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In quantum mechanics every particle has an 
associated wavelength: λ ∝ 1/p
⇒ high energy particles will allow to investigate at shorter distances  

Fixed targetFixed target CollidersColliders

larger choice of particles and targetslarger choice of particles and targets
energy is partly wastedenergy is partly wasted

maximizes energymaximizes energy
limited choice of particleslimited choice of particles  

(charged and stable (charged and stable ⇒⇒ ions, e ions, e±±, p), p)

1 eV= energy of an electron 1 eV= energy of an electron 
accelerated from a potential  of 1Vaccelerated from a potential  of 1V

  
1 GeV= 1000000000 eV1 GeV= 1000000000 eV
1 GeV=0.016 g (m/s)1 GeV=0.016 g (m/s)22

Microscopes in high energy physics 
The ability of ‘seeing’ things depends on the incident 
light and the goodness of the eye. The smallest 
resolvable details have dimensions comparable with the 
incident light wavelength.    Resolving power ∝ 1/λ
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Bunch Crossing 4x107 Hz   (40 millions per second)

 7x1012  eV  Beam Energy 
1034 cm-2 s-1 Luminosity 
2835 Bunches/Beam  
1011 Protons/Bunch

7 TeV  Proton  Proton  
 

Proton Collisions 109 Hz

Parton Collisions  

New Particle Production 
 

105  Hz  

 

7.5 m  (25 ns)

The energy of a single proton accelerated to 7 The energy of a single proton accelerated to 7 
TeV corresponds to the kinetic energy of a TeV corresponds to the kinetic energy of a 

flying mosquito flying mosquito 

The energy of the LHC beam equals the kinetic The energy of the LHC beam equals the kinetic 
energy of 100 10 tons trucks at a speed of 100 Km/energy of 100 10 tons trucks at a speed of 100 Km/

hh

A beam has A beam has 
300.000.000.000.000300.000.000.000.000  

protons !protons !

or of a Boeing 777 (50 tons) at takeoff  (450 Km/h)or of a Boeing 777 (50 tons) at takeoff  (450 Km/h)

Colliders: the case of the LHC 
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The LHC magnets are the most 
powerful mankind can build today on 
industrial scale. 

They use superconductivity at 1.9oK 
(-271oC) in a bath of superfluid He.

Spin-off: research on Spin-off: research on 
superconductivity (cables, alloys).superconductivity (cables, alloys).

LHC magnets 



5

 

CMS

ATLAS

you are hereyou are here
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We want to measure:We want to measure:
direction, energy, momentum,direction, energy, momentum,
electric charge, identity.electric charge, identity.

The detector must be able to take the ‘picture’ of the event before the next bunch 
crossing. This is very demanding at the LHC (25 ns). 
Statistical distributions give information on average behaviour/properties.

Tracking: measure trajectories of Tracking: measure trajectories of 
charged particlescharged particles
(as lighter as possible)(as lighter as possible)

Calorimeters: measure deposited energyCalorimeters: measure deposited energy
(dense, must stop particles)(dense, must stop particles)

Muon chambers: measure charged Muon chambers: measure charged 
particles not stopped by the other particles not stopped by the other 
detectorsdetectors
(only muons are known to do so)(only muons are known to do so)

Magnetic field to bend charged Magnetic field to bend charged 
particlesparticles

Detectors on colliders
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Particle detection



8

 Only a fraction of the proton energy Only a fraction of the proton energy 
will be available in the collision will be available in the collision 

To produce a mass of: To produce a mass of: 
100 GeV:100 GeV: x~0.007x~0.007
    (dominated by gluons in the proton)(dominated by gluons in the proton)
5000 GeV:5000 GeV: x~0.36x~0.36
    (dominated by quarks in the proton)(dominated by quarks in the proton)

Proton-proton collisions

Aaa p  x p 
=

Bbb p  x p 
=

s xsxx  ŝ ba ≈=

i f  x a ≈ x b 
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 Standard Model: Relativistic quantum field theory (only known 
framework to formulate a theory consistent with QM and Special 
Relativity)

 Local internal (gauge) symmetries, governed by a SU(3)xSU(2)xU(1) 
algebra, leading to strong and EW interactions mediated by gluons, W/
Z and photons

 Three families of quarks and leptons with a diverse mass spectrum: 
10-8 GeV (ν) → 102 GeV (top, W/Z)

Overall extremely complete and succesfull 
description of known phenomena

BUT….

HEP: what do we know right now?

Neutrino masses and inclusion of gravity 
in the SM require new physics at the scales 
~1015 GeV and ~1019 GeV, respectively. 
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 Identify the Higgs boson, namely the particle responsible for the 
breaking of the SU(2)xSU(1) (EW) symmetry and for the generation 
of the masses of SM particles.

 Explore the nature of the Higgs boson, and establish the detailed 
dynamical mechanism with which the EW symmetry is broken.
 Pure SM?
 Supersymmetry
 ExtraDimensions?
 …

HEP: which issues are still open?

P.W. Higgs, Phys. Lett. 12 (1964) 132

Only unambiguous example 
of observed Higgs

.. … don’t forget … 
the Higgs is not yet 
discovered !
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Standard Model processes

••  In a hadronic environment jet 
  production largely dominates 

• Leptons (e, µ) are essential to trigger the 
   events because easily and unambiguously
   identifiable

• There are (for instance) 10-11 order of 
   magnitudes between the probability 
   of producing a Higgs versus QCD (jets) 

6×10310-2WW→eνX

1042×10-3H
(700 GeV)

107~2tt

108~30W→eν

107~3Z→ee

1012106bb

Evs/yEvts/sprocess

gg

gg gg

qq qq

qq
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 Event reconstruction

R e c o n s t r u c t e d  t r a c k s  
w i t h  p t  >  2 5  G e V

• Beams cross every 25 ns !
• Every beam crossing there are ~25 
   interactions of ‘minimum-bias’ (MB).
• A ‘good’ event  (for instance H→ZZ→µµµµ) 
   is always accompanied by ~25 
   overlapping MB events.

✦✦  thousands of particles every 
  triggered event, mostly with low E

→ All this (not the Higgs event, 
   though) repeats after every 25 ns !

Properties of particles are then 
determined on a statistical basis
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 Heavy gauge bosons (Z′)
 Extra dimensions
 GUT theories

 Mini-black holes

1 fb–1

100 pb–1

10 pb–1

Integrated 
luminosity

Initial detector and trigger synchronisation, 
commissioning, calibration & alignment, material
Search for extraordinary new physics signatures      
        

Accurate in-situ alignment and EM/jet/ET,miss calibrations
Understand SUSY and Higgs backgrounds from SM
Initial SUSY and MSSM Higgs sensitivity (ET → ~2 TeV)

Higgs discovery sensitivity (MH = 130 ~ 500 GeV) 
Explore SUSY and new resonances to O(TeV)

Time
LH C  star tup

Test beams, 
cosmic runs, pre-
alignment and 
calibration, data 
distribution dress 
rehearsals             
 

Physics potential at LHC
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IT SHOULDIT SHOULD
BE BE 

SIMPLE…SIMPLE…
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)cos1(2 21 ϑ−= EEmZ

Commissioning with first physics 
⇒⇒  use known physics to understand the detectors at our best.use known physics to understand the detectors at our best.

Most useful:Most useful:
••  qqqq→→ZZ→→ee++ee-- : use mass constraint to calibrate ECAL : use mass constraint to calibrate ECAL

••  qqqq→→WW→→eeνν : compare E and p of electron : compare E and p of electron

••  ZZ→→ e e++ee--, , µµ++µµ-- can be used for further alignment can be used for further alignment

••  M-BM-B :  use statistical balance in  :  use statistical balance in ΦΦ for calorimetry calibration   for calorimetry calibration  

••  Z+jet, Z+jet, γγ+jet+jet : calibrate HCAL (jet energy)  : calibrate HCAL (jet energy) 
      using kinematical balance in the R- using kinematical balance in the R- ΦΦ plane plane

••  WW→→jet-jetjet-jet : use W mass constraint to calibrate : use W mass constraint to calibrate
      the jet energiesthe jet energies

1E

2E

ϑ

γE

Φ−R

jetE
••  tt production deserves a special chaptertt production deserves a special chapter::
      (only ~100 events produced so far in the world,(only ~100 events produced so far in the world,
        LHC will use them also as a calibration tool) LHC will use them also as a calibration tool) 
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The LHC will be a top-factoryThe LHC will be a top-factory
→ 2 tt events per second !
→ more than 10 million tt events expected per year: 

 perfect place for precision physics

Is it ‘standard’ physics?Is it ‘standard’ physics?

••  The top turned ten years, but still so The top turned ten years, but still so 
      little known about it…little known about it…
••  Its large mass gives unique featuresIts large mass gives unique features
    for the investigation of EW symmetryfor the investigation of EW symmetry
    breaking and physics beyond the SM breaking and physics beyond the SM 
    (larger couplings with the Higgs boson)(larger couplings with the Higgs boson)
    (can decay into heavier particles)(can decay into heavier particles)
••  Hope it will be the key for revealing Hope it will be the key for revealing 
    new physics at the LHC.new physics at the LHC.
••  The top mass is now the key parameterThe top mass is now the key parameter
    to continue constraining the SMto continue constraining the SM

Why is top production interesting? 
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tt production at the LHC 

90%90%

10%10%

1. tt is an essential process for 1. tt is an essential process for 
        commissioningcommissioning

Production (diff.)Production (diff.)
cross-sectioncross-section

t masst mass

W, t helicitiesW, t helicities

Decay modesDecay modes

Light jet Light jet 
energy scaleenergy scale

b-jet b-jet 
energy scaleenergy scale

b-taggingb-tagging

2. tt is a fundamental process 2. tt is a fundamental process 
        for electroweak measurementsfor electroweak measurements
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Can we see an early top signal even with limited detector performance?Can we see an early top signal even with limited detector performance?
Can we use this signal to commission detector and tools?Can we use this signal to commission detector and tools?

TOP 
CANDIDATE

W CANDIDATE

m(tophad)

B

S

S/B = 0.45

m(Whad)

Finding tops 

m(tophad)

S/B = 1.77

L=300 pb-1

(~1 week of running)
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SM
(17 parameters)

mfermions (9)

mbosons (2)

VCKM (4)GF (1)

mH

predictions

from n, µ decays

not discovered yet

from direct
measurements

from meson decays

(down to 0.1% level) 

⇒⇒  With precision measurements With precision measurements (interesting per se)(interesting per se)::
   •    • one can get information on the missing parameter mone can get information on the missing parameter mHH

   •    • one can test the validity of the SMone can test the validity of the SM

⇒⇒  An improvement in the knowledge of the least An improvement in the knowledge of the least 
      known parameters (like mt !) is particularly usefulknown parameters (like mt !) is particularly useful

With present input:With present input:

But the Higgs boson has not been seen yet !  But the Higgs boson has not been seen yet !  

The Standard Model is all what we have so far 

mmHH<182 GeV/c<182 GeV/c22 @95% CL @95% CL

Parameters of the model are linked to each other Parameters of the model are linked to each other 
via radiative correctionsvia radiative corrections

(m(mHH>114 GeV/c>114 GeV/c22 [LEP]) [LEP])



20

 

What after the Standard Model 

The LHC program is very ambitious. The LHC program is very ambitious. 
We want to answer to many of those questions…We want to answer to many of those questions…

We might experience a We might experience a revolutionrevolution in our understanding of fundamental physics. in our understanding of fundamental physics.

Higgs boson?Higgs boson? New symmetries?New symmetries?

New constituents?New constituents?SUSY?SUSY?

Extradimensions?Extradimensions?

••  The origin of the massesThe origin of the masses
→→  Does the Higgs boson exist?Does the Higgs boson exist?
→→  If not, what is the mechanism that gives masses?If not, what is the mechanism that gives masses?
→→  Why do the fundamental particles have so different masses?Why do the fundamental particles have so different masses?

••  Unification of forces and particlesUnification of forces and particles
→→  Why matter (fermions) and force particles (bosons)?Why matter (fermions) and force particles (bosons)?
→→  Why 3 generations of fundamental particles?Why 3 generations of fundamental particles?
→→  Can forces be unified?Can forces be unified?  

••  Understanding the universeUnderstanding the universe

→→  Why is gravity 38 order of magnitude weaker than other forces?Why is gravity 38 order of magnitude weaker than other forces?
→→  What is the origin of dark matter?What is the origin of dark matter?

C
osm

ology
C

osm
ology

P
articles

P
articles

SUSY?SUSY?
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HIGGSHIGGS

(hopefully spectacular)(hopefully spectacular)
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SM Higgs couples to mSM Higgs couples to mff

22

✦Decays into the heaviestDecays into the heaviest
    fermion or bosonfermion or boson
⇒⇒  Final state depends on MFinal state depends on Mhiggs higgs 

⇒⇒  Ready to cover all possibilitiesReady to cover all possibilities

Needed ingredients:Needed ingredients:
  charged lepton tagging (including charged lepton tagging (including ττ), photon ), photon 
      reconstruction, jet reconstruction and b tagging, reconstruction, jet reconstruction and b tagging, 
      missing Emissing ETT reconstruction reconstruction

⇒⇒  Need of a general purpose detectorNeed of a general purpose detector

p
q

q
g g

γ

γ

Hp

q

q

WW

H

Z

ZProductionProduction

DecayDecay

Higgs production and decay 
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The Higgs in the detector 
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Higgs coverage 

No holes in mNo holes in mHH coverage ! coverage !

Discovery happens early in the Discovery happens early in the 
game (just 30/fb needed)game (just 30/fb needed)
In several cases a few months atIn several cases a few months at
nominal luminosity are adequatenominal luminosity are adequate
for a proper 5for a proper 5σσ observation  observation 

CMS/ATLAS can probe the entire setCMS/ATLAS can probe the entire set
of allowed SM Higgs mass valuesof allowed SM Higgs mass values
⇒⇒  analyze all possible decaysanalyze all possible decays

99.7%99.7%
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Supersymmetry 

gggqqq ~~ ,~~ ,~~
TeV  1~ )g~ ,q~( m

New symmetry between fermions (matter) and bosons (force).
For each particle p with spin s: SUSY partner p with spin s-½

~

100%100%

100%100% 30%30%In the decay chain the final products are In the decay chain the final products are 
fermions and the undetected LSP fermions and the undetected LSP 
⇒⇒  Typically many jets + missing ETypically many jets + missing ETT

        Spectacular signatures  Spectacular signatures  

••  Many additional parameters to describe the Many additional parameters to describe the 
      modelmodel
••  The masses of SUSY particles are unknown,The masses of SUSY particles are unknown,
      but the cross-sections are predicted to be bigbut the cross-sections are predicted to be big
      (~100                   events/day at low luminosity (~100                   events/day at low luminosity 
          for                           )for                           )

⇒⇒  Fast discovery for the LHCFast discovery for the LHC
••  The challenge is to measure the particleThe challenge is to measure the particle
      spectrum spectrum 
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Spectacular evidence with full statistics
Different final states depending on the
parameters and the model

⇒ Discovery possible up to sparticle
     masses of 3 TeV with 300/fb

Supersymmetry reach 

300/fb300/fb

>(2σ) 0.35 TeV∫ = 0.3 fb–1D0 & CDF

~2.5–3 TeV∫ = 300 fb–1Ultimate

~2.5 TeV10341 year

~1.8 TeV10331 year

~1.3 TeV10331 month

squark/gluino 
masses

Luminosity 
[cm–2s–1]Time period

m ~ 1 TeV ,  σ ~ 1 pb 

→ 104 events/year at low L    
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Stars and galaxies are moving too fast Stars and galaxies are moving too fast 
to just be subject to gravitational forceto just be subject to gravitational force
of what is visible.of what is visible.

Example: rotational velocity of galaxiesExample: rotational velocity of galaxies

SUSY could provide a good candidate for dark matterSUSY could provide a good candidate for dark matter

p p

e- νe

µ+

µ−

q

q

q

q
χ1

-

g~

~

χ2
0~

q~

χ1
0~

Approximately just 5% of what we ‘see’Approximately just 5% of what we ‘see’
(meaning that can emit EM radiation) (meaning that can emit EM radiation) 
represents the mass of the universe.represents the mass of the universe.

⇒⇒  Embarassing, isn’t it?Embarassing, isn’t it?

A good candidate for dark matter 
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Understanding gravity: extradimensions 

Much theoretical interest in models with Much theoretical interest in models with 
extra dimensions:extra dimensions:
••  All SM particles (us!) confined in a 4D worldAll SM particles (us!) confined in a 4D world
••  Only gravity ‘sees’ the other dimensionsOnly gravity ‘sees’ the other dimensions
••  Gravity has the same strength than other Gravity has the same strength than other 
      forces, but is diluted in extra dimensionsforces, but is diluted in extra dimensions

⇒⇒  Solves the so-called hierarchy problemSolves the so-called hierarchy problem
⇒⇒  Gravitons can be coupled to ordinary particles, might be visible at the LHCGravitons can be coupled to ordinary particles, might be visible at the LHC
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Gravitons at the LHC

G r av i t o n s as f i n a l  p ar t i c l es:
   • th ey  esc ap e i n  ex t r ad i m en si o n s
   • o b ser v ed  as m i ssi n g  en er g y
   • si g n at u r es: j et + m i ssi n g  en er g y

          γ + m i ssi n g  en er g y

G r av i t o n s as v i r t u a l  p ar t i c l es:
   • ex t r a p r o d u c t i o n  o f  stan d ar d  p ar t i c l es
   • o b ser v ed  as ex t r a ev en t s
   • p o ssi b l e p r esen c e o f  r eso n an c es

A D D

Dominant 
backgrounds 100 fb–1
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Black holes at the LHC 

 Extra dimensions have very small 
radius and imply that gravity is 
much stronger at shorter distances

 Get more than ~TeV of energy into 
a small ‘enough’ region and a black 
hole forms spontaneously

 (impossible if only 4D)
 They decay instantaneously on the 

LHC time scales, and evaporate 
because of the Hawking radiation  • C lassically  nothing escapes

• I n  Quantum  M echanics they 
radiate !  

‘Normal’ BH:
mass: ~ msun

size: ~ Km
T: ~ 0.01 K
Lifetime: ~forever  

‘Mini’ BH:
mass: ~ 1000 mp

size: ~ 10-18 m
T: ~ 1016 K
Lifetime: 10-27 s  
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Black Holes at LHC

Black hole universally and spherically 
evaporating into leptons, photons and jets in 
ATLAS. Final state multiplicity increases with MBH
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• Too many things we do not know/understand.

• Any good high energy physicist cannot believe the SM is the end   
  of the story.

• We are asking some of the most fundamental questions in modern 
  
   physics.  
   To answer, the needed tools are of  incredible complexity.

• Still, one of the most exciting intellectual adventures of mankind

  The LHC should help the next step in the understanding of 
fundamental aspects of the infinitely small and the infinitely large 

  After it, our view of (particle) physics could change forever

(Personal) conclusions 
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ConclusionsConclusions

M. Mangano

M . M angano
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