The Large
Hadron
Collider

At Discovery’s Horizon

The Large Hadron Collider:
A New Window into Matter,
Spacetime and the Universe
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herarge | Large Hadron Collider

Collider 16.5 mi tunnel, 300 ft

Al Discovery's Horizon

LHC - B CERM
‘.___.._iPomt B === ATLAS ALICE
| ;| Point 1 i Point 2

2 8000+ physicists & engineers

PRSI RS SCmeRs. A8 5 350 institutes
4 4 detectors: CMS and ATLAS are general :
purpose 32 100+ countries
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The Large
Hadron
Collider

Particle Physics: Big Q

Addresses the most fundamental
guestions:

# Nature of matter and spacetime

» \What are the constituents of matter at the
most basic level?

* What are the forces involved?
s Evolution and composition of the
Universe
* What is the Universe made of?
* How has it changed over time?
» Were matter and forces as they are now?

A huge challenge!
Big questions need big science!
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Leptons

The Standard Model of
3 families of matter an

Three Generations
of Matter (Fermions)
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Bosons (Forces)

s A beautifully simple picture:
* 12 particles make up matter
@ Come in three families

@ 4 particles describe forces
* + the same number of antiparticles

s Describes all known matter and
forces (except gravity!)

s Powerful predictions

s A triumph of 20" century physics

s But we still haven't found why
particles have mass! Higgs
boson?

s Many other questions...
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The Large aET :
Hadron Building a Universe
el

a4 \We only need up and down quarks, together with electrons

to build ALL the matter we see around us Nucleus a
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proton neutron electron

Electrons

Pariodic Table of the Elements
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The Large

Hadron Enter cosmology

Collider
Al Discovery's Horizon

Cosmology has entered a precision era Iin
the last 10 years
4 From observations of the first light that

scattered when the Universe was a hot soup

" _ .
of nuclei (400,000 years after Big Bang) WMAP

HST = ACS/WFC

a And from observations of distant SuperNovacjilee =
s “Standard Model” of Cosmology: e
» Age: 13.7 billion years W Ve
» Universe is expanding, at an accelerated rate | |
» Universe is flat (Euclidean) geometry HSTO5Str
# Critical density

* Mounting evidence for “inflation” in early stage:
explains flatness, CMB homogeneity, large
scale structure
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Al Discovery's Horizon

Expands Forever

Recollapses Eventually

What The Universe Is Made Of
i o

DARK MATTER

21%
DARK ENERGY

74%

#

We now know what we
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s We do not know what makes 95% of the Universe!
s What is this dark energy?
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The Large

oron; Evidence for dark matt

Al Discovery's Horizon

There is not enough visible Gravitational lensing:

mass in rotating spiral galaxies  Light is bent by unseen mass, give
to hold them together distortions or multiple images

observed

expected
from
luminous disk
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rhelarge | Great questions of
Collider | Particle Physics & Cos

4 Why three families? F,m "::'::: i m"s
. . Generation Generation Genemmn
3 \Why do particles have so vastly different S— -
masses: 101 - 100 GeV? d @ vf- 3;
3 Does the Higgs boson exist? I s
0 ottom quark
s Are forces unified at large energies? cmn&m
) 10 - Tau
4 What is the nature of dark matter? 3 D s
. . 0" kT
s \Why is gravity so weak? El Jec £ s
& 'Down quar
. . . ® 02!
s Why is any matter left in the Universe? 3"
_ 2 | Up quark
s \What is the dark energy? FE
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How we see

different- 4 Accelerators: powerful machines to
D;ffi accelerate particles to extremely high
energies and bring them into collision

electron
microscope
accelerator
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Collider Particle Physics experil )

3 Accelerators: powerful machines to
accelerate particles to extremely high
energies and bring them into collision

i 2 Detectors: gigantic instruments that
| record the particles that come out of the
collision

1 2 MNational Science
et Foundation 11




The Large
Hadron = i ] : -
comser | Particle Physics experi .

4 Accelerators: powerful machines to
accelerate particles to extremely high
energies and bring them into collision

s Detectors: gigantic instruments that
il record the particles that come out of the
collision

& + Computing grids: to collect, store,
distribute and analyze the vast amount
of data produced by the detectors
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cu":’g:r Particle Physics experi )

4 Accelerators: powerful machines to
accelerate particles to extremely high
energies and bring them into collision

s Detectors: gigantic instruments that
record the particles that come out of the
collision

~ 4 Computing grids: to collect, store,
4 distribute and analyze the vast amount
of data produced by the detectors

‘ 4 People: worldwide collaboration of
| scientists, engineers, technicians and
support staff to design, build and
operate such complex instruments
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Hadron WELCOME TO THE LHC

Collider

Al ﬂ'ﬂ.d._'uw.'ry':'-: Harizon
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Hadren © | PROTONS > ENERGY - E

s Convert the energy given to accelerated protons to create
new, heavy particles

Einstein
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l'll'lhz Large
conder | FASTEST

Trillions of protons travel the 11,000 times a second
16.5-mile-long tunnel (that's 670,626,025 mph)

4 Only 2-10° grams of Hydrogen
consumed each day

2 Protons are accelerated by
powerful electric fields

2 Using a chain of accelerators,
protons go from 1 GeV at rest
to 3500 GeV

4 Like taking a 100 kg person
and accelerating them until they
weigh 350 ton
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The Large

P EMPTIEST

Al Discovery's Horizon

s The beampipes are evacuated to allow protons to travel freely

Particles travel in vacuum More atmosphere on the
at 10 atm moon than in the LHC
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Collider

Al Discovery's Horizon

4 Protons are guided around their circular orbits by powerful
superconducting magnets

LHC’s superconducting Colder than the vacuum of
magnets operate at -456°F outer space

@
L . o Mational Science
mg.gm # FEI‘ITIIlﬂb iy -r) %@E ENERGY %% Foundation 18

ROCHESTER



The Large
Hadron
Collider

LHC Everyday life
362 M| 361 M|
Energy stored by = USS Ronald Reagan
all protons in LHC at 5.6 knots
43,000 tons 88,000 tons
LHC magnets USS Ronald Reagan
combined weight weight
$4.4bn $4.5bn
cost of building the cost of the USS
LHC Ronald Reagan
83T 510°T
Magnetic field in Earth's magnetic
one magnet field
120 MW 1000 MW

CERN's power
consumption

Typical breeder
reactor power

LHC by the numbers

USS Ronald Reagan

Dipole magnet with the two
beampipes
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Hadron i i
Collider Animations

Video showing LHC and ATLAS
http://www.atlas.ch/multimedia/html-nc/animation-intro.html

Video showing acceleration and collision in ATLAS
http://www.atlas.ch/multimedia/html-nc/animation-7TeV-event.ntml

r (T f = N\ " s . 1’311; . 3
. oy | LE EERARTEEUT OF I : icinal h-‘.‘.i::]u:r:
) Z&Fermilab )/ .2/ ENERGY S Foundati

e
ROCHESTER


http://www.atlas.ch/multimedia/html-nc/animation-7TeV-event.html
http://www.atlas.ch/multimedia/html-nc/animation-intro.html

The Large

g:ﬁirg:r Collisions at the LHC

N
_—

bunches 'n'u':ﬁ ﬂ Lo
protons . Q

parlons
(quarks, gluons)

u
particle z\g V
W R

production \k

._\_\_..

B\

4 Two beams: proton proton

4 2808 x 2808 bunches

4 Crossing rate: 40 MHz

s Collision rate: ~10° Hz

# Stored data rate: ~100 Hz

s Rare processes: 1 in 10*

4 Like drinking from a firehose!
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The Large

P BIGGEST

Al Discovery's Horizon

Largest, most complex Study the tiniest particle with
detectors ever built Incredible precision
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il HOTTEST

At Discovery's Horizon

Colliding protons generate temperatures one billion times
hotter than the center of the sun

CMS Experiment at the LHC, CERN

Data recorded: 2008-Dec-16 03:05:08.131031 G
Run: 124275

Event; 774693 #

Lumi sectiohg 3

Orbit: 2735738

Crossing:

Mational Science 24
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TheLarge | NOTHING THE EARTH

Hadron

Collider . | HASN'T SEEN BEFORE

4 LHC collisions aren’t dangerous to the Earth

3 Cosmic rays can far exceed LHC energies

s Nature has already performed 1 million LHC experiments on Earth

4 The Universe performs 10 million LHC-like experiments every second

Cosmic shower of [L’s

recorded 140 meters underground
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4 General purpose detectors
are composed of many layers

s Each layer designed to
perform a specific task

* Tracker

» Calorimeter

* Solenoid Magnet
* Muons

3 Together, these layers allow
us to identify and precisely
measure the energy and
momentum of all the particles
produced in the collisions

The Large g i
acron CMS schematic diagra
SOl
a /// — =
3 .
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The Large Magnetic length 12.5m
Hadron - Free bore diameter 6m
cnllidgr CMS SOIenOId magnet Central B Field 4T
SLDNOVIRTY 8.0 Temperature 4.2°K

Nominal current 20 kA

Radial Pressure 64 atm
-~ Stored energy 2.7 GJ
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Coliider |

PARTICLE DETECTION |

Muon

Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

W)

Electromagnetic
Calorimeter

Hadran
Calorimeter

Superconducting
Selencid

Transverse slice
through CMS
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CMS Experiment at LHC, CERN
Data recorded: Tue Mar 30 12:58:43 2010 CEST
Run/Event: 132440 / 2731900
LA Lumi section; 124
—" | Orbit/Crossing: 32261678 /1

7? @ i DEPARTMENT GF t i S o+
0 gFermilab Vo @ENERGY | SE i 29

ROCHESTER



The
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gadrnn First data events at 7
ollider

At Discovery's Horizon

- . CMS Experiment at LHC, CERN
( M 5/ Data recorded: Tue Mar 30 12:58:48 2010 CEST
/"':./ Run/Event: 132440 f 2737924
e~ \| Lumi section: 124
%—— ~ | Orbit/Crossing: 32323764 / 1
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At Discovery's Horizon

First data events at 7

- CMS Experiment at LHC, CERM
{- h LL‘]/ Data recorded: Tue Mar 30 12:58:48 2010 CEST
"~ Run/Event: 132440 / 2738170
" | unl section: 124

}/ ——" Orbit'Crossing: 32326252 / 1
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Colliidor

2 Still a mistery
s One possibility: Higgs field

4 Predicted In 1964, still unobserved

a4 Rochester connection:
2010 J.J. Sakurai Prize

“For elucidation of the properties of spontaneous symmetry
breaking in four-dimensional relativistic gauge theory and of the
mechanism for the consistent generation of vector boson masses”

Gerald S. Guralnik
Brown University

Peter W. Higgs
University of Edinburgh

Carl R. Hagen
University of Rochester

Robert Brout
Universite Libre de Bruxelles

I. W. B. Kibble
Imperial College

Francois Englert
Universite Libre de Bruxelles
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Why do we have mass
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The Large

Hadron WHAT’S A HIGGS BOSC

Collider

Imagine a room full of physicists chattering quietly is like space filled with the Higgs field

4 A VIP enters the room

? Creates a disturbance as he
moves through: a cluster of
people forms around him

2 His motion is more restricted: Y 5 ‘; "' 19,92 4
more inertia (mass) & ll:;\‘fg"z’wﬂ' ;3] A8

. . Sl Y ET, SN

@ Particles traveling through space 4, ""‘ﬂ, %«%@W’

also “feel” the pull/inertia from the
medium (Higgs field)
4 Imagine a rumor spreading
@ Causes people to cluster
@ This interaction is like mass

? \We can excite the medium to
produce a Higgs particle
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Hadron | WHAT A HIGGS BOSON ﬂ m

c LHC +s=14TeV L=10*cm2s™ rate er’V‘-‘gf
barn = T . T T T _ T3 10

GHz 410 °

!———— < i'nelasftic L1 input ———i
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10 13
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~max HLT output

nb

SUSY qq+ag+9d -
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T T TTI

pb
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s Like finding a needle in a field of | 7z seawria\ 22N
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h ayStaC kS jet E; or particle mass (GeV)
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The Large

tameer | Beyond the Standard

Standard particles

b __.-"'- a
i "
II—I -'II
."I ."I 3
4
Han
£ 1|
;
.

What do we hope to find at the LHC?

4 New forces, new particles? - .

4 Supersymmetry?
* Matter and forces are the same! S —

s Dark matter? il

4 Higgsless resonances, technicolor?

4 Extra dimensions?

a Mini black holes?

We do not know what is out there waiting
for us

There are many possibilities... the best
would be to find something unexpected,
something we haven't thought of

We have to be ready!

:

black hole
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The Large
o A GLOBAL DATA CHAL

a 4 experiments
high level-1 trigger high no. channels
ilh leve | 1 rat 1MH high band width (500 Gbi
2 50 million sensors each ") 108 e T B RS
2 40 million collisions every second s () P
N7 ATs
3 15 petabytes of data every year T CMS
(12-mile-high stack of CDs!) Lbilon people "2
surfing the web 6 CDF lla
4 8,000 scientists around the world / L kor -
high dafg archive
) CDF (petgbyte)
10° m —>
ZE ALICE
o UAL | L g NA49
10* 10° 10° 107
LEP$ event size (bytes)
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Lhz Large : ;
Conger | The LHC computing gri

~PByte/sec

Online System ~200-1500
— ~JVIBytes/sec
CERN Center
PBs of Disk;
__ Tape Robot

Experiment

Tier 0 +1

Tier1 10-40 Gbps

CrarscorarS [ C_ra oS [ Cenconr > [ ( Pocener) gy 7
_———7/ \ \ ~10Gbps
Tfef’ 2 m ter enter enter
= i Dt e

Bwg National Science
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;';zr'g:'ﬂe University of Rocheste

Colider | contributions

a 5 faculty, 2 senior scientists, 2
engineers, 4 postdocs, 7 grad, 7
undergrad, and 4 REU students

4 Hadronic calorimeter: design,
construction, commissioning
@ 70,000 plastic scintillator tiles

3 Silicon detector: prototyped, tested,
and commissioned Si modules
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Collider

THANK YOU

Check out the cloud chamber before you leave!
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http://www.uslhc.us/
http://www.cern.ch/
http://www.fnal.gov/
http://www.pas.rochester.edu/

The Large
Hadron
Collider

Nice video showing how the LHC works:
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http://cdsweb.cern.ch/record/1125472

The Large

ioen” | SPARE SLIDES
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The Large

Hadron BENEFITS TO SOCIETY

Collide

Al Discovery's Horizon

4 More than 17,000 particle accelerators are in
operation around the world today.

4 |Industry, hospitals and research institutions all
use them to manufacture household products,
treat cancer and make new scientific

discoveries.

5 =

£ Fermilab

ROCHESTER

4 |Industry
+ Vacuum technology
+ Ultracold technology
+ Mining

4 Medicine
+ Medical diagnostics
+ Cancer therapy
+ DNA research

4 Silicon Valley
+ Semi-conductors
+ World Wide Web

+ Grid computing

Mational Science
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The Large

Pt Accident in September

At Discovery's Horizon
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The Large

Hadron
Collider

LHC REPAIRS IN 2009

The LHC repairs in detail

54 electrical interconnections

14 quadrupole magnets
replaced

l.!,_ﬁm

"—'—-—.. w ——'M-Jm‘vwhﬁ

&7 :__—-—-—-____________‘—‘:_-—--______
[ [ 7 T 77 7T TN

f_ r

A new longitudinal

restraining system is being fitted
to 50 quadrupole magnets

39 dipole magnets

fully repaired. 150 more
needing only partial repairs

Over 4 km of vacuum
beam tube cleaned

Nearly 900 new helium pressure
release ports are being installed
around the machine

6500 new detectors are being
added to the magnet protection
system, requiring 250 km of cables
to be laid

e it ], ational Science
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The Large

Hadron
G_ullider -

s European Laboratory for
Particle Physics

4 Founded in 1954
2 20 member countries
a2 More than 10,000 scientists

4 More than 1,000 from U.S.
universities and labs
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LEPTONS

QUARKS ‘ ‘
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1980 1990 2000 2010 2020 2030

— Jimensions??
LHC (CERN) |

Tevatron (FNAL)

LEP (CERN) top quark, W mass
> SLC (SLACQ) Z mass/width/couplings
(@) —

s EEADESY) definitive proton structure
SppS (CERN) |
Tristan (KEK) W, Z discovery
PEP (SLAC) PEP 2 (SLAC) b hadrons
PETRA (DESY) se— .
— KEK-B gluons/jets
CESR (Cornell)




The Large

Hadron] THE LHC ACCELERATO

LHC

SPS

TI2

ATLAS

TT60

AD

East Area

Leir

2005 (78 m)
» ion » neutrons » p (antiproton] —— /antiproton conversion » neutrinos » electron
=
o
LHC Large Hadron Collider SPS Super Proton Synchrotron PSS  Proton Synchrotron Ll
AD Antiproton Decelerator CT~= Clic Test Facility CNCGS Cern Neutrinos to Gran Sasso ISOLDE ator On

LEIR LowEnergylon Ring ULINAC LINear ACcelerator mn-ToF~ Neutrons Time Of
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Constituent Center-of-M ass Energy

The Large
| |
Hadron History of accelerators
Collider
10 TeV
= Hadron Colliders
e*e~ Colliders O
LHC
1TeV (CERN) _|
(@)
TEVATRON NLC
(Fermilab)
® LEPII
SLC __ LEP
100 GeV |— (SLAC) —_ (CERN) —
TRISTAN
(KEK)
PETRA __ PEP
(DESY) " (SLAC)
ISR CESR (Cornell)
10Gev |- (CERN) VEPP IV (Novosibirsk) —
@ /SPEAR II
®0@ spAR _ DORIS . VEPPIII
S (SLAC) — (DESY) —_ (Novosibirsk)
ADONE
(Italy)
1GeV |8 PRIN-STAN VEPP Il ACO B
(Stanford) — (Novosibirsk) — (France)
| | | |
196 0 197 0 198 0 199 0 200 0 2010

Year of First Physics

ROCHESTER

£ Fermilab

1 LN

4 \We know that there is something
particularly significant about the LHC
energy scale (1 TeV or Terascale)

4 SM is tremendously successful, but we
know it is not a complete picture

4 Possible solutions lie at 1 TeV

New dimensions?

Higgs, SUSY?

top, W mass

Z mass, width, couplings
Proton structure

W, Z discovery

B hadrons

Gluons, jets

1511'; Mational Science
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