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Lecture 10

The Large Hadron Collider







Pieke Dassen: art

Hunting the Higgs
at the LHC
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CERN: The LHC

Tunnel of 27 km, 100 meter deep undergrounc
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November 20, 2009




Collisions of Particles

PLAY»

Large Hadron Collider

S\ | ATLAS Detector
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All possibilities of Nature will be produced
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Collecting data and testing the theory
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ys =7 TeV J Ldt=0.05fb " Apr 24, 2011

Events / 5 GeV

N
(&)

ATLAS Preliminary
H—zZ"'— 4| channel

[] Signal (mH=125iGeV)
I Background zZ"
B Background Z+jets, tt
—4— Data
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Discovery
Higgs particle!
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Higgs—ZZ—puuuu?

F

Atlas event



Higgs—>ZZ—puuu?

Atlas: CMS:

CMS Preliminary Ys=7TeV,L=5.05f";ys=8TeV,L=5.26fb"

ATLAS Preliminary
* Data
B Background ZZ

B Background Z+jets, tt
[]Signa (mH=125 GeV)
P Signal (mH=1 90 GeV)
B Signal (mH=360 GeV)
7y Syst.unc.

H-zZ"-4|

s =7 TeV: [Ldt = 4.8 fo”’
ls=8TeV:[Ldt=5.8 fb

150 160 170 180
my, [GeV]
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Higgs—yy ?

3 ¢
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 y
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Higgs—yy?

Atlas: CMS:

>2

Selected diphoton sample
L4 Data 2011 and 2012
Sig + Bkg inclusive fit (m, = 126.5 GeV)

4th order polynomial

\s=7TeV, f Ldt=4.8fb"

000 CMS Preliminary —4— S/B Weighted Data
Is=7TeV,L=5.11b" S+B Fit

8TeV L =53 fo Bkg Fit Component
\S = e y = J. :I +10

B +20

Events / GeV

s=8TeV, f Ldt=591b"

+
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Dry Bones i soson

AFTER ALMOST FIFTY|lS] WHICH VANISHES
YEARS. SCENTISTS  [{Z| AFTER A FRACTION
FINALLY SEE THE : OF A SECOND/
"600 PARTICLE"




4 July 2012 Announcement Higgs discovery

» “Amsterdam
4 "r‘- o e




Nobel prize in Physics 2013

Francois Englert Peter Higgs
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Higgs field is uniform, hard to see
Higgs boson particle is “wave” of the field

Mass results from interaction of matter
particles with the Higgs field

=

e Compare:
= A photon is a quantum of
electromagnetic field

= \Water wave

Jrm—

Higgs field Higgs particle
a “field-quantum”



*July 4,'712(.)1‘2:. The Vacuum

~EUREKA..!!
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PERSPECTIVE 1S EVERYTHING.




1897

Electron, €

Spin 2

Charge -1
Lifetime «
Mass .511 MeV

1937

Muon, u

Spin 2
Charge -1
Lifetime 2.2 us
Mass 106 MeV

Tau, t

Spin 2

Charge -1
Lifetime 290 fs
Mass 1777 MeV
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searc
at the LHC

Why do particles come
in three generations?
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‘Antimatter resea

at the LHC

Why do particles come

in three generations?
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How did antimatter disappear in the Big Bang?
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What's the st ry W|ththe asymmetrie
‘“between'matter and antimatter?
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LHC: from Atlas to the LHCb experiment

LHC - B
: ’;'.,_'iPomt 8
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Compare millions of particle and antiparticle decays... 1
...and look at differences between matter and antimatter!
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B-meson particles:
Asymmetry between matter and antimatter

B (bd) particle decays to anti-B (bd) particle decays to
K*(su) and =~ (ud) particle K~(su) and n*(ud) particle

51 52 53 54 55 56 57 58 51 52 53 54 55 56 57 58
K" 1 invariant mass (GeV/c K * invariant mass (GeV/c

e But left and right not the same decay rate!

e Only happens in rare decays in which quarks of all
3 generations are involved.

e Exactly as predicted in the Standard Model!
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B-meson particles:
Asymmetry between matter and antimatter

B (bd) particle decays to anti-B (bd) particle decays to
K*(su) and = (ud) particle

THE MIRRIR DiD NIT S£€M T
BE OPERATING PROPERL\Y.

)

— K- ntt
\s=7TeV Data

/7 (0.02 GeV/

Event

55 56 5.7 ;.8
ivariant mass (GeV/c

e The laws of nature for matter en anti-matter turn out
to be clearly not 100% mirror-symmetric !
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How did antimatter disappear in the Big Bang?
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Precision test of the Standard Model
Quarks e B-mesons:

particles with a b-quark

nnnnnn

clectron neutrino MUoN NEuLino fau neutrino
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Enter Penguins

John Ellis loses a game of darts...

[ W

-

... from Melissa Franklin...
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Penguins i




Penguins & Lepton Universality?

Are the three generations
of particles truly identical? The quantum

penguin test
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Lepton Universality?
Measure the processes:

Recent result: R not exactly equal to 1?

=» Perhaps nature not universal?!

g* [GeV?/c4]




A new fundamental force in nature?

Three experiments observe a small hint:
= A new line in the fundamental theory?!
=» More investigations are in progress!
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The Sth Wave By Rich Tennant

INANT. co

“After the discovery of ‘antimatter’ and ‘dark matter’, we have just
confirmed the existence of ‘doesn’t matter’, which does not have
any influence on the Universe whatsoever.”

“After the discovery of ‘antimatter’ and ‘dark matter’, we have just
confirmed the existence of ‘doesn’t matter’, which does not have
any influence on the Universe whatsoever.”




Astronomy

Particle-
9 » Physics

lith LHC in search of a funda-.o':u

nental theory for particles in thcn

Big Bang.
Higgs particle en field

Are 3 copies of particles a -
natural necessity? L
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Matter — antimatter asymmetry AN
Is there another force of nature? b
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Towards. the fuftlre. “Circles and Tnangles 4
Partlcle colllders' phyS|cs of the Big Bang...

~ Geneva

LHCb ATLAS
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In conclusion:
__ * Relativity and quantum mechanics give us a counter-

. intuitive view of nature. e —
*= . The relativistic quantum world is the environment of == === ==

fundamental particles under high energy conditions. ;-““..#.;;; =

It |s aII about fundamental phy5|cs of the B|g Bang =
----- ‘“"*:?:39;
ALIC

Space traveler is
younger than twin

o R e I '9;;‘*!
Ta = Thank you for joining these lectures!



X-tra slides
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Unsolved Puzzles

2 ~¢5§\\\\Trying to understand Big Bang -

& \
- 4 HiL AN
| 218 PN
4 LY e
1 3

77/ "I\ \Are'there_more particles or forces? *.

5 ' . S L . 4 :

# i \"7‘-7- 1 . : . y ]
."'\ :

7 ‘ s

.
\ -~ '
\\
' . - .
\ ..
.
-

’

.
-\ " .



Inflation
Expansion



Higgs field appeared durin_wgw‘______B_jﬁg_wBang

Today 14 hillion years

Life on earth - - i
Acceleration 11 hillion years -

Dark energy dominate! e =

Solar system for
Star formation peak

RN 1".'. o - /:(; ‘_/.’/: ;, 18
Matter domination 5,000 years =T | _
Onset of gravitational collapse a it I S S ] S s By s e ,
.. !“-: ’0 RS T M i > V i ol
Nucleosynthesis  S— 3 minutes — PR R N L
Light elements created — D, He, Li | " v 2 e i a1 CRN IR | N
Nuclear fusion begins b lllll seconds— Be. ' oo i s s Sy
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Quark-hadron transition NG 2 \"f*| W i e
Protons and neutrons formed N i ' DN e~ T S "
i e
- - < " \.' 7—0’ 7 ‘f_":i e
s WER BT S g = W ey waTRH
Electroweak transition ST S [T |
Electromagnetic and weak nuclear L N O Sl S b
farrac finct diffarantiata \ ¢ S ,‘)-/)

t= 0 0000000015

Higgs field:
e Mass appeared
e Antimatter disappeared?!

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

(o

cc



1) How did antimatter disappear-in :he Big Bang?
; -

—
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Standard Model cannot explain:it

Expansion

electrgn
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2) Higgs mystery: Vacuum stability

Higgs Potential ~ Can vacuum “tunnel away"?
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2) Higgs mystery: Vacuum stability

Higgs Potential ~ Can vacuum “tunnel away"?
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3) Why is the Higgs particle so light?

Higgs gives quantum mechanically mass to:
e Matter Particles, W and Z force particles
e Also to itself = Higgs should be very massive!

Do supersymmetric particles exist?

The existence of supersymmetric particles would explain
the relatively low mass of the Higgs boson.
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Personal Research Focus
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Applications
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Elementary particle physics: why?

Questions that occupied humanity for 2000 years:

> What are the building blocks of matter ?
» Which forces interact between these particles ?

Demokritos Newton Maxwell Einstein
atom forces electromagnetism various...
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What is the use of this research?

/- Fundamental research

= Might lead to surprises,
— Sometimes even useful...
— But by definition unpredictable

\_

"Continuous applied research to candles would
have never resulted in the invention of electric
light.”
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What is the use of this research?

/- Fundamental research \

= Might lead to surprises,
— Sometimes even useful...
— But by definition unpredictable

aaaaa

innnans

. . &
on atoms of crucial importance for |\
transistors.”




What is the use of this research?

/- Fundamental research \

= Might lead to surprises,
— Sometimes even useful...
— But by definition unpredictable

"Without relativity-
theory GPS is wrong by
~ 10 km/day!”

vai

| tomtom




What is the use of this research?

/- Fundamental research \

= |eads to useful spin-off
— Medical applications

— Internet
— Training of researchers in our society (Philips, ASML, etc,
etc)
'. & 4
- | 3
9

PET scan= *_.



What is the use of this research?

.

People are curious

o Part of humanity
= What is the use of art? religion?
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What is the use of this research?

-~

e EXpensive ?

= Total cost LHC: 6 billion
= Cost for NL: 50 million / year

— To compare, see budget Ministery of OCW:

2 i /

Kon. Bibliotheek 45 miljoen

(Top-sports: 28 milliog)




CERN: the member states

Member States (Dates of Accession)

[

_I_ o | I—
- AUSTRIA (1959) DENMARK (1953) GREECE (1953) 0 NORWAY (1953) — SPAIN (1/1961-12/1968-1/1983)
- — — -
. BELGIUM (1953) B BN FINLAND (1991) —_— HUNGARY (1992) POLAND (1991) SWEDEN (1953)
I
BULGARIA (1999) . FRANCE (1953) . ITALY (1953) ® PORTUGAL (1986) + SWITZERLAND (1953)
- — y— et

CZECH FR (1993) B GERMANY (1953) NETHERLANDS (1953) SLOVAK FR (1993) 1SS UNITED KINGDOM (1953)



The “God Particle”?

Leon Lederman’s book:
“The God Particle: If the universe Is the Answer, What Is the Question?”
(The publisher did not like the titel “The goddamn particle:...")

THEOLOGY VS. PHYSICS
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