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Here | am repeating a part of my talk in 2012.
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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.
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The Standard Model

Spin Y2 Integer Spin

The Standard Model gives a I The Standard Model /
desc_:rlptlon of th_e e_Iementary o T
particles (the building blocks of -
matter) and their interactions Nl u C t Y
(the forces that hold them 1 Bl b b B
together). il d S b Z
dowmn strandge bt Z boson
— e —— [Spin 1
Building blocks of matter euringl] (neitrno] fnevtinal] P
(elementary particles) sl e || 1/ Tl g
A 6 qual’kS belectrong] B muon 8 B tau & gluon i
A6 Ieptons 5nurn:_e:{'.merican € Spin 0
A4 force-carrier particles g i
The Economist *Confirmation just announced
Octubre 10, 2019 6

Sau Lan Wu



Fundamental building
The Standard Model blocks of the Universe
_ - -the elementary particles
The elementary particles T Fermions (spin ¥2)

Only the first
generation of
elementary particles
IS needed to account
for all the matter we
see in the world
around us
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If there were no Higgs field

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

Al shall be massless; pieces of my constituents will fly
out all over the place with the speed of light just like

the photon
W W
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If there were no Higgs field

AThe Higgs boson is responsible for all masses,
from electrons to humans to galaxies.

AWithout this particle, the world would not be
anything like what we know.

AThere would be no ordinary matter as we know it;
there would be no atoms, no molecules, no cells
and, of course, no humans.
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Where and how was the
Higgs particle discovered?

CERN I s home to
biggest and most powerful
particle accelerator 1 the 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 pourla Recherche Nucléaire

[Official name: European Organization for Nuclear Research]
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The LHC i Where the Higgs Is produced

AThe most effective way to produce a Higgs particle is
by colliding two gluons

AGluons are in protons. We therefore produce the
Higgs particle by colliding two protons.

A(l played a leading role in the gluon discovery in 1979)

2

"S'eptember, 2008
First startup of LHC

AVery high energies are required to accomplish this

A Large Hadron Collider

was built at CERN in Geneva, Switzerland.
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The Cathedral of Science

3000 scientists
1000 graduate

students
176 institutions,
38 countries
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A To select and record sigals from the 400
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million proton collisions

per second & measure particles traces with high precision

A 100 million electronic channels to track hundreds of particles per
event and reconstruct their trajectories with ~10 nm precision
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July 2012
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Cathedrals of Science

~25mp 45m
~ CMS
Five-story building ATLA‘,S ~ 7,000 tons
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~15mn 21.5m
~ 12,500 tons

AAbout 100 million fisensorso each
A Much above a 12 megapixel camera, taking 20 million pictures/sec
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How to discover the Higgs particle?

The Higgs particle is not stable Higgs decays into

The only way we can observe it 2 photons
IS to detect its decay products /
or 4 leptons,

or ot her N c h

¥
-

tor

ATLAS detec

About one Higgs every minute
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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
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Higgs discovery channel #1

H /j two photons Shoton
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ATLAS detector
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H A two photons
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lepton lepton
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Higgs discovery channel #2: HA 4 leptons

ATLAS

* Data
B Background ZZ

B Background Z+jets, tt
[ ] Signa {mH:12 GeV)
I Signal {mH:1 90 GeV)
B Signal {mH:BBD GeV)

Higgs A4 4 muons

o2z AL e
Is =7 TeV: [Ldt = 4.8 fb '3 =-_ 7/ U W
(s =8 TeV: [Ldt = 5.8 fb ' @AN /o mg.=125.1Gev

\/ 200

Mass = 125 GeV

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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Higgs discovery channel #2: HA 4 leptons

C

>4(Z) py: 43GeV

8 TeVDATA e(%) pr: 10GeV

4-lepton Mass : 126.9eV

>(Z) pr: 24GeV

e*(%) pr: 21GeV

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115

| Sau Lan Wu Octubre 10, 2019
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The momentof5u0 di scover )

Combining the results of the two discovery channels
HA 2 photons and HA four leptons (2011+2012 datasets):
(plus 2011 data from less strong channels H4 WW, HA U,HA4 bb)

(Ju|y4 2012) Po: probability that the
background fluctuates to the
observed data (or higher)

L U UL BUREULE IR IR L
ATLAS Preliminary 2011 + 2012 Data
—— Obs. Vs=7TeV: |Ldt=4.6-4.8 fb"

Vs =8TeV: ILdt 5.8-5.9 fb!

Local P,

The chances that the events

20 observed were due to random

30 fluctuations are less than one

4 Inthree million 1

- gorygsponding to the

S stringent dAfive
standard particle physicists

66 insist on to claim a discovery.

110 115 120 125 130 135 140 145 150

m,, [GeV]
CMS: Guith, 2012)
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The moment of 50 di

Ar med with 50 significance i
ATLAS and CMS experiments, the Director General of
CERN, Rolf Heuer, declared:

t hhink we have I11t0o0

N

NWe have now found the missing cornerstone of
particle physics. We have a discovery. We have
observed a new particle that is consistent with a

Hi n.c
'ggs boson.o July 4, 2012
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The momentof50 di scover)

On July 31, 2012
ATLAS and CMS submitted papers to Physics Lett :
ATLAS added 2012 data to the HA WW channel A

Q IIII|IIIIIIIII|IIIIIIIIIIIIIIlIIIIIIIII
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T ATLAS 2011 -2012 Obe.
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Now published, Physics Letters B 716, 1  -29 (ATLAS) 30-61 (CMS), Sept. 17 2012:
http://www.sciencedirect.com/science/article/pii/S037026931200857 X
http://www.sciencedirect.com/science/article/pii/S0370269312008581
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Higgs Discovery T A 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

Abuilt and now operate the detectors,

Adesigned and manage a computer system that
distributes data around the world (worldwide computing grid)

Acreated novel hardware and computer software to
Identify the most interesting collisions, and

Awrote the algorithms that dig out the most pertinent
events from the great morass of data being recorded.

They all worked feverishly, anticipating a discovery.

Sau Lan Wu Octubre 10, 2019 27
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The moment we got 50 (5

IllIIIIIIIllllllll]lrllllllllllllllllIIIIIlIIII

—— combined Obs. JLdt =4.6-4.9 fb'1, \s=7TeV

-~ combined EXxp. JLdt =5859fb , \s=8TeV
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50: chances that these events were the result of random
fluctuations were less than one in three million.
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Ju |y 4. 2012 The day of the CERN public

announcement of the discovery

etre- o

Q’( ¥ " o

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.
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Ju |y 4. 2012 The day of the CERN public

announcement of the discovery

L — " R

Higgs
On July 4, at the end of the CERN seminar | went to shake hands with
Prof. Higgs.ltoldhimiAal have been | ooking faor yc
Herepliedinow, vyou hav.e found meo
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Discovery of the Gluon
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Discovery of the Gluon

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.

Sau Lan Wu Octubre 10, 2019 33



Discovery of the Gluon

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.

Sau Lan Wu Octubre 10, 2019 34



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

ete —>qqg

Sau Lan Wu Octubre 10, 2019 35



Discovery of the Gluon

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:

mmC Aaf

Sau Lan Wu Octubre 10, 2019
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Discovery of the Gluon

In 1975, SPEAR at SLAC was first to observe a two-jet
structure in gy gy © A A. Since the gluon, similar to the
guark, is expected to hadronize into a jet, this process
leads to three-jet events.

+
o

L

ete- — qqg Three-Jet Events
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4tracks, . R Ey-
4.1 GeV :
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L P = q
\ 4 tracks
\\ 7.8.6eV
\ P
TASSO

First three-jet event from PETRA shown by B. Wiik of
TASSO at Bergen Conference 1979
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Discovery of the Gluon

The following is quoted from Wi 1 Bé&gen Conference

tal k: (First Results from PETRA, in Proceedings of Neutrino 79, International Conference on
Neutrinos, Weak Interactions and Cosmology, Volume 1, Bergen, June 18i 22 1979, pp. 1131 154)

Nl f hard gluon bremsstrahlUung
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 Zobernig?”) ... A candidate for a 3 jet event,
observed by the TASSO group at 27.4 GeV, is shown in Fig.

21 viewed along the Ndirection. Note that the event has a

three clear well separated jet and Is just not a widening of
a jet.o

As soon as | returned from Bergen, | wrote a TASSO note
with Zobernig on the observation of this three-jet event.
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Discovery of the Gluon

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

the gluon bremsstrahlung process g m © 4 A . 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
(m Ng ) cannot turn into three fermions, these three jets cannot all
be quarks and antiquarks.

quark
" € %> \ —» quark
two fermions */antiquark

three fermions

The experimental observation of three-jet events in
m m annihilation, implies the discovery of a NEW PARTICLE ( a

new boson ),
Sau Lan Wu Octubre 10, 2019
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e®» European Physical Society High Energy and
4 Particle Physics Prize, 1995.
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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: Glnter Wolf and Sau Lan Wu;
second row: Bjgrn Wik and Paul Soding.
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| TLAS detector
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The important role of gluon in the Higgs discovery

ASince its first observation thirty nine years ago, the
Importance of the gluon in particle physics has grown
significantly.

AAn especially noticeable example is its essential role in the
discovery of the Higgs particle produced through gluon-
gluon fusionin 2012 by the ATLAS Collaboration and the
CMS Collaboration at the Large Hadron Collider at CERN.

Alf there were no gluon, the Higgs particle could not have
been discovered so soonin 2012!
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Discovery of the J/Q



Discovery of the J/(

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 ofthe J/ 0 p a r bbsecvedat 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/ (Q particle by MIT/BNL, SLAC, and
ADONE/FRASCATI were published backto-back.
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Experimental Observation of a Heavy
ParitcleJ MIT/BNL

80

-

T

242 Evonnci

70 | SPECTROMETER

- B2 At normal current

. . : : L [J-10% current
Experimental Observation of a Heavy Particle J¥ 60
J. J. Aubert, U, Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen, > 50}
J. Leong, T. McCorriston, T. G. Rhoades, M. Rohde, Samuel C. C, Ting, and Sau Lan Wu 2
Labovatory for Nuclear Science and Deparviment of Physics, Massachusetts hstitute of Technology, 0 e
Cambridge, Massachusetls 02139 -4
w» 4or -
and = L
s
Y. Y. Lee w 30}
Brookhaven National Labovatory, Upton, New York 11973
(Received 12 November 1974) n

We report the observation of a heavy particle J, with mass m = 3,1 GeV and width ap-
proximately zero, The observation was made from the reaction p + Be—¢*+¢" + x by
measuring the ¢ "e¢” mass spectrum with a precise pair spectrometer at the Brookhaven
National Laboratory's 30-GeV alternating-gradient synchrotron,
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Discovery of a Narrow Resonance In
e*e” Annihilation SLAC/LBNL

Sau Lan Wu
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