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ñThree Major Physics

Discoveries and Countingò

- Quanta Magazine
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ÅHiggs Discovery - 2012

ÅGluon Discovery -1979

ÅJ/ɊDiscovery - 1974



The Discovery of the Higgs ï

the God Particle

Sau Lan Wu
Physics Department

University of Wisconsin-Madison

September 20, 2012 at 4:00 pm

Campus Invited Talk, Wisconsin Alumni Research Foundation

Hector F. DeLuca Forum, Wisconsin Institutes for Discovery

Sponsored by the WARF Trustees, the offices of the UW-Madison Chancellor and 

Provost, the Graduate School, and the College of Letters and Sciences

Here I am repeating a part of my talk in 2012.



The Higgs particle was the missing 

cornerstone of the Standard Model 

of Physics , a theory which describes 

how the known particles in the 

Universe interact with one another. 

The Higgs particle is responsible for 

all masses in the Universe.

On December 13, 2011, ñtantalizing hints ò

July 4, 2012, ñDiscovery !ò

What is a 

Higgs particle?

5



Sau Lan Wu Octubre 10, 2019 

The Standard Model

Building blocks of matter 

(elementary particles) 

Å6 quarks 

Å6 leptons

Å4 force-carrier particles
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The Standard Model gives a 

description of the elementary 

particles (the building blocks of 

matter) and their interactions 

(the forces that hold them 

together).

Spin ½ Integer Spin

Spin 1

Spin 0
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The Standard Model
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The Standard Model ïproton and neutron
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gluons
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If there were no Higgs field

What would happen to me if there were no Higgs field?

ÅI shall be massless; pieces of my constituents will fly 

out all over the place with the speed of light just like 

the photon
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ÅThe Higgs boson is responsible for all masses, 

from electrons to humans to galaxies.

ÅWithout this particle, the world would not be 

anything like what we know.

ÅThere would be no ordinary matter as we know it; 

there would be no atoms, no molecules, no cells 

and, of course, no humans.

If there were no Higgs field
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Where and how was the 

Higgs particle discovered?
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CERN is home to the worldôs 

biggest and most powerful 

particle accelerator ïthe 27-

km (17 miles) Large Hadron 

Collider (LHC), where the 

discovery was 

accomplished.

Founded in 1954 (12 European States)

Today: 20 Member States

CERN: Conseil Européen pour la Recherche Nucléaire

[Official name: European Organization for Nuclear Research]
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ÅThe most effective way to produce a Higgs particle is 

by colliding two gluons

ÅGluons are in protons. We therefore produce the 

Higgs particle by colliding two protons.

Å(I played a leading role in the gluon discovery in 1979)

ÅVery high energies are required to accomplish this

ĄLarge Hadron Collider
was built at CERN in Geneva, Switzerland.

The LHC ïWhere the Higgs is produced

12

September 10, 2008
First startup of LHC

proton proton

gluon gluon
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CMS

LHCb

The LHC Experiments

Four large detectors at the LHC to capture the head-on 

collisions between two proton beams (each 4 TeV)
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ALICE

Geneva 

Airport

12,500 tons

7,000 tons, 5 stories tall

The LHC crosses the French -

Swiss border 4 times

1 TeV = 1012eV

ATLAS
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ÅTo select and record signals from the 400 million proton collisions 

per second & measure particles traces with high precision

Å100 million electronic channels to track hundreds of particles per 

event and reconstruct their trajectories with ~10 mm precision

The Cathedral of Science
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TIME Magazine
July 2012

ATLAS

Detector

3000 scientists ,

1000 graduate  

students

176 institutions,

38 countries
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Cathedrals of Science

ÅAbout 100 million ñsensorsò each

ÅMuch above a 12 megapixel camera, taking 20 million pictures/sec
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ATLAS
Five-story building

CMS
~ 25 m ṋ45 m

~ 7,000 tons
~ 15 m ṋ21.5 m

~ 12,500 tons
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How to discover the Higgs particle?
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Higgs decays into

2 photons,

or 4 leptons, 

or other ñchannelsò

About one Higgs every minute

gluon

proton
proton

gluon

The Higgs particle is not stable

The only way we can observe it 

is to detect its decay products
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How to search for a Higgs particle?
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Needles in a haystack
In ATLAS, up to July 4, 2012:

A million billion collisions

4.2 billion events analyzed

240,000 Higgs particles produced

~350 diphoton Higgs events detected

~8 four-lepton Higgs events detected

Not so easy!
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Higgs discovery channel #1
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photon

photonH Ą two photons

gluon

proton

proton

gluon

LHC
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Higgs discovery channel #1

H Ą two photons

CMS

Mass = 126.5 GeV

(1 GeV = 109 eV)

mgg[GeV]

ATLAS



Sau Lan Wu Octubre 10, 2019 20

Higgs discovery channel #1

H Ą two photons

CMS

Mass = 125 GeV

(1 GeV = 109 eV)

mgg[GeV]
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Higgs discovery channel #2
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lepton

lepton

H Ą four leptons ( e+e-e+e-, e+e-ɛ+ɛ-, ɛ+ɛ-ɛ+ɛ-)

lepton

lepton

gluon

proton

proton

gluon

LHC
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Higgs discovery channel #2:    HĄ4 leptons
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m4ɛ= 125.1 GeV

Mass = 125 GeV

HiggsĄ 4 muons
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Higgs discovery channel #2:    HĄ4 leptons
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-˃(Z1) pT : 24 GeV

+˃(Z1) pT : 43 GeV

e-(Z2) pT : 10 GeV

e+(Z2) pT : 21 GeV

8 TeVDATA

4-lepton Mass : 126.9 GeV
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The moment of 5ů discovery

Combining the results of the two discovery channels 

HĄ2 photons and HĄfour leptons (2011+2012 datasets): 

(plus 2011 data from less strong channels HĄWW, HĄŰŰ, HĄbb)
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The chances that the events 

observed were due to random 

fluctuations are less than one 

in three million ï

corresponding to the 

stringent ñfive sigmaò gold 

standard particle physicists 

insist on to claim a discovery.

CMS: 5ů   (July 4, 2012)

p0: probability that the 

background fluctuates to the 

observed data (or higher)

5ů

(July 4, 2012)

p0 (5ů) = 2.87 x 10
-7
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The moment of 5ů discovery
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Armed with 5ů significance independently from the 

ATLAS and CMS experiments, the Director General of 

CERN, Rolf Heuer, declared:

ñI think we have itò

ñWe have now found the missing cornerstone of 

particle physics. We have a discovery. We have 

observed a new particle that is consistent with a 

Higgs boson.ò
July 4, 2012
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6ů

The moment of 5ů discovery

On July 31, 2012
ATLAS and CMS submitted papers to Physics Letters B. 
ATLAS added 2012 data to the HĄWW channel Ą
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For 6ů, the chances 

that the events 

observed were due 

to random 

fluctuations are less 

than one in 500 

million.

6ů

Now published, Physics Letters B 716, 1 -29 (ATLAS) 30 -61 (CMS), Sept. 17 2012:

http://www.sciencedirect.com/science/article/pii/S037026931200857X

http://www.sciencedirect.com/science/article/pii/S0370269312008581

http://www.sciencedirect.com/science/article/pii/S037026931200857X
http://www.sciencedirect.com/science/article/pii/S0370269312008581
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Higgs Discovery ïA Success Story 

of a Worldwide Collaborative Effort

The discovery was a culmination of two decades of 

work by 6000 ATLAS and CMS physicists from 56 

nations and about 200 institutions, who 

Åbuilt and now operate the detectors, 

Ådesigned and manage a computer system that 

distributes data around the world (worldwide computing grid)

Åcreated novel hardware and computer software to 

identify the most interesting collisions, and 

Åwrote the algorithms that dig out the most pertinent 

events from the great morass of data being recorded. 

They all worked feverishly, anticipating a discovery.

27
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The day we got 5ů
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The moment we got 5ů (5 sigma) June 25, 2012, 3 pm

29

5ů: chances that these events were the result of random 

fluctuations were less than one in three million. 
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July 4, 2012

On July 4, 2012 the Higgs working group had a celebratory drink. Everyone 

is watching the corks of the champagne bottles flying up to the ceiling. 

30

The day of the CERN public 

announcement of the discovery
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July 4, 2012

31

On July 4, at the end of the CERN seminar I went to shake hands with 

Prof. Higgs. I told him ñI have been looking for you for over 20 yearsò. 

He replied ñnow, you have found meò. 

Higgs

Englert

The day of the CERN public 

announcement of the discovery



Discovery of the Gluon

32
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The gluon was discovered at the electron-positron collider 

PETRA of DESY, Germany, in late spring of 1979.

The exchanged particles responsible for the interactions are 

called gauge particles.

The gluon is the second gauge boson to have been 

discovered experimentally, the first one being the photon 

more than 50 years earlier.

Discovery of the Gluon

33
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Yang and Mills predicted that there is a 

fundamental difference between the gluon

and the photon: while a photon cannot 

emit or absorb another photon, the gluon

can emit and absorb another gluon. 

The gluon is the gauge particle for strong interactions. The 

strong interactions between quarks are mediated by the 

gluon.

Discovery of the Gluon

34
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The gluon discovery was followed, four

years later in 1983, by that of the

third and the fourth gauge

particles, the Z and the W, by Carlo

Rubbia and Simon Van der Meer, CERN.

The gluon discovery is accomplished through the 

observation of three -jet events from the process

Discovery of the Gluon

35
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The discovery of the gluon requires direct

observation.

Since the gluon is the gauge particle for strong

interactions, the simplest way to produce a gluon is

by the gluon bremsstrahlung process:

▄▄ ▲O▲▌

Discovery of the Gluon

36
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In 1975, SPEAR at SLAC was first to observe a two-jet

structure in▄▄ ▲O▲. Since the gluon, similar to the

quark, is expected to hadronize into a jet, this process

leads to three-jet events.

Discovery of the Gluon

37
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First three-jet event from PETRA shown by B. Wiik of 

TASSO at Bergen Conference 1979

Discovery of the Gluon

38
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The following is quoted from WiikôsBergen Conference 

talk: (First Results from PETRA, in Proceedings of Neutrino 79, International Conference on 

Neutrinos, Weak Interactions and Cosmology, Volume 1, Bergen, June 18ï22 1979, pp. 113ï154)

ñIf hard gluon bremsstrahlung is causing the large pṶ
values in the plane then a small fraction of the events 

should display a three jet structure. The events were 

analyzed for a three jet structure using a method proposed 

by Wu and Zobernig27) . . . A candidate for a 3 jet event, 

observed by the TASSO group at 27.4 GeV, is shown in Fig. 

21 viewed along the ▪3 direction. Note that the event has a 

three clear well separated jet and is just not a widening of 

a jet.ò

As soon as I returned from Bergen, I wrote a TASSO note 

with Zobernig on the observation of this three-jet event.

Discovery of the Gluon

39
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The search for the three-jet events at PETRA was motivated by 

the gluon bremsstrahlung process ▄▄ ▲O▲▌. After such 

events have been found, the next question is:  

What can the three jets be?

Since quarks and antiquarks are fermions and two fermions 

(▄ȟ▄ ) cannot turn into three fermions, these three jets cannot all 

be quarks and antiquarks.

The experimental observation of three-jet events in 

▄▄annihilation, implies the discovery of a NEW PARTICLE ( a 

new boson ).

Discovery of the Gluon
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The four Prize Recipients at the ceremony of the 1995 European 

Physical Society High Energy and Particle Physics Prize in 

Brussels, Belgium. Front row: Günter Wolf and Sau Lan Wu; 

second row: Bjørn Wiik and Paul Söding.

European Physical Society High Energy and 

Particle Physics Prize, 1995.
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The important role of gluon in the Higgs discovery

photon

photonH Ą two photons

gluon

proton

proton

gluon

LHC
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ÅSince its first observation thirty nine years ago, the 

importance of the gluon in particle physics has grown 

significantly. 

ÅAn especially noticeable example is its essential role in the 

discovery of the Higgs particle produced through gluon-

gluon  fusion in 2012 by the ATLAS Collaboration and the 

CMS Collaboration at the Large Hadron Collider at CERN.

ÅIf there were no gluon, the Higgs particle could not have 

been discovered so soon in 2012!

The important role of gluon in the Higgs discovery
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Discovery of the J/Ɋ
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45 Years ago, on November 11, 1974, the High Energy 

Physics Community of the whole world was stunned by the 

joint announcement by Sam Ting and Burt Richter of the 

discovery of the J/ Ɋ particle observed at the Brookhaven 

National Laboratory and at SLAC.

The charm quark was discovered !

In the December 2, 1974 issue of PRL, three papers on the 

discovery of the J/ Ɋparticle by MIT/BNL, SLAC, and

ADONE/FRASCATI were published back to-back .

Discovery of the J/Ɋ

45



Sau Lan Wu Octubre 10, 2019 

Experimental Observation of a Heavy 

Paritcle J    MIT/BNL
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Discovery of a Narrow Resonance in 

e+e- Annihilation    SLAC/LBNL
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