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The Particle Zoo
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Proton Neutron

The Standard Model



Higgs to the rescue!
(and Brout, Englert, Guralnik, ...)



The Higgs Field and Mass

The Higgs field exists everywhere in space and is  
completely uniform.

When Kim Kardashian enters a filled room her 
inertia is substantially increased. 
The room interacts much less with Josh Erlich, so his 
inertia is not increased as much.



We’re talking about fundamental particles.

The Higgs field gives mass to the fundamental particles, 
but protons and neutrons are not fundamental, and are 
2000 times more massive than electrons.
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Proton Neutron

Their mass comes mostly from the motion of  the 
particles inside them, and their interactions.   
Remember              .   E = mc2



So most of  this guy’s mass is not due to the Higgs field.



The Higgs Boson

Just as photons are particles of  the electromagnetic 
field, Higgs bosons are particles of  the Higgs field.

An analogy would be a rumor of  Kim Kardashian’s 
pending appearance, moving from one side of  the 
room to the other.



Why is there a Higgs field everywhere?

The Higgs field rests in a valley that minimizes the 
energy in the field. The valley only allows a 
nonvanishing Higgs field.



How to hunt for particles and interactions



Ernest Rutherford’s Atom (1911)



Modern Day Colliders

Jefferson Lab



Modern Day Colliders

CERN



The Big Announcement

July 4, 2012.  
A particle like the Higgs boson has been discovered!



The Big Announcement

CERN, July 4, 2012. 





October 8, 2013 Nobel announcement:  
Nobel Prize in Physics won by Peter Higgs and 

Francois Englert.



all forces 
unified (?)

strong, EM, 
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high energy particle 
experiments probe 

conditions back in time



Puzzles in particle physics are tied to 
puzzles in cosmology.
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Evidence for an Expanding Universe

In 1929 Hubble discovered that distant galaxies are receding 
from us.   

The universe is expanding!

v = H0 d

H0 = “Hubble constant” 
= 70 km/s/Mpc 
(measured value)



For temperatures above 1010 Kelvin, nuclei can’t 
exist.

Below 1010 Kelvin, fusion gives rise to light nuclei.

Creation of  the light elements



4
He : 24.5± 0.5%

3
He : (1.7± 0.2)⇥ 10

�5

D : (3± 0.5)⇥ 10
�5

7
Li : (6± 1)⇥ 10

�10



You may have heard of  dark matter and dark 
energy.  

Why do we believe that the universe is filled with 
mysterious stuff  if  we can’t see it?

Dark Matter and Dark Energy



http://www.oddee.com/item_98259.aspx

Hmm, that’s strange.

http://www.oddee.com/item_98259.aspx


http://www.oddee.com/item_98259.aspx

Look at all that
mass!

http://www.oddee.com/item_98259.aspx


Matter in the Universe



Dark Matter

Fritz Zwicky 
(1930s)

Coma Cluster 
NASA, SDSS 

>1000 galaxies bound by gravity

Galaxies in the Coma 
Cluster are moving so 
quickly that they should 
not be bound by the 
gravitational attraction 
of  the observed mass in 
the cluster.



Galactic Rotation

Vera Rubin

The farther a star is from the 
center of a galaxy, the weaker the 
force of gravity on it and the 
slower it should rotate, right?

Wrong!

Bill Keel http://www.astr.ua.edu/gifimages/ngc5746.gif

v2

r = GM
r2



Gravitational Lensing

Light is bent by gravity, so we can weigh an object in the line of 
sight of a distant galaxy by measuring how much the light from the 
galaxy bends. 
This way we can also estimate how much dark matter there is in the 
universe.

http://www.cacr.caltech.edu/SDA/digital_sky.html

http://www.cacr.caltech.edu/SDA/digital_sky.html


Chandra X-ray Observatory, 2006

The Bullet Cluster
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cos!(t ! t0) with a period T = 2!

" = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton " yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.

5

1997-Present: DAMA Experiment 
sees annual modulation of  energy 

deposited in a crystal



Type Ia Supernovae

As we probe deep into space we also probe back in time because 
light travels at a finite speed. 
So if we can probe how fast objects are receding from us as a 
function of their distance from us, then we also know the 
expansion rate of the universe as a function of time. 
How fast?  Use redshifts. 
How far?    Use a standard candle.  That’s where the Type Ia 
supernovae come in.

DEM L71
http://chandra.harvard.edu/photo/2003/deml71/

http://chandra.harvard.edu/photo/2003/deml71/


The Universe is Expanding

1998: The expansion is accelerating  
The universe is filled with “Dark Energy!”

Saul Perlmutter - Supernova Cosmology Project



The Cosmic Microwave Background

Arno Penzias and Robert Wilson
Planck Satellite

Hot and cold spots in the CMB

(Fast forward         Stars, galaxies, ...)



The early universe was a soup of  charged particles 
which scattered light.

The Opaque Early Universe

Then...



Recombination: Atoms Form!



Universe Expands and Cools  
(light redshifts by factor of  1100)



Penzias & Wilson (simulated) 
(1960s)

COBE 
(1990s)

WMAP 
(2000s)

Planck 
(2010s)

Temperature deviations in the CMB



So what is everything made of ?

5%: Known Particles

25%: Dark Matter

70%: Dark Energy



Today’s Big Puzzles in Particle Physics  
and Cosmology

There are always anomalies in experiments: 

Details of  B-meson decays don’t seem to agree with the 
Standard Model. (LHCb) 

The magnetic moment of  the muon does not seem to 
agree with the Standard Model. 

The W-boson mass is way off  (as of  last Thursday). 

Most often experimental anomalies go away as more 
data is collected.



Today’s Big Puzzles in Particle Physics  
and Cosmology

Fundamental Questions: 
What is the missing matter? Could it be black holes? 
What is the dark energy? 
Why is the cosmological constant so small? 
Why is the Higgs mass so small? 
Is there supersymmetry? 
Why is there as much matter vs antimatter as we observe? 
(Baryogenesis) 
Are there right-handed neutrinos?  
Axions? 
Got  GUTs? 

What is gravity and why is it so weak? 
What are space and time?



Today’s Big Puzzles in Particle Physics  
and Cosmology

Fundamental Questions: 

How does gravity fit together with the Standard Model? 
How many dimensions of  space are there? 
What caused the moment of  creation? 

....It will take many bright young scientists to answer 
these questions.


