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The introduction…



Particle Physics ?

The ambitious goals of Particle Physics: answer some of the most
fundamental questions in science:
• nature of matter ?
• nature of mass ?
• nature of energy ?
• how these are linked to cosmology and the evolution of the Universe

Huge progresses towards this aim made over the last decades, through
interleaved contributions from:
• theory work
• experimental work
 the two sides of the research in Particle Physics
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Our best friend (so far) in this quest:

The Standard Model of Particle Physics

simple and elegant…

Its Lagrangian: Particle contents:
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The (triumphant) long reign of SM
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déc 2011

juillet 2012

Crowning of SM !! 4th of July, 2012

Physics Nobel Prize 2013



Exciting times for you as well !

The discovery of the Higgs boson, 40 years after the prediction of 
its existence, is a major achievement for science !

It‟s not the end of our discipline, rather a new era opening up:
precise measurements of the Higgs boson property !!
search for new particles arising in theories beyond the SM !!

Higgs properties:
production: WH, ttH
decays: bb, WW

New physics beyond the SM:
• several good reasons for going BSM:

• neutrino masses
• dark matter ?
• matter/antimatter asymmetry
• “fine-tuning” problems

• no clear/favored solution from theory 
 the ball is in the experimental camp

• possible theoritical models:
• supersymmetry ?
• extra-dimensions ?

 we have the tool to explore the TeV
region: new run of LHC at 13 TeV just started

Priorities @ CPPM
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The collider… LHC
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The Energy Frontier

(Credits: J. Nash, Imperial College London)

collisions of 
elementary particles:

“neat & precise”

collisions of
composite particles:

“messy & crude”

LHC
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The Large Hadron Collider (LHC)
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• CERN, Geneva (European Laboratory for Particle Physics)
• Largest and most complex scientific instrument ever built:

• 27 km of circumference, 100m underground
• colder than outer space (100t of suprefluid He at -271 C)

• almost a perfect vacuum (pressure 10x less than on the Moon)
• 9600 magnets, including 1232 dipoles of 15m each

• Run 1: data taken in (2009), 2010, 2011 and 2012
• Highest energy at that time: 8 TeV
• With this data, the Higgs boson was discovered !
• Currently in Run 2: 2015, 2016, 2017, 2018 

• unprecedented energy available: 13 TeV !!
• expect to collect 4 times more data than Run 1

• Planned Run 3: 2021, 2022, 2023
• HL-LHC upgrade for operations for 10 more years after 2025



A challenging machine !

Particles

Partons
(quarks, gluons)

Protons

l
l

jetjet

Bunches

Higgs

Zo
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e+

e+

e-

e-

• Chasing very rare phenomena:
• e.g. tt+H: 1 / 1,500,000,000,000

 solution: a lot of collisions !!

• For instance in 2012:
• up to 1308+1308 bunches of protons

• each bunch with 1011 protons inside
• 4 TeV per beam
• 15 millions of bunch crossing / sec.
• up to 600 millions of proton-proton 
collisions per second !

• In 2017-2018: 
• 7.5 TeV per beam

• 2556 bunches per beam (25 ns i.e. 7cm separation)

• Head-on collisions created in four points 
of the ring: the 4 experiments of LHC, 
recording what‟s happening during the 
collisions (ATLAS, CMS, LHCb, ALICE)
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Why using protons in the LHC ?

• Synchrotron radiation: energy loss ∝ (1/R)*(E/m)4

– m(p) ~ 2000 m(e)

– for a 100 GeV electron in LEP2:  3 GeV lost per turn

– for a 7 TeV proton in LHC (same radius of curvature): 10 keV

– to get 200 GeV electron requires a machine 16 times bigger !

 protons: the avenue to the high energies (or go linear?)

• Proton-proton or proton-antiproton (like Tevatron) ?

– p-pbar XS higher than p-p, but difference vanishes at high E

– antiproton production is inefficient

– p + A  p + p + pbar + A

– at Tevatron, 106 protons on target to get 20 antiprotons

– not enough to reach high luminosity target for LHC 

 pp collisions 

 2 accelerators in one !
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The accelerator complex

- H2 bottle ! 
- duoplasmatron  protons
- Linac 2  50 MeV (to be replaced in 2019 by Linac 4 at 160 MeV)
- Booster & PS  25 GeV
- SPS  450 GeV

- before entering the LHC, a proton has traveled already ~6M km !
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Luminosity:  rate of collisions

Rate of events: L σ
# of events: Int(L)

• f: number of turns in LHC per second : 11245 Hz
• np: number of bunches of protons. Nominal: 2808 . In 2012: 1380
• n1, n2: number of protons in the colliding bunches. Nominal: 1.15 1011, 
in 2012 up to 1.5 1011

• σx=σy=16 µm : transverse size of beam at collision point
• ε: beam emittance (=πσσ‟), εN=εƔ (normalized emittance)

• σ‟: emittance in x‟=px/pz

• F: factor for crossing angle ~ 0.8  (Ɵ=285 µrad)

• β=σ/σ‟, to be minimized at IP. Typically 55cm for LHC.

• Design luminosity for 14 TeV operations: 1034 cm-2s-1
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LHC luminosity for Run 1
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Integrated luminosity in Run 1

LHC Run 1 (2010-2012)

Integrated luminosity recorded 
per experiment 
(similar for ATLAS and CMS):
• ~22 fb-1 in 2012
• ~5 fb-1 in 2011
• ~45 pb-1 in 2010

CN-FR Summer School - July 2018



ATLAS – L. Vacavant

Run 2 and 2018 Data-Taking
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Gigantic cameras to catch particles !
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The detector… ATLAS
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ATLAS

7000 tons 

44 m long

22 m height

100M of readout
channels

3000 km of 
cables
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ATLAS
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ATLAS

23

ATLAS in France: 
• 6 laboratories CNRS/IN2P3+Universities: Annecy, Clermont-Ferrand, 
Grenoble, Marseille, Orsay, Paris 
• 1 laboratory CEA in Saclay

ATLAS in Marseille: ~45 people
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Experimental challenges

• Signal cross-sections very small compared to QCD background
– important to identify and measure very precisely leptons, Ɣ

– measure also precisely jets from quarks/gluons ! 

– need to identify b-jets and tau hadron (particles w/ lifetime)

– ability to trigger is crucial !!!!

• in 2012, 15 millions of bunch crossings per second in ATLAS and CMS, which 
means 600 millions of p-p collisions per second !

• need to select only ~100 Hz of collisions

• Significant pile-up at LHC

– high-granularity detectors

– detectors with small integration time

• Radiation hardness of detectors

– huge flux of particle  10 Gy/y to 20000 kGy/y

– most difficult: low radius, pixel vertex detectors
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Typical cross-sections at LHC

LHC 2012

Production rates at nominal 
luminosity and design energy:
• inelastic pp: 109 Hz
• bb: 2.106 Hz
• tt: 8 Hz
• Wµν: 150 Hz
• Zµµ: 15 Hz

• H(125 GeV): 0.2 Hz
• gluino/squark (1 TeV): 0.03 Hz

Large rates for interesting physics, 
but overwhelming backgrounds !
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High-luminosity and pile-up

2010:
150 ns spacing
O(2) pile-up events

2011:
50 ns spacing
O(10) pile-up events

2012:
50 ns spacing
O(20) pile-up events

Major drawback with large # of protons / bunch: 
 extra collisions in same time window (25 ns) !

µ = mean number of minimum bias 
events piled-up in the same bunch 
crossing

µ = Li σinel / f

σinel ~73 (80) mb for 8 (13) TeV

Design: µ~25, µ~40 these days !!

2017-2018:
25 ns spacing
O(40) pile-up events

µ ~ 20
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How to measure & identify particles ?

This is CMS !
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Typical objects in HEP, and jets

• Relatively-well defined: electron, muon, photon

• More delicate: jets from the hadronization of quark or gluon
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The ATLAS Inner Detector
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LAr calorimeters
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Cryostat and muon chambers
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ATLAS: contributions from CPPM

LAr calorimeter
(endcaps)

Pixel detectors:

Trigger L3 
(no picture here)



ATLAS – L. Vacavant

New for Run 2: 4th pixel layer IBL
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What you need for the 
Higgs boson discovery…
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Knowledge about its couplings

• Higgs boson couplings proportional to mass of the particles

• coupling to massless particles realized via loops of massive particles:
• important for production at LHC: gluon fusion
• important for decays at LHC: ƔƔ decay
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Higgs production at LHC

gluon fusion

vector boson fusion

association with vector boson association with top quark pair
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Production cross-sections at LHC

• gluon fusion vastly dominant (parton luminosities)
• VBF second largest production 
• associated production costly
• significant increase of cross-section with √s (NB: true for bckgd also!)
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SM Higgs decays

NB: the rate is not the whole story !
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Some indications about its mass ?
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Finally, a search strategy:

• Main channels to search for the Higgs boson at LHC:

– mostly direct production, decay to 

– mostly direct production, decay to ZZ* then 4 leptons (golden channel)

– mostly direct production, decay to WW*

• Other channels, important to confirm its nature:

– other production modes (VBF, associate productions with W/Z and tt)

– decays to fermions: tau-tau, bb, µµ

(discussed further today)
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The H ƔƔ case
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H: strategy

striking signature: look for 2 isolated photons in the detector
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H: strategy

• rare mode:  0.2% for mH=120 GeV

• narrow resonance: ~100 MeV
(natural width: 4 MeV)
• precise reconstruction of diphoton
invariant mass
• large non-resonant background
observation of a peak above 
continuous background

look for 2 photons
mƔƔ

2 = mH
2 = 2E1E2 (1-cos α)
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Requirements on photon ID

Requirements for the Higgs search: 
• precise reconstruction of the photon energy
• precise reconstruction of the photon direction
• very good discrimination between photons and jets
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Electromagnetic Calorimetry in 2mn

Calorimetry: 
• energy measurement via total absorption of particles (signal  E)
• energy deposited: heat, ionization, Cherenkov light, atom excitation
• homogeneous calorimeters (CMS): absorber = active medium
• sampling calorimeters (ATLAS): sandwich absorber/active medium

Electromagnetic showers:
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Sampling calorimetry
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Energy and angular resolution

Goals for CMS:
• a ~ 2.5% (5.7% in endcap)
• b < 200 MeV (800 in endcap)
• c ~ 0.55% 

Goals for ATLAS:
• a ~ 10%
• b ~ 300 MeV
• c ~ 0.7%

Angular resolution (similar): ~ 50 mrad / √E
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Photon ID with ATLAS

• Large jet-jet and Ɣ-jet backgrounds

• Cross-section not well known

• Rejection needed: R ~104

• Main problem: π0 versus Ɣ

 high granularity for calorimeter 1st layer
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Photon ID performance
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Excès dans le canal Hγγ

)cos1(2
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Discovery of the Higgs boson
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Higgs mass measurements
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The ttH case

t(bW[jj]) t(bW[jj]) H()

6 jets, 1 or 2 identified as b-jets,  2 photons
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Typical track contains:

• 4 pixel hits

• 4x2 strip hits
• 36 TRT hits
• momentum resolution:

Layout of the Inner Detector

Covers |η|<2.5, in 2T B-field
Granularity:

• pixels: 

• 80M (50x400 μm2)
• Run2: +10M from IBL (50x250 μm2)

• strips: 6.3M (~80μm, stereo 40mrad)

• TRT straws: 400k (4mm)
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ATLAS Pixel Detector

Requirements:
• resolution: 10 (115) μm
• ε > 99%
• radiation hardness (160 kG/y @ 1034)
Sensors (3 initial layers, not IBL):

• n+-in-n, 256 μm-thick Si

• module: 16 FEs, 2880 pixels on each
• FE: 18 col x 160 rows , cell: 50x400 μm2

Read-out:

• per pixel + MCC

• binary readout + ToT
• threshold: tunable

•# BCOs: tunable

Operation conditions:

• reverse bias: 150  600 V

• sensor operation temp.: -20o C
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Pattern-recognition for track-finding

(Credits: D. Rousseau)
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Pattern-recognition for track-finding
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Higgs couplings to fermions

(Ximo Poveda)
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Interest of measuring Ytop

60

• le couplage top-Higgs intervient en fait dans le mécanisme principal 
de production du boson de Higgs (90% des cas)
• et également dans la désintégration en 2 photons
 contributions à des diagrammes en boucle

90% 1%

• mais il y a d‟autres particules qui interviennent, y compris peut-être des 
particules non-prévues par le Modèle Standard !!

mesurer ttH permet de quantifier de façon non-ambigue la composante
ttH (mesure à l‟arbre, directement  Y2

top), et donc de sonder de la 
nouvelle physique potentielle
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Fresh result: observation of ttH!

• production ttH observée au Run 2
• compatible avec le MS
• évidence directe du couplage intense
entre top et Higgs
• première observation du couplage
aux quarks
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Higgs boson measurements to do

• Mass:

– done

– (understand differences between ƔƔ and ZZ measurements)

– improved accuracy really needed ? (already at ~0.2% level)

• Couplings:
– to bosons: under control (10-20%) for ƔƔ and ZZ channels

– to fermions: evidence for Hbb for now, and confirmation 
(observation) of Hττ as well

– major goal of Run 2: coupling to top via ttH  just observed 

(4/06/2018)

– check full consistency of coupling patterns !!

– self-coupling: HL-LHC !!(?)

• Spin/parity:

– more data needed for precise determination, is it interesting ?

Quite some interesting work to do in the next years !!
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More precision measurements…
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Precise measurements/tests of SM

Recent
most precise 
measurement 
of m(W):
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Looking for the unknown…
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Beyond the Standard Model

A large variety of theories/(mostly) models:

• Supersymmetry:

– addresses hierarchy problem well (if at relatively low scale)

– provides naturally a Dark Matter candidate

• Technicolor:

– explain underlying EWSB through strong interaction

– used to be popular, but difficult to reconcile with H(125)

• Extra-dimensions:

– address hierarchy problem by bringing the Planck scale down to the 
TeV scale (in other words, explain why gravity is so weak)

• 4th generation models:

– can provide an additional source of CP-violation to explain Matter-
Antimatter asymmetry

– chiral models in trouble with H(125), Vector-Like Quarks still OK

• Etc….
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Where to look ?

• BSM particles must somehow couple to SM particles

– otherwise would not help to explain anything…

– usually also implies (severe) constraints from SM measurements

– new massive particles decaying to SM (electrons, muons, quarks…) ?

– long-lived particles produced ? explain Dark Matter ?

– if new interactions: how to compute rates ?

• Where to look:

– direct production of these new particles (ATLAS, CMS, …)

• on top of SM processes ? specific (striking) signatures ?

• maybe out of reach for LHC (or even future colliders) ?

– indirect effects of them through quantum loops:

• B-physics sector (LHCb)

• look where SM breaks: change in cross-section, interferences, etc

• Remember: 

– not much BSM theories available, mostly (and to many) models

– none of them is so compelling that everybody believes it is *the* 
model to look for (SUSY was close to this but…)

– a very interesting time for working on HEP experiments, since only 
them can (hopefully) shed light on New Physics
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Models  Signatures: a jungle  !!

(Credits: H. Bachacou)
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The infinite realm of SUSY
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Search for heavy resonances

Highest dielectron invariant mass 

event in ATLAS (2017): m(ee)=2.90 TeV

ET(e1)=841 GeV, ET(e2)=655 GeV

Models: SSM Z‟, RS graviton, GU E6, minimum walking technicolor,… 

Search: looking for „bumps‟ on top 
of (tails of) SM Drell-Yan 
background in m(ll) distribution

Z’

• clean signature: 2 high-pT

leptons (of opposite charge)
• triggering on one of them

µµ vs ee:
• low µ fake level vs jet background for e

• easier charge ID for µ
• ≳2 better energy/mass resolution for e
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Model s=8 TeV 13 TeV

SSM Z’ 2.86 4.05

E6 Z’Ψ 2.38 3.36

RS G* (spin 2) 2.47

Observed lower limits (TeV) at 95% CL:

k/MPl=0.1

Heavy resonances in dileptons
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The 1 slide on SUSY…

• Classic searches for strongly produced SUSY:  m(~q) > 1.6 TeV, m(~g) > 2 TeV

• EW production (lower XS): • New experimental challenges (RPV, etc):

• displaced vertices, disappearing tracks,…
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Summary of searches 
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Summary of searches 
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Future: HL-LHC

 on-going work to upgrade detectors already started !!
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Replacement of the ATLAS Tracker
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Conclusion

• Impressive results from LHC so far

– Higgs boson discovery !

– many of its properties measured ! just fresh: ttH observation !

– Standard Model explored and measured in many corners 

– including very high precision measurements ! mW=80370±19 MeV/c2

• Still a lot of data to collect for Run 2, then Run 3

– pursue searches for new physics

– more investigation of the Higgs sector

– measurements in the SM

• Path well-defined with HL-LHC till ~2035

– opportunities to learn about detector design, construction, operations

– physics prospects with HL-LHC:

• precise measurements of the Higgs boson couplings

• including its self-coupling

• rare decays of the Higgs

• extended reach for searches for New Physics

• Exciting time and perspective for you ! 
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More information
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atlas.cppm.in2p3.fr
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