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• Amongst the large variety of colliders, I’ll describe the 2 biggest: LEP former CERN e+e-

collider (1989-2001) and LHC, CERN current pp collider (2009-present)
• LEP:

− 27 km in circumference

− 100 m underground swiss-french border

− LEP1 (1989-1996):                    (18 million Z0 produced)

− LEP2 (1998-2001): 

− 4 Experiments: ALEPH, DELPHI, L3, OPAL
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« Large Electron Positron » Collider

RF Cavity (in straight sections!)

Impressive size

GeV209s161 ≤≤
Zms =
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LEP Characteristics
• e+e- Collider
• Diameter: 8.5 km
• LEP 2:

• Bunch spacing:
• Instantaneous luminosity:
• Beam energy spread:

• Crossing angle:
• Integrated luminosity delivered to L3 experiment:

ns270∆tX =
-1-232-31 scm10=L
4-

B

B 101.5
E

∆E ×=

mrad0.5αX =
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L3 Detector
ADLO



Phase Period [TeV] ∆tX [ns] L [cm -2s-1] L   [fb -1]

Run 1
2010-2011 7 150 50 2-4 x 1033 5

2012 8 50 8 x 1033 20

Run 2 2015-2018 13 50           25 2 x1034 140

Run 3 2021-2013 14 25 2 x1034 150
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LHC Characteristics

Bending SC dipole (B=8.33 T)

• p+p / p+Pb / Pb+Pb Collider
• Diameter: 8.5 km (same tunnel as LEP)
• Beam energy spread:

• Crossing angle:

s

4-

B

B 101.11
E

∆E ×=

µrad285αX =
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LHC Pile-Up

−+→ eeZRun 1:                 candidate with 19 events P.U.
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LHC Detectors
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Trigger: On-Line Selection
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Panorama of Future Colliders



Search Instruments
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Accelerators

• Instruments of the ENERGY LENS: 
they provide the high momentum to 
probe matter at short distances

Main Features
• CoM Energy

− Fixed target:

− Collider:

• Luminosity:
− Instantaneous:

− Integrated: 

− Event Rate:

− Number of Events: 

Detectors

• 2 Types:
− Trackers: low density materials

(hits), small perturbation of 
trajectories, work for charged (or 
converted particles)

− Calorimeters: dense materials
(showers) to absorb the full E of the 
particles (e+/-, γ, hadrons)

• Figures of merit:
− Resolutions

− Granularity

− Hermiticity (Forward Calorimeters)

− Trigger (Hadron Colliders)

BmEs 2=

BEs 2=

yx

2

σσ4π

Nf

⋅⋅
⋅=L

∫ ⋅= dtL L

σLN ⋅=

σR ⋅= L
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Search for Higgs Boson at LEP2
• Relevant Models: SM, GUT, SUSY
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Search for Higgs Boson at LEP2
• Relevant Models: SM, GUT, SUSY



19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S. 
Muanza

15

Search for Higgs Boson at LEP2
• Relevant Models: SM, GUT, SUSY
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Search for Higgs Boson at LEP2
• Relevant Models: SM, GUT, SUSY
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Search for Z’
• Relevant Models: GUT or RS Extra Dimensions
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Search for Z’
• Relevant Models: GUT or RS Extra Dimensions
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Search for Z’
• Relevant Models: GUT or RS Extra Dimensions

Ref: arXiv:1607.03669 [hep-ex]
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Search for Z’
• Relevant Models: GUT or RS Extra Dimensions

Ref: arXiv:1607.03669 [hep-ex]
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Search for W’
• Relevant Models: GUT
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Search for Z’
• Relevant Models: GUT or RS Extra Dimensions
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Search for W’
• Relevant Models: GUT or RS Extra Dimensions

Ref: arXiv:1612.09274 [hep-ex]
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Search for W’
• Relevant Models: GUT or RS Extra Dimensions

Ref: arXiv:1612.09274 [hep-ex]
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Search for W’
• Relevant Models: GUT or RS Extra Dimensions

Ref: arXiv:1612.09274 [hep-ex]
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SUSY: Production Processes
• Relevant Models: SUSY, SUSY GUT, SuperString / M-Theory
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SUSY: Production Cross Sections
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SUSY: Decay Modes
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SUSY: from Decays to Search Topologies 
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SUSY: Search Topologies
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SUSY: Phase Space in Decay Chains
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SUSY: Basic Analysis Variables
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SUSY: Effective Mass
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SUSY: Stransverse Mass
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SUSY: Stransverse Mass
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SUSY: Search in Jets+mET Topology

Ref: arXiv:1502.04358 [hep-ex]
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SUSY: Search in Jets+mET Topology
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SUSY: Search in Jets+mET Topology
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SUSY: Limits in Jets+mET Topology
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SUSY: Dilepton Edge (1/2)
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SUSY: Dilepton Edge (2/2)
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SUSY: EWK Production Mechanisms
• Search for EWK SUSY particles with first data of ATLAS Run 2 
• Dataset: 2015-2016
• Center-of-mass energy: 13 TeV
• Integrated luminosity: 36.1 fb-1

Ref: arXiv:1803.02762 [hep-ex]
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SUSY: Search in Trilepton Topology

Ref: arXiv:1803.02762 [hep-ex]
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SUSY

Ref: arXiv:1803.02762 [hep-ex]
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SUSY

Ref: arXiv:1803.02762 [hep-ex]
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SUSY

Ref: arXiv:1803.02762 [hep-ex]

Ref: arXiv:1803.02762 [hep-ex]
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Latest SUSY Results from LHC

ATLAS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

CMS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Search for Large Extra Dimensions

• Search for monojets with first data of ATLAS Run 2 (Ref: arXiv:1711.03301 [hep-ex])
• Dataset: 2015-2016
• Center-of-mass energy: 13 TeV
• Integrated luminosity: 36.1 fb-1

• Triggers:                             

• Offline Event Selection:

Reject events w/ isolated leptons:

• Signal Regions:
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Search for Large Extra Dimensions
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Search for Large Extra Dimensions
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Search for Large Extra Dimensions

• Main Systematic Uncertainties :

• Integrated luminosity: ∆L/L=3.2%

• JES, JER, mET scale: 0.5% < ∆B/B < 5.3%
(IM1)                (IM10)

• Total uncerntainty:     2.4% < ∆B/B < 9.7%
(IM1)                (IM10)
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Muon Anomalous Magnetic Moment
- Introduction -

• Magnetic dipole moment:
• Charged particle w/ circular trajectory:                        with 

• This is due to spin:

• Dirac’s theory predicts:

• Precision measurements slightly differ:  

• Anomalous magnetic moment:

• Measure it in:                                          

• where muons are polarized
• and decay to electrons carrying muon spin direction

L
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Muon Anomalous Magnetic Moment
- Theoretical Predictions -

B

µ µγ

QED

Z

Weak Had LbL

π

Had VP

πg!=2 because of some virtual effects that can be calculated precisely

There are SUSY contributions ~tanβ

Full: up-to 4-loops
Partial: 5-loop

γ γ γ

Full: up-to 2-loops



19/11/2020 "Introduction to Supersymmetry", S. Muanza 54

Muon Anomalous Magnetic Moment
- Experimental Setup -

E821 at BNL (1998-2001)
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mR 112.7=

TB 45.1=

GeVp 094.3)( =±µ °≈ 12:angle PrecessionLarmor 

(constant)

aω:frequency PrecessionLarmor 

Muon Anomalous Magnetic Moment
- Measurement Technique -
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Ref: G.W. Bennett et al., PRD73 (2006) 072003

Muon Anomalous Magnetic Moment
- Final Results -

One of the most precise measurements in particle physics: 0.54 ppm !

3.2σ

LO hadronic 
vacuum polarization

1.3σ
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• Other indications:
• Clusters and Super-Clusters (gravitational lensing, X-rays,…)
• Large Scale Structures (formation)
• …

Galaxy Rotaion Curve

• Spiral galaxy rotation curves are incompatible
with only visible matter contributions
Ref: F. Zwicky, Helv Phys Acta 6(2) (1933) 110-127

Evidence for Dark Matter



19/11/2020 "Introduction to Supersymmetry", S. Muanza 59

32291088.1 −− ⋅⋅×≈ cmghCρ
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Universe Expansion

Density for species i Critical density
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(hot universe)

thermal equilibrium

(universe cools down)

freeze-out:
interaction rate < 
expansion rate

ffχ~χ~ 0
1

0
1 +↔+ Boltzmann equation

solution

• n: actual neutralino density
• nequil: neutralino density at thermal equilibrium
• σannih: neutralinos annihiliation cross section
• vrel: relative velocity

with WMAP =>

typical for weak interactions!

decrease due
to expansion

variation due to annihil.
into SM particles

Dark Matter Relic Density
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Need accuracy of ∆T/T ~ 10-5

Cosmic Microwave Background

WMAP: « Wilkinson Microwave Anisotropy Probe » 
Satellite expt launched in 2001

Discovered in 1964
Using a radio-telescope

COBE: « COsmic Background Explorer »
Satellite expt launched in 19??

• Very isotropical photon radiation at T = 2.7°K
• Relic radiation from the Big Bang
• Predicted by G. Gamow, R. Alpher, R. Herman, in 1948
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Anisotropies measured by the WMAP satellite expt

Ref: C.L. Bennett et al., Astrophys J Suppl 148 (2003) 1
CMB: Angular Power Spectrum
Positions & rel. heights of acoustic peaks
=> infos about geometry & composition of the universe
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• Mandelstam Crossing:

• Direct Detection:
• Principle: look for DM+N interactions
• Expts:

• LUX, XENON, DarkSide

• Indirect Detection:
• Principle:

• look for SM particles produced 
through DM annihilation processes
• Searches Particles: e-, e+, γ-rays, ν, p

• Expts:
• AMANDA, ANTARES, KM3NET, AUGER,
GLAST, HESS, ICECUBE, SUPER-K, CTA

Dark Matter Searches
- Complementary Methods -



19/11/2020 "Introduction to Supersymmetry", S. Muanza 64

Search Hypotheses

1. DM forms a static halo in the galactic rest frame
• The sun rotates at 230 km/s around the galactic center
• The earth rotates at (230+/-15) km/s => annual modulation

2. DM elastically scatters on ordinary matter
3. 10 GeV < m(WIMP) < 10 TeV 

=> nuclear recoil E: 1-100 keV

• Heat: phonons in crystaline lattice structure
• Ionization: free electrons in materials
• Light: scintillation in materials

Dark Matter Searches
- Direct Detection (1/3) -



19/11/2020 "Introduction to Supersymmetry", S. Muanza 65

Dark Matter Searches
- Direct Detection (2/3) -

• Location:
• LN Gran Sasso

• Detection Technique: 
• dual phase Xe detector + PMTs
• prompt scintillation in liquid
• ionization => proportional scintillation in gas
• Phase  I (05-07): 10 kg target mass
• Phase II (08-10): 100 kg target mass, bkgd/100

• Data samples: 
• 190.4 kg-day

• S1: scintillation 
in LXe (bottom)
• S2: top ionization
in GXe (top)

XENON-100 Experiment
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Dark Matter Searches
- Direct Detection (3/3) -

XENON-100 Results



19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S. 
Muanza

67

BACK -UP



• Characteristics of LEP / LHC tunnel
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Search Instruments
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L3 Detector


