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CERN July 4th 2012  (ATLAS and CMS) 
“A new particle of mass 125 GeV ”      



Atoms and chemistry 

• Discovery of the proton (1918)
There are particles of positive charge 
inside nuclei.
(Discovered via scattering of “alpha 
decays.”) 

• Helps explain periodic table 
Atoms of different elements have 
different number of protons in nucleus

Number protons = number electrons (Z).
Determines chemical properties.

• Discovery of the neutron (1932)
Uncharged particle in nucleus.
Explains atomic masses and isotopes.
What holds nucleus together??? 



Strong nuclear force (1934)

New force  >>  electromagnetic
Independent of electric charge (p+, n)
Extremely short range

Quantum theory 
New particle associated with force
Acts on protons and neutrons

Yukawa pion   π-, π0, π+

Hideki Yukawa

Discovered 1947 (cosmic rays)



Weak nuclear force (1934)

Radioactive decay of nucleus
Increases number of protons in nucleus!
Neutrons changing to protons? 
Beta decay of the neutron

n  →  p+ + e- + ν

New particle: neutrino
Discovered 1956
Fermi’s theory of  the weak force
Four interacting particles

Enrico Fermi



Four forces of nature (1930s) 

Force of gravity
Long range
Holds cosmos together

Electromagnetic force 
Electricity + magnetism
Holds atoms together

Strong nuclear force
Holds nucleus together

Weak nuclear force
Responsible for radioactivity  (Fermi)

The atom



New elementary particles (1940-50)

π+ →  μ+  +  ν

Cosmic rays

Particle accelerators

Pions,  muons,  neutrinos, antiparticles



High-energy physics

• Accelerate charged particles to high velocity
High voltage

• Collisions

• High energy density

• New particles  observed

• Not ‘inside’ original particles

E = mc2

m = E/c2



Particle Zoo (1950s, 1960s)

Over 100 “elementary” particles



Anti-particles

• Dirac equation for the electron
• Twin solutions
• Negative energy values?

• Particles of opposite charge (1928)
• Anti-electrons (detected 1932)
• Anti-particles for all particles

• Energy creates matter and anti-matter
Why is the universe made of matter?

Paul A.M. Dirac 1902-84

E= mc2



New model: Quarks (1964)

Too many particles

Protons not fundamental 

Made up of smaller particles

New fundamental particles
Quarks (fractional charge)

Hadrons: particles containing quarks
Baryons (3 quarks) mesons (2 quarks)

Prediction of W -

Gell-Mann, Zweig



Finding Quarks 

Stanford/MIT experiments in 1969
Scattering experiments (very similar to 
Rutherford scattering)
Three centres of mass inside proton
Strong force = inter-quark force!

Defining property = colour
Strange behaviour 
Quark confinement

The energy required to break apart the proton far 
exceeds the pair production energy of a quark-
antiquark pair

http://hyperphysics.phy-astr.gsu.edu/hbase/relativ/releng.html


Six quarks    (1970s –1990s)

30 years of experiments

Six different quarks
(u,d,s,c,b,t)

Six corresponding leptons
(e, μ, τ, υe , υμ , υτ)

Gen I: all of ordinary matter

New periodic tableGen II, III – why are they there?          
Why 3?



Bosons and the Standard Model

Electromagnetic force mediated by photons
Strong force mediated by gluons 
Weak force mediated by W and Z bosons
Problems constructing theory of weak force…

EM + weak: single interaction above 100 GeV
Quantum field causes symmetry breaking 
Separates EM, weak interactions
Endows W, Z bosons with mass
Called the Higgs field

Bosons: particles associated with forces 

Satyendra Nath Bose



The Standard Model (1970-90s)

Strong force = quark force (QCD)
EM + weak force = electroweak  force
Higgs field causes e-w symmetry breaking
Gives particle masses

Matter particles: fermions (1/2 integer spin)
‘Force’ particles: bosons (integer spin)

Experimental tests

Top, bottom , charm, strange quarks

Leptons

W+-,Z0 bosons Higgs boson outstanding



The Higgs field 

Electro-weak symmetry breaking 
Mediated by scalar field
Higgs field 
Generates mass for W, Z bosons

W and Z bosons (CERN, 1983)

Generates mass for all massive particles 
Associated particle : scalar boson 
Higgs boson

Particle masses not specified

Peter Higgs

Kibble, Guralnik, Hagen, Englert, Brout



The Higgs field

• Particles acquire mass by
interaction with the field

• Some particles don’t interact (massless)
Photons travel at the speed of light

• Heaviest particles interact most 
Top quarks

• Self-interaction = Higgs boson

Mass not specified by SM



II    The Large Hadron Collider

• Particle accelerator (8TeV)

• High-energy collisions (1012/s)

• Huge energy density

• Create new particles

m= E/c2

• Detect particle decays

• Four large particle detectors

E = mc2



How?

LEP tunnel: 27 km
Total “Integrated luminosity” 
(up to now): ~ 150 fb-1

Two proton beams
E = (4 + 4) TeV  (now is (6.5 + 6.5) TeV)
speed ≈ (very very close to) speed of  light
1012 collisions/sec        

Ultra-high vacuum
Low temp: 1.6 K
Superconducting magnets



Around the ring at the LHC

• Nine accelerators

• Cumulative acceleration

• Velocity increase

• K.E = 1/2mv2

• Effective mass increase  x8000

2
2
0

1 c
v
mm
-

=



Particle detectors

Detectors at crossing pts

• CMS    multi-purpose

• ATLAS multi-purpose

• ALICE quark-gluon plasma

• LHC-b matter-antimatter asymmetry



Particle detection

Tracking device
Measures particle momentum 

Calorimeter
Measures particle energy 

Identification detector
Measures particle velocity
Cerenkov radiation

Analysis of decay tracks
GRID computing

ATLAS



III    A Higgs at the LHC?

Search for excess events
Mass not specified? 

Close windows of possibility

120-160  GeV  (1999)

Set by mass of top quark, W boson

Search…running out of space!



Higgs production in LHC collisions

1 in a billion collisions



Ref: hep-ph/0208209

Detect Higgs by decay products 

• Most particles interact with Higgs

• Variety of decay channels

• Massive particles more likely  

• Difficult to detect from background

• Needle in a haystack

Needle in haystack of needles

High luminosity required



Analysis: Grid

Huge number of collisions
Data analysis

World Wide Web (1992)
Platform for sharing data

Grid (2012)
Distributed computing 

World-wide network

Huge increase in computing power



Higgs search at LHC (Dec. 2011)

Excess events at 125 GeV in ATLAS and CMS detectors
Higher luminosity required  (4.8 fb-1 at that time)



April-July 2012:  add 5.9 fb-1 at 8 TeV

Measure energy of photons emitted Measure decay products of Z bosons 



Results  (July, 2012)

H→ γγ (7 TeV, 4.8 fb-1  +      
8 TeV, 5.9 fb-1)



H→ZZ    (8 TeV, 5.3 fb-1)

Results  (July, 2012)



Add new data from late 2012 (8 TeV)



Results: all decay channels



Results summary
• New particle

• Mass 126 +/- 0.5 GeV

• Zero charge

• Integer (zero or two) spin (is it 
zero?)

• Scalar boson

• 6 sigma signal  (August, 2012)

Higgs boson?!



IV    Next at the LHC

• Characterization of new boson
Branching ratios, spin
Deviations from theory?

• Supersymmetry
Numerous Higgs?
Supersymmetric partner particles
Implications for unification

• Cosmology
Dark matter particles?
Dark energy?
Higher dimensions?



Cosmology at the LHC 

• Snapshot of early universe
Highest controlled energy density since BB

• Dark matter particles?
Neutralinos (supersymmetry)

• Dark energy ?   
Scalar field

• Higher dimensions?
Kaluza Klein particles

• String theory?



Summary  (2019)

• New particle detected at LHC

• Mass 125.1 ± 0.2 GeV

• Zero charge, zero spin

• Appears (so far, at the O(5% ‒ 10%) level…) 
consistent with Standard Model     
Higgs boson

Appears (so far) to be confirmation of 
electroweak unification

• Fundamental particle theory right so far

En route to a theory of everything ?
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(Hubble Space Telescope, NASA)

Supernovae are one of the powerful probes for 
understanding the eventual fate of the Universe

Distances to ~6% from brightness
Redshifts from features in spectra

600 million light-years away



Cosmic Arithmetic
General Relativity, isotropy, and homogeneity require that 
(in the relevant units)

Wgeometry + Wmatter&radiation + WL = 1 

If the underlying geometry is flat (Wgeom = 0), & if Wm&r <1 
then WL (“cosmological constant term”) must be non-zero. 

Cosmic microwave background (CMB) measurements 
demonstrate the geometry is flat, Wgeometry = 0.

Mass inventories fall short of Wmatter&radiation =1
(Wmatter ≈ 0.3, and the radiation contribution is tiny)



“Best Fit” 
at 

Wmass ~ 0.3

WL ~ 0.7

Rate of expansion is 
increasing…

What does this mean?

Insufficient mass to halt 
the expansion…

WL
Universe is 

ACCELERATING

WM



A Perplexing Result
â Expansion of Universe is accelerating!(?)
â Implies something new: “Dark Energy”

â Regions of empty space repel each other!

? “Cosmological constant”…

Einstein’s greatest blunder?

? What’s going on in the vacuum?



Vacuum Energy and the Casimir Effect
â Vacuum energy is real -- we can see it:

â Predicted in 1948                                       
by H.B.G. Casimir

â Since measured to
better than 5% precision

â So -- since vacuum fluctuations are real, why
isn’t dark energy enormous (10120 times larger)???





The Music of Quantum Fields



Limitations on our Knowledge of Dark Energy

® Calibration of, and
corrections to, brightness 
measurements are 
a significant source of  
uncertainty in measured 
cosmological parameters.

â Unless we improve 
calibration standards (for flux 
as a function of color) to 
< 1%, this will be a limiting 
systematic uncertainty for 
upcoming projects … 

7.7 billion light-years from Earth



Understanding the Acceleration of the Universe

… and others

Launch date ~2015 First data ~2013



Aperture 1.8 meter
Field of 
View

1.37 square deg

Resolution < 0.06 arcsec FWHM blur
Bandpass 0.35-1.7 µm 

JDEM Concept



JDEM Concept
All instruments/detectors on single focal plane.

â Passively cooled to 140K
â 0.7 square degrees instrumented FOV
â 9 fixed filters from 350nm to 1700nm
â 36 CCDs. 36 HgCdTe detectors



The Large Synoptic Survey Telescope (LSST)
â 8.4 m aperture
â Survey: 20,000 sq. degrees
â 9.6 sq. degree field-of-view
â 6 filters from 320nm to 1060nm
â Site: Cerro Pachon, Chile 



The Large Synoptic Survey Telescope (LSST)



Complementarity of JDEM and LSST
â The power spectrum of matter in the Universe

(analogous, e.g., to the power spectrum of the CMB) 

â Ground can survey whole sky, space can probe deeper in 
selected areas.

â Space data with lower systematics and higher redshift 
accuracy can calibrate ground surveys.



Improving Fundamental Calibration
Not Easy
Need to get above the ATMOSPHERE

Rockets 
(ACCESS)

Another possibility: Balloons

But even after you very carefully 
calibrate them, stars are VARIABLE
(majority on the > 1% scale).

Wouldn’t it be nice to just have a 
(man-made) source up there … ?



Using a Tunable Laser on the Ground
â Use tunable laser to calibrate telescope optical throughput (Stubbs & Tonry):



A (Non-Tunable) Laser in Space…

â The CALIPSO satellite (launched on Apr. 23, 2006) uses     
an Nd:YAG LIDAR laser at 1064 and 532 nm to measure the
properties of clouds and the atmosphere.  A tunable laser (and
LIDAR receiver) could provide information in a far greater
range of wavelengths.



A Tunable Laser in Space
1) Would allow atmospheric calibration for all major 

ground-based observatories (without any worries of 
stellar variability).

2) A monochromatic source that covers the entire 
wavelength range  (250 to 2500 nm) -- avoids worries 
about differences between stars and galaxies.

3) Would provide an always-available fundamental 
spectrophotometric standard source for space-based 
observatories (e.g. SNAP).

4) Minimizes calibration transfers; precision is limited 
essentially only by radiometer uncertainty (only 0.01%
!!)



Tunable laser

® Recently purchased

Opotek Vibrant LD 355 II



Tunable Laser Setup
Safety barrier



Tunable Laser Setup

Opotek Vibrant 
LD 355 II

Beam Sampler

Radiometer

Radiometer

Beam Sampler
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CCD 
Imager

CCD 
Imager



Before During After

532 nm CALIPSO satellite laser spot 
in space, as observed from Earth during
satellite overpass near Granby, Quebec, 

07:08:30 Nov. 23, 2006 UTC



30 m

Setup for Calibrated CALIPSO Observations

30 m

30 m

83.5 m83.5 m 83.5 m

Master 
Switch

= calibrated photodiode (with 532 nm notch filter)

= Panasonic FZ50 digital camera

2:03 am Eastern time 
Dec. 17, 2006
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