
LHC Results… and how we get them
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Why? How? And the results
The LHC and the related experiments is a wide subject… I had to make some 

choices :
• Why have we built the LHC ?
• How all this complex experimental setup works ?

• The LHC collider
• The experiments
• The computing

• How physicists get their results ?
• What are the main results from the ATLAS/CMS experiments

Apologize for a biased view: 
• Working on the ATLAS experiment, I will mainly concentrate in ATLAS and CMS results 

not that ALICE and LHCb results are less interesting !

This is not a formal presentation… 
please ask/discuss and don’t hesitate to interrupt
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WHY ?
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Particle physics before the LHC start

Standard Model
• Well established and comprehensive 

description of all known elementary particles 
and of 3 of the 4 fundamental interactions

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.479
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.379
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.3 ± 1.1 173.4

July 2010

Standard model parameters consistency 
with LEP and TeVatron measurements

http://lepewwg.web.cern.ch/LEPEWWG/plots/summer2010/
http://gfitter.desy.de/Standard_Model/2009_12_28_index.html
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However…

• A lot of questions related to the matter
• How these particles get their mass ? Higgs mechanism ???
• What explains their mass hierarchy ? Why 3 families ?
• Neutrino masses ?
• What is the dark matter ???
• Why don’t we see as much anti-matter as matter in the universe ?
• What was the matter state at the beginning of the universe ? Quarks-gluons plasma ?

• A lot of questions related to the interactions
• Gravity is not included in the standard model. Can gravity be quantized ? Is there a theory that could 

include both the standard model and the gravity ?
• Why gravity is so weak compared to other interactions ?
• Is it possible to unify the interactions ?

• …
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Possible answers… and possible observations

• Mass ➜ Higgs mechanism, Brout Englert Higgs (BEH) boson (1964)
• Experimental status before LHC start

• Higgs search: LEP and TeVatron limits
➜ if it exists, its mass is > 112 GeV and    

outside of 160-170 GeV
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Possible answers… and possible observations

New particles➜

• Supersymmetry
• Extra-dimensions 
• Compositeness
• Higgs sector extensions
• ….

LHC main goals:
• Find the Higgs or something else that should be below the TeV scale
• Search for new phenomena that can give hints on what is beyond the 

Standard Model
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THE LHC AND THE EXPERIMENTS
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Probing the heart of the matter

Principle:
1) Accelerate particles to give them a large amount of energy
2) Collide the particles
3) Look at the result

Particles: small topic to study Big experiments
2 important parameters:

• Energy: the higher the energy, the higher the mass produced particles can have
• Luminosity: high luminosity gives access to rare processes
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Important variables
Production process

• Cross section σ: the area transverse to the relative motion of particles within which they must meet in order 
to scatter from each other ( ! Not their transverse size) ➜ a measure of the process production 
probability
• Unity = barn =10-28 m2

Important LHC variables
• Energy: collision energy = 2 times beam energy

• Luminosity ℒ ➜ Number of produced particle N = σ ℒ ➜ measures collider performance in term of collision 
number

Particles
• Energy momentum four-vector : P = (E,p)   (natural units used c=h=1)
• Mass: m2 = E2 – p2   ( m2 = |P|2 )
• Transverse variables: no transverse energy in beams ➜	∑ 𝒑𝑻�

�  = 0 ➜ using a lot transverse variables
• Missing transverse energy is the transverse energy sum of all produced particles that are not detected either 

because they didn’t interact with the detector or because detection inefficiency
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Collide particles or the use of E = mc2

Energy  ↔ Matter

Matter

Kinetic
Energy

E2 = m2c4 + p2c2

Matter

Kinetic
Energy
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The LHC : Large Hadron Collider
= 2 accelerators in a ring of 27 km length, at ≈100 m underground at the French-Swiss border  
= that collide hadrons (protons or lead ions) in 4 points where experiments register the    

collision products
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The CERN history at the service of the new challenges
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The LHC
• 16 cavities for acceleration (8 per beam)
• 9600 magnets

• 1200 dipoles to bend the beam
• Quadrupoles, sextupoles, octupoles, decapole to focus the beam

15Journée Théorie CPTGA 2017                                               24 mai 2017                                         Sabine Crépé-Renaudin                                                 



The challenge: the dipoles

LHC beams have a circular trajectory
• It allows them to go several times through the same 

acceleration cavities
• It allows to collide beams: available energy in the 

collision = 2x beam energy

Nominal beam energy is 7 TeV (7.1012 eV)
• To bend this beam superconducting magnets are 

needed

LHC dipoles
• Niobium-titanium cables, superconducting at 10K, 

operated at 1.9K with a current of 11 850 A
• Dipole field is 8.33 T
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The machine of superlatives

• Beams circulate in a 
vacuum of 10-13 atm
• Ultrahigh vacuum ~ 

atmosphere of the 
moon 

• Vacuum also used for 
insulation of 
cryomagnets and 
helium lines
• 9000 m3 to pump down 

(10-9 atm) for 
cryomagnets, 

• 5000 m3 for helium lines
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The dipoles are cooled down with superfluid helium
➜ Temperature ≈ 1,9K, colder than space (2,7 K)

The machine of superlatives
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Beams are made of 2808 bunches of 1011 protons each
Protons travel around the LHC at 99,9999991% of c 

➜ they do more than 11 000 LHC 27km turn/s and there is a collision every 25 ns

The machine of superlatives
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Collisions

At each beam crossing, several proton collisions occur at the same time:
this is called the pile-up
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Collisions

CMS ALICE

Each hard proton collision produces hundreds of particles that we have to identify 
and measure (position, energy) 
This has to be fast: there are 40 million collisions per second (1 every 25 ns)
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Each collisions in reality

protonproton

• Partons (quarks, gluons in the proton) 
collisions

• Hard collision
• Underlying events (softer parton

collisions)
• Parton showering, QED bremstrahlung
• Hadronization
• DecaysLeptons

jets

… is a complex process…

https://sciencenode.org/feature/
sherpa-and-open-science-grid-
predicting-emergence-jets.php

photon
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The four giant experiments
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Un événement 
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Measure particles with a giant: the ATLAS detector

Trackers

Hadronic Calorimeters 
Muons chambers

25 m high
46 m long, 
7000 tons,
~ 100 million channels
~ 3000 km of cables
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The tools : ATLAS detector
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Data
• Collision rate: 40 MHz

– Impossible to register everything➜ In line selection: trigger
– ~ 1000 collisions/s registered (1 Go/s) 

➜ 50 PB of data produced per year

The computing challenge

Software: 
• In line with the detector complexity

– Ex: ATLAS software is composed 
of 4 million code lines

• Used for data reconstruction, MC 
simulation and data analysis
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Computing grid:
• ~170 sites from 42 countries interconnected 

through the network     (10 to 100Gb links)

• Store data and execute programs in a 
transparent way for the user
• Analysis: user program is sent automatically in 

the site where the data he needs is lying
• Reconstruct LHC data and do MC simulation

• Size
• ~ 750 000 jobs running in parallel
• 600 PB of storage

The computing challenge
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Big experiments, big collaborations

ATLAS collaboration is composed by 3 000 scientists (1 200 students) 
from180 institutes and 38 countries
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THE WAY TO THE RESULT
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The way to physics results

From experiment design to detector building and assembly

From collisions to physics result

1984 1995

8 TeV

2002

2009

2006

2012
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Detector Simulation
(Geant)

Reconstruction
Selection

Experimental
data

Simulation

Background
Data  

Observable
Comparison
Statistical
Analysis

ResultSignal

Monte Carlo
Generator

MC data

Theory

Experiment

Ex
ch

an
ge
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Monte Carlo
Generator

Detector Similation
(Geant)

MC data

Reconstruction
Selection

Theory

Experience

Experimental
Data

Ex
ch

an
ge

Observable

Measure
Discovery ?
Exclusion ?

Publication

Signal

Background

data

Comparison
Statistical
Analyse

Result
Simulation

Global analysis scheme
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LHC running periods
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92.5 % efficiency !



REVISITING THE STANDARD MODEL
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Revisiting the Standard Model

Measurements of known standard model processes are important
• Detector commissioning and calibration: first measurements of precisely known processes allows to 

commission the detectors and are used to calibrate all parts of the experiments and of the 
reconstruction techniques

• Comparison with theory: is the Standard Model still valid at the TeV scale ? 

• Can we measure very seldom process that we could reach before ?

• All standard model processes represent the backgrounds for new phenomena searches
• We need to know them as precisely as possible
• Some can’t be simulated (complex non perturbative QCD processes for instance), we rely on data

• Precise measurements of standard model processes, if not in agreement with calculation will give 
insight on new phenomena
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Standard Model Cross Sections

Cross sections measured 
over many orders of 
magnitude

Each point is an analysis
➜ a summary of the work   

of many people…
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and as function of the CM 
energy

Standard Model Cross Sections Evolution with Energy
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Standard Model cross sections
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All measurements in 
very good 
agreement with 
Standard Model 
calculations



A LONG AWAITED NEW PARTICLE
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BEH (Higgs) boson search

Production
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~ 1 Higgs boson 
for 5 billions of protons collisions !

Collisions energy (TeV)

Production rate
proton-proton collisions

10 order
of magnitude

Hypothesis (theory) : mass of particles linked to a Higgs mechanism
➜ Higgs boson, mass not predictable
➜ Theory predicts production and decays as a function of Higgs mass
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BEH (Higgs) boson search
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Decays probability = Branching Ratio

Higgs boson is not stable : it decays …

Hypothesis (theory) : mass of particles linked to a Higgs mechanism
➜ Higgs boson, mass not predictable
➜ Theory predicts production and decays as a function of Higgs mass
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Signal : Higgs
Signal and background:

Background

H ➜ Invariant mass of the 2 photons
= Higgs mass

➜ Mass2 = 2E1E2(1-cosθ12)

➜ Invariant mass of the 2 photons
= continuum
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Exemple : Higgs in 2 photons



Higgs (mH=125GeV)

H
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Background

Exemple : Higgs in 2 photons



+
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H

Exemple : Higgs in 2 photons



Background fluctuations !
Background evaluation can come from simulation or from data

~ 100 billions of collisions
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Exemple : Higgs in 2 photons



~ 500 billions of collisions
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Exemple : Higgs in 2 photons



~ 2 000 billions collisions
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Exemple : Higgs in 2 photons



Day after day … the real data
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Exemple : Higgs in 2 photons



An other channel ZZ …
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2 experiments : same result
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No communication 
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2 experiments : same result



15 octobre 2016 Sabine Crépé-
Renaudin  

54

Séminaire du 4 juillet 2012 au 
CERN



Higgs boson: measurements

New particle properties

It’s a Spin 0 particle

http://cdsweb.cern.ch/record/2052552

Mass : 125.09 ± 0.24     (± 0.21 stat ± 0.11 syst)
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Is this new particle the SM Higgs boson ?
Ratio of production rate with SM 

predictions are close to 1
Couplings are proportional to mass
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New standard Model consistency check
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SEARCH SEARCH SEARCH
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Search for new phenomena

Different strategies are followed in parallel
• Final state based search
➜ No hypothesis done about physics model, choose a final state and compare to standard model     

prediction

• Search for phenomena from a given physics model
➜ Typically the case for supersymmetry

• Search for simplified model or effective field theory 
➜ More general hypothesis, can be reinterpreted; ex dark matter search

• Analysis based search: analysis as general as possible used for interpretation with different models
➜ Typically the case of “exotic” searches that predict same kind of new particles ex: Z’ can be 

interpreted in terms of extra-dimensions models (KK gluon, graviton) or technicolor or dark matter model

• Indirect search through precision measurements 
➜ Typically SM measurements, LHCb for heavy flavors
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2015: di-photon excess ?

Sabine Crépé-
Renaudin  6



Confidence interval

1 σ ó 68 %
2 σ ó 95 %
3 σ ó 99,7 %
5 σ ó 99,9999 %

Tossing a coin, when do you decide the coin is rigged when you 
get several tails one after the other ? 

• 3 σ ó 8 tails one after the other 
• 5 σ ó 20 tails one after the other ! 

The probability to be wrong is  1 / 1 000 000

We wait for 5 σ
before claiming
for a discovery !



Number of related theory paper !
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750 shades of model building… 
600 !



2016 results

Sabine Crépé-
Renaudin  6



General search
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With 2 leptons

With photonsWith jets

With missing ET



New phenomena search at LHC

A wide range of signatures and models probed
• No significant deviation from SM prediction found within theoretical and 

experimental uncertainties
➜ Exclusion limits are set on model parameters, new particle masses, 
production cross-section…

Beware! In general, limits given for benchmark model points, or hypothesis are 
used to simplify the presentation
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Supersymmetry

Fermion-boson symmetry

➜ A lot of new parameters (on 
which particle mass and decays 
depend)

➜ Very popular because it’s the 
model that answers several 
questions at the same time: the 
lightest susy particle is a very good 
dark matter candidate, gauge 
unification, hierarchy,…
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M-H Genest - Supersymmetry Searches at the LHC 5
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Supersymmetry
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Example stop search
• Stop is the top quark partner
• It plays an important role to stabilize Higgs mass 
➩ good probability for having a quite low mass

Limits given as the functions of the lightest 
supersymmetric particle (partner of SM bosons and good 
DM candidate) and the stop mass

➜ Note: Some regions with lower sensitivity where 
supersymmetric particles have mass close to each other

M-H Genest - Supersymmetry Searches at the LHC 10

● Stabilizes Higgs boson mass

● Possibility of a dark matter candidate

● Allows unification of gauge couplings

R=(−1 )
( L+3B+2J )

  where   {L= leptonic number

B= baryonic number

J=spin                   

  

● Lightest  sparticle (LSP) stable (WIMP candidate)
● Pair produced sparticles
● Cascade decay down to the LSP

R = -1 for sparticles

R = +1 for SM particles

And it’s all physical motivations
Why is SUSY attractive?

M-H Genest - Supersymmetry Searches at the LHC 29

Direct stop searches 
Several decay modes are possible, depending on the couplings and 

the SUSY particle mass hierachy 

t

0

t
~

Low cross section (2 pb    

or less), high mass: 

Mostly stop  top +LSP 

            and, where kinematically allowed, 

Need powerful discriminating variables to reject top BG

011
~~~   bWbt

01
~~ ct 

High cross sections, 

very similar to SM 

background

Mass ranges , D (stop – neutralino), D (stop-chargino), D(chargino-neutralino) 

all play a crucial role in the search optimization



Supersymmetry
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Dark Matter search

Simple approach at LHC : mono-X and EFT
• Add a single DM candidate to SM : χ
• Look for mono-X event (mono-jet, mono-photon…)
• However, only valid if q2 < m2

med

Complementary (better) approach
• Add a single DM candidate and a mediator
• Allow to use other signatures to probe mediator 

and thus constrains the model
• Relax q2 limit but more model dependent
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Dark Matter search
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Dark Matter search
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Complementarity with direct searches
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Exotics

These analyses allow to search for particles 
predicted by a wide range of models:
• Extra-dimensions:

• Solve the hierachy problem: gravity is diluted in extra 
dimensions

• Compactified dimensions: signature can be Kaluza
Klein excitation of particles (gluon, graviton)

• New symmetry group = New gauge bosons

• Heavy quarks, excited leptons

• Leptoquarks (particles with both baryon and lepton 
numbers)

• …
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H Murayama

H Bachacou

Many models of possible 
Beyond the Standard 
Model physics (BSM)

Many many event 
signatures to be probed

A lot of different signatures



Exotics
A wide range of searches 

… sometimes with very exotics signatures
• Ex: long lived particles ➩ complicated signature searches just starting
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High Mass Di-Jet Search


arxiv:1703.09127
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THE FUTURE
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Program:
• Higgs measurements, in particular Higgs potential: Higgs self coupling
• Search for new phenomena



CONCLUSION
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Conclusion

LHC collider and experiments
• Are  fantastic, complex and challenging research tools
• Are operated by big international collaborations
• Are functioning extremely well

Results
• Huge amount of results produced since the start in 2011:

• Standard Model parameters and processes measurements
• Discovery of a spin 0 particle that has all the properties of a BEH boson
• Wide program of search for new phenomena

• No hint for new physics for the moment… but still unexplored territories to probe !
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TO GO FURTHER…
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Complementarity with direct and indirect detection
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A. Boveia, V. Ippolito - DM combinaCon - Oct 12th, 2016 10

Our weapons for the Dark Matter chase

LHC Direct 
Detection

Indirect 
Detection

scalar low xsec, 
soft spectra :|

pseudo
-scalar

low xsec, 
soft spectra

:’( 
(velocity 

suppressed)
:)

vector large xsec :) 
(spin independent)

axial-
vector large xsec :( 

(spin-dependent: 
experimental issue)

•spin-zero can imply 
some non-obvious 
Higgs sector (e.g. 2HDM) 

•need b-jets, Higgs, 
large-R jets, clever 
techniques, staCsCcs…

•Z’-like scenarios 
•need jets, leptons and 

an extensive resonance 
search program

a combined search strategy can 
sinergically provide enhanced 

discovery potential! 

we can access many 
signatures (look for 
mediators!), other 
experiments don’t!
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Dessin de Chappatte
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=hhs
=rrs

Summer
2006

%7.1/)(
%5.3/)(
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=rrs

LHCb at 
L=10fb-1
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LHC Cryodipole
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Un puzzle géant  ! 

Journée 
Théorie 
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