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The First Three Years at the LHC 
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What Do We Hope to find at LHC? 
•  Answers to very fundamental 

and simple questions: 

–  Why do particles have mass? 
•  Possible answer: The Higgs boson 

–  Why is gravity so weak? 
•  Possible answers: supersymmetric 

particles, extra spatial dimensions 

–  What is the Dark Matter? 
•  Possible answer: the lightest 

supersymmetric particle 

–  The unexpected … 
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The Higgs Mechanism 
•  1964 

–  P. Higgs 
–  R. Brout, F. Englert 

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

•  Ground state: non-zero-value 
breaks electroweak symmetry 
generating  
–  3 Goldstone bosons: W±

L,ZL 
–  1 neutral Higgs boson 

•  Masses of fermions mf 
proportional to unknown 
Yukawa couplings gf 

x 

gf	

fermion	
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What is the Dark Matter? 

Standard Model only accounts for  
20% of the matter of the Universe: 

Many theories predict production of dark 
matter particles at the LHC  
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The Large Hadron Collider (LHC) 

p p
Energy ≈ 8 TeV	


Circumference: 16.5 miles	
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LHC in the Bay 
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LHC Accelerator 

April 26th 2007	


•  30,000 tons of 8.4T dipole magnets  
•  Cooled to 1.9K with 90 tons of 

liquid helium 
•  Energy of beam = 362 MJ 

–  Kinetic energy of 15 ton truck at  
500 mph 



The Large Hadron Collider 
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•  At border of Switzerland and France 



Stanford Students at CERN 
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ATLAS and CMS Detectors 

Weight 
(tons) 

Length 
(m) 

Height 
(m) 

ATLAS 7,000 42 22 
CMS 12,500 21 15 

Eiffel 
tower 



ATLAS Cavern 
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ATLAS and CMS Detectors 
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ATLAS and CMS Detectors 



LHC Data Taking: 2010-2012 
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•  Integrated L: 28 fb-1 
–  More than 2 x LTevatron 

•  Peak L: 7.7x1034 cm-2s-1 
–  20 million events/second 
–  Write to disk about 400 

events/s 
•  Data Volume 

–  Total: ~150,000 TB 



Worldwide LHC Computing Grid 
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The Price for high Luminosity: Pileup 
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Luminosity 

•  Single most important quantity 
– Drives our ability to detect new processes 

– Rate of physics processes per unit time directly 
related: 

revolving frequency: frev=11254/s	

#bunches: nbunch=1368	

#protons / bunch: Np= 1.5 × 1011	


Width of beams: σx ≈ σy ≈ 15 µm	


Ability to observe something depends on Nobs  
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Physics Cross Sections 

Process MX σ(LHC @ 7 TeV) 
σ(Tevatron) 

qq→W  80 GeV 3 
qq→Z’SM 1 TeV 50 
gg→H 120 GeV 20 
qq/gg →tt 2x173 GeV 15 
gg → gg 2x400 GeV 1000 
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Calculating a Cross Section 
•  Cross section is convolution of PDF’s and Matrix Element 



Physics Processes at the LHC 

process Rate at Lpeak  
(Hz) 

any interactions 109 

Bottom quarks 106 

Jets with pT>100 GeV 104 

W bosons 103 

Z bosons 102 

Top quarks 1 
Higgs (M=125 GeV) 0.1 
H->γγ (M=125 GeV) 2x10-4 



Total Cross Section: pp -> X 



Dimuon Mass Spectrum 
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Z bosons 
•  Z boson used as calibration signal 

–  electromagnetic calorimeter 
energy scale 

–  muon momentum scale 
–  many efficiencies 
–  …. 
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Z Boson Production 
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W+jets 

•  Data agree with state of 
the art calculations 
(BLACKHAT+SHERPA) 
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Top Quark Production 
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Production of vector bosons and top quarks 
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The Higgs Boson Search 
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Higgs Boson Production 

•  Production rate know to ~10%  
–  Various production mechanisms sensitive to different Higgs 

couplings (top quark versus W boson) 31	




Higgs Boson Decay 
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M(γγ) 
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Finding the Higgs Boson (with photons) 

MHiggs≈ M(γγ)= 2 E1 E2 (1-cosα) 

background	


Higgs →γγ	




Diphoton Mass Distributions 

•  Both experiments see 
peak at ~125 GeV 
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Higgs boson decaying to  
two Z bosons 
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Probability of statistical fluctuation 

•  p<10-11 corresponding to about 7σ 
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Is it the Standard Model Higgs boson? 

•  Decay rates, spin and parity consistent with SM 
Higgs boson 
– But statistics low 
– Need much more data to probe thoroughly 39	




Mass Measurement 
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Hierarchy Problem 

•  Free parameter mH
tree 

“finetuned” to cancel huge 
corrections 

•  Considered to be “unnatural”  
–  Some unknown ad-hoc 

parameter introduced with 
superb precision 

m2
H ≈ (200 GeV)2 = m2

H
tree + δ m2

H
top + δ m2

H
gauge + δ m2

H
higgs 

Theoretically not satisfactory 

Mnew physics=5 TeV	


Lo
g 1

0 (
E/

G
eV
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Solving the finetuning problem 
•  “Supersymmetric” particles 

–  Each SM particle has a partner 
with different spin, e.g.: 

–  SUSY loops cancel SM loops 
•  Size of loops naturally the same 

IF particle masses similar 
 => SUSY particles should be found 

at the LHC 

–  No tuned ad-hoc parameter 
needed 

Superpartners!  

SM  spin SUSY spin 
electron 1/2 selectron 0 
top 1/2 stop 0 
gluon 1 gluino 1/2 
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More virtues of Supersymmetry (SUSY) 
•  Electromagnetic, strong and 

weak force unify! 
–  Miss unification in SM (barely) 
–  Unify in SUSY if masses below 

~100 TeV! 

•  Provides candidate for dark 
matter with mass ~ 0.1-1 TeV 
–  Lightest SUSY particle, typically 

the “neutralino” 

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



Current Result: Jets + MET 

•  Jets result from cascade 
decays of squarks and 
gluinos 

•  Excludes squarks with 
m<1.5 TeV and gluinos 
with m<1 TeV 
– Assuming the squarks 

are all approximately 
degenerate 44	




Top Squark 

•  top squark required to be light 
to solve hiearchy problem 

•  top squark search done in 
many decay channels 

•  M(stop)<550 GeV excluded 
for LSP masses below ~150 
GeV 
– Many caveats though as 

statement depends on 
other SUSY parameters 
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Split SUSY 
•  give up on solving hierarchy 

problem 
–  Still want Dark Matter 

candidate and gauge force 
unification 

–  Squarks and sleptons heavy 
but gauginos and gluino light 

•  Could result in meta-stable 
gluinos 
–  Experimental signature of 

long-lived charged massive 
particles 

–  Identify through precise timing 
(β<1) and measurement of 
energy loss 46	




Summary of SUSY Searches 
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Conclusions & Outlook I 
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•  The LHC works fantastically well 
–  Already more than twice the Tevatron dataset at 4 times 

higher energy 
•  Found a new particle consistent with the Higgs boson 

–  Program of property measurements is starting 
•  Is it fully consistent with SM Higgs boson? 

•  No other new particles found (yet!) 



Conclusions & Outlook II 
•  This was just the beginning!!! 

–  High energy running starting in 2015 
(√s≈13 TeV) 

–  Increase luminosity by factor ~15 by 2021 
and another factor 10 by 2030 
•  Major detector upgrades required 

–  Will probe  
•  Higgs couplings with 2-10% precision 
•  squarks and gluinos up to ~2.5 TeV 
•  Stop quarks up to ~1 TeV 
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LHC time line 
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More Information 

•  Information, explanations, movies, images … 
–  http://public.web.cern.ch 
–  http://atlas.ch  
–  http://cmsinfo.cern.ch/outreach 
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Backup Slides 
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LHC milestones 
•  March 2007: last dipole magnet installed 
•  September 2008: first beam but major accident prevents LHC 

startup in 2008 
•  Nov. 2009: first collisions at injection energy (900 GeV) 
•  March 2010: first collisions at 7 TeV 

–  3.5 time higher energy than Tevatron 
•  End of 2010: L=40 pb-1 of data recorded  

–  Sufficient to make many tests of Standard Model and to test 
supersymmetry beyond Tevatron 

–  Not enough to test the Higgs 
•  End of 2011: L=5 fb-1 of data recorded  

–  nearly 100 times more than 2010 
–  Sufficient to probe Higgs boson over much of the mass 

range 
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