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The Large Hadron Collider




Total Weight : 14,500t
Overall diameter : 1460 m
Overall length
Magnelic field

The Large Hadron Collider (LHC)
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- protons make a full turn 11254 times per second




LHC Accelerator

5 4
| /
! =
.l - /
. -
\ o
N 4
y o
2
’rz 4
E‘

e o SN

2
vl
30,000 tons of 8.4T dlpole
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Cooled to 1.9K with 90 tons of
liquid helium

Energy of beam = 362 MJ April 26th 2007
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Luminosity

» Single most important quantity

— Drives our ability to detect new processes
DNyunch Np2 revolving frequency: f,, =11254/s

#bunches: n, . =2835
A #protons / bunch: N = 10"

Area of beams: A~40 um

[= v

— Rate of physics processes per unit time directly

related: Cross section O:
Nobs= det €0 Given by Nature

Efficiency: (calc. by theorists)

optimized by
experimentalist

Ability to observe something depends on N_, .




Physics Questions




What Do We Hope to find at LHC?

* Answers to very fundamental and simple questions:

— Why do electrons have mass?
» Possible answer: The Higgs boson

— Why is gravity so weak?
« Possible answer: supersymmetric particles

— Or ultimately

* Are there more symmetries or more Universes?




We learned a lot in the last century
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Elementary Particles: Matter

top quark

anti-top quark

(Mass proportional to area shown but all sizes still < 10-19 m)

Why are there so many leptons and ?
And, why do they all have different masses?




The Higgs Mechanism

1964
— P. Higgs
— R. Brout, F. Englert

New scalar self-interacting
field with 4 d.o.f.:

V(D)
Ground state: non-zero-value

breaks electroweak symmetry

generating
— 3 Goldstone bosons: W+ ,Z,
— 1 neutral Higgs boson

Mass of h, depends on
unknown coupling A

sl

where v




Origin of Mass

Nothing in the universe Something in the universe

Electron > —e N —>
m=0.511 MeV/c?

Photon > >

m=0

Top Quark > A‘Qf‘

M~172000 MeV/c?

Higgs Field interact with other particles the stronger

the heavier they are




Will the Higgs Boson be found?

Isidori, Rychkov, Strumia, Tetradis ‘08
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scale of new physics A in GeV

* Theoretically bound to be less than 160-500 GeV
* Experimentally bound to be >114 GeV
« Findable at LHC over full mass range with ~20 fb-"

The Higgs boson will be found at LHC if it exists



Elementary Particles: Force Carriers

gluons  graviton

electromagnetic gravity

G
electroweak

Grand Unified force ?

Theory of Everything ?




The “finetuning problem”

* Why is gravity is so much weaker than the
weak force?

— Newton: G=6.67 x 10-1" m3kg/s?~10-38 GeV-?
— Fermi: G.=1.17 x 10-° GeV-? i

* Or why is the W boson mass so small?
— Weak scale: My, ~1/M,,.,,=1Gg ~102 GeV
— Natural scale: My, =1Gy\~101® GeV

=“Finetuning” required to make W and Higgs mass small

16




Finetuning Problem

h h h

2 2 — 2t | 2 2 hi
m H= (200 GGV) m Hree D m Hgauge 6 m . 1288

« Free parameter m?tree
“finetuned” to cancel huge
corrections

 Considered to be “unnatural’

— Some unknown ad-hoc
parameter introduced with
superb precision

 We were very lucky!

Seems wrong somehow

new physics




Solving the finetuning problem

* Add new particles

— New loops cancel old loops!
» Size of loops naturally the same

— No hugely tuned ad-hoc
parameter needed

* “Supersymmetric” particles

— Each standard model particle
has a partner, e.g.:
* Electron => Selectron
* Quark => Squark /i
 Photon => Photino » )
-

Superpartners!

« W boson => Wino J

A

-d




Already happened in History!

 May seem “crazy” to have another set of
particles introduced to solve aesthetic problem

* Analogy in electromagnetism:

— Free electron has Coulomb field:
— Mass receives corrections due to Coulomb field:

' 2 \ [ 2 \ / ’
Wl (12:C ) obs = (M€ )bare + AE(:‘DLIIDIHI’)'

BN OGRS Ml 0 000511 = (—3.141082 + 3.141593) GeV.
— Solution: the positron!
AE = AECouiomb + A Epair = — o
Hitoshi Murayama, UC Berkeley

Problem was not as bad as today’s but it resulted
in new particle species:




More virtues of Supersymmetry (SUSY)

* Electromagnetic, strong and
weak force unify!
— Miss unification in SM (barely)

— Unify in SUSY if masses about
1 TeV!

1/coupling constant

with SUSY

* |ncludes candidate for dark

matter with 0.1-1 TeV mass Eegy i ,. .

— Cosmology data point to such a
particle

— 5 times more than ordinary
matter

If SUSY particles are the solution to finetuning problem
they will be found at the LHC 20




The Experimental Challenge
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Complex events need to be resolved by
high resolution detectors




The Experimental Challenge

Measured hits in detector

=> use hits to reconstruct particle paths and energies
=> estimate background processes

=> understand the underlying physics




Particle Identification

* Detector designed to separate electrons, photons,
muons, neutral and charged hadrons

[] Beam Pipe

(center)

Tracking

Chamber

B Magnet Cail

W E-M

Calorimeter

[] Hadron

Calorimeter

] Magnetized

[ron

Muon
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CALORIMETERS
ECAL HCAL K

76k scmtlllatlng Plastic scintillator/brass
sandwich

IRON YOKE

MUON
ENDCAPS
Cathode Strip
Chambers (CSC)
Resistive Plate
Chambers (RPC)

TRACKER

Pixels
Silicon Microstrips

210 m2 of silicon sensors
9.6M channels

_Weight: 12,500 T

Superconducting Coil,

4 Tesla MUON BARREL

Drift Tube Resistive Plate
Chambers (DT) Chambers (RPC)

Diameter: 15.0 m

Length: 21.5m




ATLAS and CMS in Berlin




Detector Mass In Perspective




Tracking Detectors

Tracking detectors
— ATLAS: TRT, silicon strips + pixels
— CMS: silicon strips + pixels

CMS silicon area: 200 m?
— Size of a football field




) W AL Vs
module

* Cylinder: L=14 m, R=12.25 cm

» 80,000,000 individual pixels arranged in modules:

— 16 chips per module, 2880 pixels per chip => 46080 pixels/module
— Distance between pixels: 50 um (“pitch”)

« Designed and built largely in the US
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2000 Physicists from all over the World

Collabo)

(including 400 PhD students)
+ many technician and engineers




Enormous Data Volumes

 Pushing the computing limits! ‘
— 1 second of LHC data: 1000 GigaBytes
* 10,000 sets of the Encyclopedia Britannica

— 1 year of of LHC data: 10,000,000 GB

« 25 km tower of CD’s (~2 x earth diameter)

— 10 years of LHC data:

« All the words spoken by humankind since
its appearance on earth

« Solution: the “Grid”
— Global distribution of CPU power

 More than 100 CPU farms worldwide share
computing power

W
(8]




Searches for the Higgs Boson and
Supersymmetry




Some Example Analyses

Finding the Higgs boson:
-with photons
-with Z-bosons

Finding a Supersymmetric

€ Supersymmetric
'shadow " particles




Rates of Processes

* Much increased rates compared to previous collider

Process (mass) Tevatron LHC Ratio
Vs =2 TeV | Vs=14TeV
W (80 GeV) 2600 | 20000

;
T I ) )

* Discovery opportunity early
— Biggest jump in energy since SppS that discovered W’'s and Z's




Finding the Higgs Boson (with photons)

Find 2 high energy Higgs —yy
photons >

— If M(H)<130 GeV/c2

Separate signal from B
backgrounds

— Backgrounds can

look exactly the background
same q

— but for y’s from Higgs:
M(H)=M(yy)=\/[(E1+E2)2-(p1+p2)2]

Events/S00 MeW for 100 fb-




Finding the Higgs Boson (with Z’s)

W simulated event

* Find 4 high energy
muons or electrons

— If M(H)>130 GeV/c?

« Separate signal from
backgrounds

— Again calculating the
Invariant mass

— Backgrounds much
smaller than in
diphoton case:

- Easier!

Background




Finding a Supersymmetric World

~ 07s e+ background

10-81;_ / / _;
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« Supersymmetric particles decay ;
i

into ordinary particles:

— Measure decay products

— Dark matter particle (%,°) escapes
detector unseen:

 Momentum balance tell us presence of
dark matter particles (“missing E;”)

« Search strategy:

— Search for many high energy particles
plus large missing E;

1
4000

=> do spectroscopy of
Supersymmetric World
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H. Murayama, UC Berkeley



Current Status of the LHC




Original LHC Startup Plan

September 10th 2008:
— First circulating beam at 450 GeV

2-4 weeks later
— Collisions of beams at 450 GeV

November-December ‘08
— Collide beams at 5 TeV

« 7 of the 8 sectors had been commissioned up to 5.5 TeV

December ‘08 - June ‘09

— Shutdown to commission machine to design energy

June ‘09-November ‘09
— A few fb-! of luminosity at Vs=14 TeV

Then... continue to improve each year




September 10th 2008

S
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 First beam circulation broadcasted live on TV worldwide
 Worked very well: accomplished within <1h




* The machine physicists
were amazed how well it

all worked

Beam circulation

POINT 4
RF

POINT 3

Momentum

POINT 5
cMs

T

\ POINT 6

Dump

POINT 7

Betatron
Cleaning

— Lot’s of optimism spread
In the community A

— The machine looked ), FONT
“great”

BTV - SPS.USER.LHCPAST2

sps - HCRAST2 Bizo
LHCETYSICIL2E

1~ L of 1 acquisitions)

235-20-13-10 -3 0 5 10 13 20
Image X |mm)

e
0.4876, 3196)

- 211 T
awa - 1638 (mm
ot 91

First Lamp:

Second Lamz:

Motor Enabl: } }
-15-10 -5 0 S
1dware Reading

ardware Reading: S

Araction

W Start Manitoning ave Continuous Say




CNN News CNN Videos

m WORLD U.S. POLITICS CRIME ENTERTAINMENT HEALTH TECH TRAVEL LIVING

Hot Topics » Hurricanes « Sarah Palin - Election Center + Afghanistan

ADVERTISEMENT

For the best hotels in

ABUDHAB)

'Big Bang Machine' comes to life

t vonder of the world opens for business
ol njv:‘v Story | Interactive: How it works

After 14 yea

f preparat

oﬁxcm? startup of Europ

Make CNN Your Home Page

Latest News
+ Conviction tossed in 1964 deaths of black teens - _

* Nervous Texas braces for [ke Tracker taggss ha S Die Nachrichten der ARD
* Lance Armstrong ends retirement Video /-

* Rejected O.J. juror: 'He got away with murder’
+ Slaughterhouse faces child labor charges

* Army suicide rate soars, may exceed nation's
* Last U.S. WWI vet fights for memorial

* McCain takes lead in national polls

* Biden's comments called 'a new low'

* Ticker: Palin's surprising effect on women

+ Zoos help rare animals find mates online

+ 360° Blog: Kim Jong |l absence raises

ARD Home | Sport| Borse |Ratgeber | Boulevard | Kultur | Kinder| | Femnsehen | Radio | ARD Mediathek |ARD Intern

) Startseite

Start fur Teilchenbeschleuniger

questions Dem Urknall auf der Spur
it m i . . * Splashing driver fails road test - In Genf ist der Teilchenbeschleuniger “Large Hadron Collider” (LHC) in |}
SC|ent| IC MISSIOoNn: i Metal thieves steal radio tower Betrieb gegangen. Wissenschaftler wollen mit der weltgro8ten Anlage ~
.

im Atomferschungszentrum CERN den Urknall simulieren und die

* Girl, 3, sucked into drain as dad watches - Materie erforschen. Kritiker des Experiments warnen vor Schwarzen

Unlock secrets of the

P * 'View' co-host takes swipe at Mrs. Obama /- fiEs a Lochern. [mehr]
, 1 1 e Sendungen
universe * Ford won't sell its 65-mpg car in the U.S. "= L - > Quarks&Co: Das Mikroskop der Physiker [wdr]
Deep beneath the border of France and : Scientists launch ‘Big Bang'... » Quarks&Co: Interaktiver Teilchenbeschleuniger [wdr]

Switzerland, scientists Wednesday fired up one of
the most ambitious experiments ever conceived

> CERN - das europaische Forschungszentrum

A Teilchenbeschleuniger LHC in Genf

o Urknall und schwarze Lécher [H.-). Maurus, SWR Genf]

hoicec f Michalanaeln fe ynwilling 1o cee 20 Alnaen nlat comnaring

Resnitzeluinasaffare weitet sich aus



Excitement in ATLAS and CMS

Atlas Control Room

Beam halo muons
From circulating beam




September 19t: the problem

Some (minor) problems occurred when trying to bring
beams to collisions

— Hope was to get collisions before September 24th

— Meanwhile the remaining 8th sector (34) was commissioned
up to 5.5 TeV

Major incidence occurred in sector 34 probably due to
faulty connection between two magnets:

— Causing a quench of about 100 magnets

— A large amount of helium was released into the tunnel

Sector 34 Is now being warmed up and the damage is
being assessed

Hope is to start up again in ~May or so
— But not really known until cause fully understood




LHC Cooling Status

POINT 4

: :L“'-_ - ;' G |
SECTOR 45 fLhzer, e LR
SECTOR 34 CMS  SECTOR 56 "

R
SECTOR 67 ¢

SECTOR 23

POINT 2

ALICE SECTOR 12 = SECTOR 787

¥ SECTORB1 _._ v
s POINT &

LHCb
9 Oct 2008

« Sector 34 now at 200 K
« Expected to be at room temperature in 1-2 weeks
 Document on incidence was released today

* no detailed schedule yet



Cosmic Muon Data

T event:liveXML_90272_2065845 run:20272 ev:2065845 geomet default

 Experiments are currently running cosmic data taking
- already understand response of detectors quantitatively
- Be well prepared for beams




Conclusions
The LHC will finally probe the “TeV scale” (r = 10177 cm)

— Known to be special since 1934

The LHC will definitely answer some (and hopefully
many) fundamental questions
— What is the origin of mass?

— Do supersymmetric particles explain the hierarchy problem
and/or the Dark Matter?

After a 15 year design and construction phase the LHC
experiments first beam was seen
— Major incidence with accelerator delayed collisions to next year
— Cosmic muons used to understand and optimize detector
performance
Hopefully next year first physics analyses can be done
— Discoveries will likely come 2-3 years later




