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The Standard Model
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04/07/2012

the Higgs boson 
has been found !
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Looking for the Higgs:  Large Hadron Collider 
The LHC project started at the initiative 
(and with the daring!!) of C. Rubbia 

The Aachen Conference in October 
1990 marked the start-up, since then 
work on the collider and magnets, 
various detector designs and 
understanding physics issues went on 
without let-up 

Scientific-diplomatic trips in 
1990/91/92 to Japan, India, Russia,              

USA, Canada etcLHC vs SSC:  Rubbia’s arguments: savings!
- existing LEP tunnel ~1 GCHF
- existing infrastructure at CERN  (PS. SPS, etc)  ~ 1 GCHF
- “two-in-one” scheme for dipoles saves ~ half the cost of magnet ~ 0.7 to 1 GCHF

thus overall LHC cost ~ 3 GCHF
- will be ready by 1998 - 2000 !!
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Proton-proton scattering @ LHC
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From Partons to Jets
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The LHC machine
Circumference (km) 26.7

Number of superconducting Dipoles 1232

Length of Dipole (m) 14.3

Dipole Field Strength (Tesla) 8.4

Operating Temperature (K) 1.9

Current in dipole sc coils (A) 13000

Beam Intensity (A) 0.5

Beam Stored Energy (MJoules) 362

Number of particles per bunch 1.15x1011

Number of bunches per beam 2808

Crossing angle (µrad) 285

Bunch length (cm) 7.55

Norm transverse emittance (µm rad) 3.75

Beta function at IP 1,2,5,8 (m) 0.55,10,0.55,10
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LHC : 27 km long
100m underground

General Purpose,

pp, heavy ions

CMS

ATLAS

Heavy ions, pp

ALICE

pp, B-Physics,
CP Violation
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LHC Magnets

9300 Superconducting Magnets 
1232 Dipoles (15m), 448 Main
Quads, 6618 Correctors.
Operating temperature: 1.9o K
26.7 km tunnel 
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P

Lowering one of the 1232
15m long dipoles 100m down into the 
LHC
There are another 8000 magnets of 
different types as well
1st magnet lowered in March 2005

LHC magnets
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First Collisions at 3.5TeV/beam
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Basic principles of the detectors
Need “general-purpose” experiments covering as much of the solid angle as 

possible (“4p”) since we don’t know how New Physics will manifest itself
® detectors must be able to detect as many particles and signatures as 

possible: e, µ, t, n, g,  jets, b-quarks, ….
Momentum / charge of tracks and secondary vertices (e.g. from b-quark 

decays) are measured in central tracker (Silicon layers). 
Energy and positions of electrons and photons measured in electromagnetic 

calorimeters (+central tracker).
Energy and position of hadrons and jets measured mainly in hadronic 

calorimeters (+central tracker for charged hadrons). 
Muons identified and momentum measured in external muon spectrometer 

(+central tracker).
Neutrinos “detected and measured” through measurement of missing 

transverse energy (ETmiss) in calorimeters (+central tracker).
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CMS in a nutshell
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Particles as seen in CMS
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The CMS story
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Work for escavation at “Point 5”
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UXC/USC5: CMS caverns
Delivered to the experiment 
on February 1-st 2005.
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CMS Surface Hall in Feb 2006
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Surface Hall: Barrel Muons
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Assembly of the Coil

Coil: 230 tons
Outer vacuum tank:
13 m long SS tube, f=7.6 m

Sept 05
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Insertion of HCAL Barrel 
Apr’07
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Lowering of Heavy Elements
Feb 2007



N. De Filippis January  27-31, 2020 24

Tracker insertion
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CMS
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Beam Pipe installation
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CMS closed and ready for data
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Proton-proton collisions at LHC

Bunch Crossing 4 107 Hz

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

7 TeV Proton Proton  
colliding beams 

Proton Collisions 109 Hz

Parton Collisions 

New Particle Production  10-5  Hz  
(Higgs, SUSY, ....) 
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A typical pp collision at the LHC

Expected Higgs boson production rate is less than one in a billion pp colisions!
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Event selection stages
LEVEL-1 Trigger 
Hardwired processors  (ASIC, FPGA)  
  Pipelined massive parallel 

HIGH LEVEL Triggers 
  Farms of 

processors

10-9 10-6 10-3 10-0 103 106  sec
25ns 3µs hour yearms

Reconstruction&ANALYSIS 
TIER0/1/2 

Centers

ON-line OFF-line

sec

Giga Tera Petabit
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EWK Processes: W and Z production

5

Drell-Yan process

High rate at the LHC
ü provides statistic to study inclusive and  differential distributions
ü Good understanding of the detectors allow for precision measurements
ü Test p-QCD and PDF in different regimes
ü Developments and testing of new MC generators and techniques
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W and Z decay

5
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W and Z signatures

5
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First W ® en and Z ® e+e- events in LHC, April 2010

By end-2012 we had 
~150.000.000 W and 
~15.000.000 Z 
decaying 
leptonically!!

W and Z spectra in CMS, Nov. 2010
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CMS shows a excellent 
performance to detect different 
signals

July 2011

End of 2015

Dec 2010

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Phys
icsResultsMUO

3

Di-muon resonances

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsMUO
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Higgs discovery
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SM Higgs production at LHC
Gluon-gluon fusion:
à radiative corrections at:

§ NLO QCD
§ NNLO QCD
§ NNLL QCD
§ NLO EW

LHC Higgs Xsection WG
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Higgs production mechanisms and decay modes

gHVV = 2mV
2/v

gHWW = g mW gHff = mf/v gHHH = 3mH
2/v indirect coupling to 

gg

indirect coupling to gg, 
top in the loop 
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for √ŝ = 1 TeV, x6;
for √ŝ = 2 TeV, x15;
for √ŝ = 3 TeV, x45;
for √ŝ = 4 TeV, ~x200.
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8 TeV à 13 TeV: What does it change ?

Ø SM Higgs is light, so the gluon fusion 
cross section doesn’t get that much 
boost (x2, 19.1 → 43.6 pb)

Ø Background cross sections increase 
too

SM Higgs

LHC Higgs Xsection WG
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HàZZà4l in a nutshell
Signatures: 4e, 4µ and 2e2µ final state 

clean but extremely demanding channel for 
requiring the highest possible efficiencies 
(lepton Reco/ID/Isolation).

s x BR small ≈ few fb

Backgrounds:
Irreducible: ZZ* 
Reducible: Zbb, tt+jets, Z+light jets, WZ+jets

Sensitivity:  115 < mH < 1000 GeV
Selection strategy:

triggering on double leptons 
applying reco, id and isolation of leptons
recovery of FSR photons
use of impact parameter
mZ and mZ* constraint
kinematical discriminant / scalarity of the Higgs

H à ZZ* à e+e-μ+μ-
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7 TeV DATA

4μ+γ Mass : 126.1 GeV

μ-(Z1) pT : 28 GeV

μ+(Z2) pT : 6 GeV

μ+(Z1) pT : 67 GeV

μ-(Z2) pT : 14 GeV

γ(Z1) ET : 8 GeV
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42

μ-(Z1) pT : 24 GeV

μ+(Z1) pT : 43 GeV

e-(Z2) pT : 10 GeV

e+(Z2) pT : 21 GeV

8 TeV DATA

4-lepton Mass : 126.9 
GeV
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14/6/2012: Approval 
of HàZZà4l 
analysis

June 2012:
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4-lepton mass: HàZZà4l, July 4 2012
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Di-photon mass: Hàgg, July 4 2012
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October 8 2013: Nobel prize


