960 : BCS theory of Superconductors

Non-relativistic gauge theory formulation of attempts by Anderson
(1958) and others
Chiral fermions global symm; Vacuum Expectation Value (VEV) to
fermion condensate

spontaneous symmetry breaking (SSB) =⇒ massive Aµ
(short-range force)
SSB: Heisenberg (1928) theory of magnetism

Took it to particle physics, fermion bound state → Massless pion
(massive due to explicit breaking)

- J.Goldstone (1961) : Scalar field φ = φ1 + iφ2 with VEV 〈φ〉 6= 0

Massless mode φ2 (Nambu-Goldstone Boson) appears
Massive mode φ1 initially not investigated (until Higgs)

- Goldstone, Salam, Weinberg (1962) Theorem

SSB =⇒ Massless Nambu-Goldstone Boson!
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

Massless Mode! Abandon Theory?

- Anderson (1963) : Schwinger’s problem in a model of charged plasma

SSB Non-relativistic gauge theory, argued that there is NO massless
mode!

Hinted that in a relativistic theory the longitudinal mode is the third

component of the massive vector boson.
“We conclude, then, that the Goldstone zero-mass difficulty is not a
serious one, because we can probably cancel it off against an equal
Yang-Mills zero-mass problem”

- A.Klein, B.W.Lee (1964) : In relativistic case, argued that Goldstone
theorem can be evaded

criticized by Walter Gilbert 1964 (1980 Chemistry Nobel!)
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Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

Clarity, ... finally!

- Francois Englert, Robert Brout (1964)

motivated by Schwinger’s work; but took specific model of gauge
theory with complex scalar field
Gauge invariance dictates Wµ∂

µφ2 term after SSB
Massive Wµ in Gauge invariant way, so renormalizable
Massless φ2 not physical, becomes longitudinal W !

Resolution of the puzzle!

- Higgs (1964)

In a gauge theory massless φ2 problem not there

Same model as Englert, Brout, shows φ1 is massive, studies its

properties; So, called the Higgs Boson
In SU(3) gauge theory incorporates massive Wµ and massless Aµ



Introduction The Road to the Prize The Higgs Discovery Outlook

Weak Interactions Saga : The Actors and the Play [Royal Sweedish Academy of Sciences]

More Clarity

- Migdal, Polyakov (1966) : In the Soviet Union, in a strongly coupled
theory shows that the massless mode is not physical

- Guralnik, Hagen, Kibble (1964); Higgs (1966); Kibble (1967): further
clarify SSB in NonAbelian gauge theories

- Weinberg (1967) : puts everything together and proposes the SM
(leptons)

- ’t Hooft (1971); ’t Hooft, Veltman (1972) : shows that above
construction is Renormalizable



Introduction The Road to the Prize The Higgs Discovery Outlook

HIGGS BOSON EXPERIMENTAL DISCOVERY
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Accelerator Basics

Accelerators as microscopes

Optical Microscope (λ ≈ 0.6µm )

Electron Microsope (λ ≈ 0.2 nm)

Particle Accelerator (λ ≈ 1/E) (E is Beam Energy)

LEP (CERN, Europe), Tevatron (Fermilab, USA): E ≈ 100 GeV , λ ≈ 10−17m

Large Hadron Collider (LHC - CERN, Europe): E = 14000 GeV , λ ≈ 10−19m
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Accelerator Basics

Accelerator schematic

Accelerator Animation
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The LHC

The Large Hadron Collider (LHC)

Discovered the Higgs. Continue searching for more ...
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Higgs at the LHC

Higgs Production @ LHC

LHC is a p − p collider

P

P p contains partons: g , u, d , ū, d̄ , ...

x ≡
√
ŝ√

S=14TeV
Parton momentum is fraction of

√
S :

parton distribution function (pdf)

pp → h→ γγ @ LHC

σ(gg → h)

λf

f

Γ(h→ γγ)

λf

f W

W
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ŝ√

S=14TeV
Parton momentum is fraction of

√
S :

parton distribution function (pdf)

pp → h→ γγ @ LHC

σ(gg → h)

λf

f

Γ(h→ γγ)

λf

f W

W



Introduction The Road to the Prize The Higgs Discovery Outlook

Higgs at the LHC

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

I don’t think so ...
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Why BSM Physics?

Motivation for Physics Beyond the Standard Model (BSM)

Questions left unanswered by the SM

Observational

What is the observed Dark Matter?

What generates the Baryon Asymmetry of the Universe (BAU)?

What generates the neutrino masses?

Theoretical

SM hierarchy problem (Higgs sector): MEW � MPl

SM flavor problem: me � mt

Explained by new dynamics?

Extra dimensions (Warped (AdS), Flat)
Supersymmetry
Strong dynamics
Little Higgs
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Summary

Summary

The Higgs Mechanism : “Origin of Mass”

Gives masses to Electroweak Gauge Bosons, Quarks and Leptons
Gauge invariance intact, renormalizable

Discovery of the Higgs Boson completes the verification of the SM!

But SM has shortcomings : BSM resolve these?

Observational: DM, BAU, ν mass
Theoretical: Gauge (& flavor) hierarchy problem

Upcoming 14 TeV LHC run may tell us more

Stay Tuned!



BACKUP SLIDES

BACKUP SLIDES



Hierarchy problem in detail

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

L ⊃ 1
2µ

2 H†H − λ
4!

(
H†H

)2
No symmetry protecting the Higgs mass!

tL, tR

−i yt√

2

h h
δm2

h = − 3y2
t

16π2 Λ2

tL, tR

−i yt√

2

h h

(Λ is momentum cut-off, say Mpl)

Quadratic divergence in the Higgs sector



New physics possibilities

Belief that some new physics cures these problems

Look for these at the LHC

Supersymmetry
[SG,Yuan,2004]

Extra-dimensions : (Warped or Flat)
[Mandal, Mitra, Moreau, SG, Tibrewala 2011, 13][Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni

”
2007, 08,

10] [Cao, SG, Yuan, 2003]

Strong dynamics (Note AdS-CFT correspondence)

Little Higgs

Neutrino mass connection and lepton number violation
[EDM with Triplet Higgs: de Gouvea, SG, 2005]

Dark Matter candidates
[SG, Jung, Lee, Wells, 2008, 09]
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Precision Probes of BSM

In addition to Collider probes, New Physics can also be probed in:

Precision Electroweak Probes (S, T, Zbb̄)
W,Z, γ

Flavor Changing Neutral Currents (FCNC)

K 0K̄ 0 mixing, b → sγ , b → s `+`− , b → s s s̄, K → πνν̄
, b → τνX , ...
Relaxed with flavor alignment : MFV, flavor symmetries

(g − 2)µ, EDM, ...

Generally result in bound : MBSM & few − 100 TeV
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lsp
m⋅-(1-x)

mother
m⋅ = xintermediatem

For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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