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Rien n’est cru si fermement  que ce 

que l’on sait le moins 
Nothing is believed more strongly that which we know the least

Montaigne , Essais
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Spontaneous Symmetry breaking 

The Brout-Englert-Higgs mechanism 

The LHC 

in a   
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LOI of ‘large’  LHC experiments 

TP of ATLAS andCMS   approval of LHC (december)

discovery of top by CDF and D0 (following evidence in 1994 by CDF) 

approval of LHC in one step (december)

approval of the 4 largest LHC experiments  (ATLAS,CMS,   LHCb, ALICE)

ATLAS Physics TDR  CERN/LHCC/99-14    CERN/LHCC/99-15

CMS Physics TDR   J. Phys. G: Nucl. Part. Phys. 34 (2007) 995–1579

ATLAS  Expected Performance arXiv:0901.0512

start-up at 3.5 + 3.5 TeV

1992

1994

1995

1996

1998

1999

2006

2008

2010

2012

2014

1964 Brout, Englert, Higgs, Guralnik,Hagen,Kibble

1967  Weinberg, Salam    Faddeev,Popov

1970 Glashow, Iliopoulos,

Maiani, ‘t Hooft, Veltman…..

1983    Rubbia, van der Meer, Banner, Darriulat, Di Lella,          discovery of W and Z at CERN   

1984                  Repellin, …                                                                                            Lausanne 

1989       construction of the LEP (  e+ e- collider )  tunnel finished

beginning of the R & D  of  LHC  experiments

1950 Ginzburg-Landau  ( Meissner-Ochsenfeld effect  London penetration length  W mass

 Pippard coherence length ~ H mass  )

related to sort of 

(Anderson) Brout-Englert-Higgs mechanism

1959 Nambu 

1960 Goldstone

1961  Schwinger

1962  Anderson

4th July discovery of boson

boson like properties           Nobel prize to Englert and Higgs
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10th september 2008 :  first beams around

19th september 2008 : incident

20th november 2009 :  first beams around (again)

december 2009 :  collisions at 2.36 TeV cms

14 months of major repairs and consolidation

New Quench Protection system

January 2010 : decided scenario 2010-11    7 TeV cms

30th march 2010 :  first collisions at 7 TeV cms

august 2010 :  luminosity of 1031 cm-2 s-1

instead of 14 TeV

2
0

1
0

may 2011 :  luminosity > 1033 cm-2 s-1

november 2011 :  integrated luminosity  ~  5 fb-1 

13th december 2011 :  first ‘signal’ around 126 GeV

2
0

1
2

march 2012 :  start again at 8 TeV 

( 50 ns  between bunches )

4th July 2012 :  evidence for a new boson  

( integrated luminosity  ~  6 fb-1  )

2
0

1
3

(Standard-Model) boson-like properties

peak luminosity   7 1033 cm-2 s-1   

integrated luminosity ~ 5+ 20 fb-1

Albert De Roeck

Yves Sirois
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Two important results at the LHC 

The discovery of the BEH boson ,

with properties close 

to what was predicted by 

the Standard Model

No new physics ! 
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We hope to find new physics in the scalar sector

either by looking at deviations of the properties

(w.r.t SM properties ) of the (already discovered )

BEH boson , or by looking 

at new bosons ( using or not the already discovered

boson ) 

The SM ( with a BEH boson ) is NOT the ultimate theory

(  neutrino masses , dark matter , baryon-antibaryon 

asymetry , unification between electroweak theory and 

strong interation, …     not explained )
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masses of elementary 

particles
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 65  of dark energy (vacuum  energy)

 expansion  of Universe 

accelerating

~ 30  of dark matter ( not yet

observed )  rotation 

of galaxies

~ 5  of “known” matter

Energy of Universe

A lot of things are not known !   SM not ultimate theory 

Hierarchy problem

mH << mPlanck

Connection 

with gravity 
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Supersymmetry (SUSY) is a popular candidate in order to ‘explain’ this 

* Multiplies by ~2 the number of particles 

* Allows the stabilisation of the Higgs mass 

* Local SUSY incorporates gravity

* Gives a natural candidate to

dark matter : the LSP

In addition  better unification 
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MSSM

D.Rainwater hep-ph/0702124

MSSM

5 Higgs bosons  

( 3 neutrals A,H,h and 2 charged H) 

couplings to down

part of doublets

( b ,  ,  ) enhanced

at  high  tan(β)

at LO MSSM Higgs sector depends of 2 parameters  MA tan()

( = v2/ v1)            at NLO more SUSY parameters  

A (0-) does not give  ZZ and WW)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/ATLAS_HIGGS_mu_Summary/ATLAS_HIGGS_mu_Summary_201410.png

LHC results of run 1 ( see Yves )

sensitive to 

several decay modes



several production

modes  

Bourbaphy 29-11-14
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A.Djouadi Phys.Rept.457:1-216

GF     H → WW , ZZ , γγ , bb,

VBF H → WW, ZZ , γγ , 

H → WW, γγ, bb

H → WW, γγ, bb

Typical uncertainties on cross-section

gg            10 %            NNnLO

VBF         5%                 NLO

WH,ZH   5%                NNLO

ttH           15%               NLO

These production cross sections have to be used

with the decays bb ,  , WW , ZZ , 

channels with good mass resolution 
Bourbaphy 29-11-14
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values of the couplings can be modified in extensions of the SM 

relative modifications of direct and loop-induced couplings

depend of BSM models :  

- in ‘composite models’  couplings to 

 are protected by global symetries and deviations are

therefore smaller , 

- in MSSM loop-induced deviations are larger
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Importance of theoretical errors at the LHC 

but they should decrease (soon) !  
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JHEP 1409 (2014) 112

however several

small tensions

with the (current) data
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The LHC is a (mainly) pp superconducting collider of  27 km long in a tunnel 

~ 100 m underground close to Geneva ( tunnel already used by LEP) which 

should work with a design centre-of-mass  energy of 14 TeV 

Mont Blanc

Lac Léman 
Jet d’eau de Genève

► The LHC 

CERN

(Centre 

Europeen 

de 

Recherche 

(sub)Nucleaire)

in fact world center

Bourbaphy 29-11-14

design of LHC

2808 bunches of 1011 p in each

beam collide (each 25 ns )

luminosity =1034 cm-2 s-1



experiments at  the LHC 

Lake of Geneva

Large Hadron Collider

CMS       Totem 

ATLAS     LHCf

LHCb

ALICE

LHCb 

(matter antimatter asymmetry)

ALICE  

( quark-gluon plasma)

ATLAS and CMS look for

the elementary scalar boson + ..

> 3000 physicists  in each of these

two experiments

23Bourbaphy 29-11-14
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Example of  CMS = (Compact Muon Solenoid) 

B = 4 T

« 4  » detector
up to =5 

(from  = 1.35°)

e  precision calorimetry

H  , 4 e

Lead tungstate

75000 scintillating crystals

Muon  spectrometer

Hadronic 

Calorimetry

Sampling calorimeter with absorber 

(brass) and plastic scintillators

Jets and  ETmiss

Silicon tracker

+ vertex ( b quark,

 lepton) 

Trigger without dead time 

write > 200 evts /s 

Supposed to work 10 years without 

decrease of performances
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High level quality control ! 

Bourbaphy 29-11-14
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Inner Detector (||<2.5, B=2T): 
Si Pixels, Si strips, Transition 
Radiation detector (straws) 
Precise tracking and vertexing,
e/ separation
Momentum resolution: 
/pT ~ 3.8x10-4 pT (GeV)  0.015

( chamber resolution  MS )

Length  : ~ 46 m 
Radius  : ~ 12 m 
Weight : ~ 7000 tons
~108 electronic channels
3000 km of cables

Muon Spectrometer (||<2.7) : air-core toroids ( B ~ 0.5 / 1T in barrel/ end-cap) with gas-based 
muon chambers Muon trigger and measurement with momentum resolution < 10% up to E ~ 1 TeV

EM calorimeter: Pb-LAr Accordion
e/ trigger, identification and measurement
E-resolution: /E ~ 10%/E 

HAD calorimetry (||<5): segmentation, hermeticity
Fe/scintillator Tiles (central), Cu/W-LAr (fwd)
Trigger and measurement of jets and missing ET

E-resolution:/E ~ 50%/E  0.03 

3-level trigger
reducing the rate
from 40 MHz to
~200 Hz

ATLAS detector

Daniel Fournier

Marc Virchaux

(1953-2004)
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Huge efforts over last months to prepare for high lumi and pile-up expected in 2012:
 optimized trigger and offline algorithms (tracking, calo noise treatment, physics 

objects) 
 mitigate impact of pile-up on CPU, rates, efficie

ATLAS

Z μμ event from 2012 data with 25 reconstructed vertices

pile up

will increase

at higher energy

→
experiments

request 

25 ns

(instead of 50 ns)

operation

in 2015

M. Lamont, IPAC’13

L =

Luminosity

=

0.8 1034

[ cm-2 s-1 ]
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 Future facilities ( for future searches ) 

 New physics in the scalar sector

( see Pierre and Abdelhak ) 
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 Backup  
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Short term future ( improvements of LHC ) 

(upgraded) LHC may be the only machine in the next 20 years



Bourbaphy 29-11-14 31



Bourbaphy 29-11-14 32

©
A

.H
o
ec

k
er



©
 F

a
b

io
la

 L
H

C
P

 2
0
1
4

33Bourbaphy 29-11-14

The LHC will start again soon
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Next 20 years !
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cost (machines) 

850 MCHF

cost (detectors)  ~ 500 MCHF
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Luminosity levelling
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© Virdee Vietnam
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Long term future  ( linear and circular colliders )

Obviously final decisions will wait for (more) results from

LHC …

proton colliders , circular , allow to go to very high

energy  ,    technological challenges : magnets 

electron colliders  , circular ( large synchrotron radiation 

power ~ 1/m4 ) or linear , allow a well defined centre of 

mass energy between constituents 

+ muon colliders ,  e-p colliders (LHeC),  photon colliders

plasma-based particle acceleration     not described here
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e+e- colliders  : remind   Synchrotron Radiation Power ~ Ebeam
4

ILC : two single-beam linac with superconducting RF accelerating 

cavities  ~ 40 MV/m   s ~ .25 – 1 TeV

CLIC : two double beam linac : the low energy , high current drive 

beam powers ~100 MV/m RF cavities in main linac

 s ~3 TeV 

Circular e+e- colliders : FCC-ee : 80 km circular ring , 

e+e- collider  ( could have also 

L3  s ~240 GeV in LHC tunnel  ) 

requires two ring scheme  in order to have a lot 

of bunches and continuous injection ( tested at 

B factories )  ..  see also CepC

FCC-pp ( could go up to  s=100 TeV) 

Bourbaphy 29-11-14
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The International Linear Collider  ( ILC ) 

Linear e+ e- collider , based on superconducting radio-frequency

accelerating technology.

0.5 TeV CM energy

5 GeV e+ and e-

circumference = 3.2km
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s = 0.5 TeV

(1.3 GHz) superconducting cavities

with a pulse length of 1.6 ms

40 MV/m

separation between bunches in a pulse

~ 0.5  s

rate of pulses ~ 5 Hz 



44Synergy with XFEL ( X-ray Free Electron Laser at DESY ) 

almost 20 years of R&D

within pulse ( ~ 1 ms)
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Compact LInear Collider   CLIC

High gradient normal-conducting accelerating structure

RF power for the colliding beams extracted from a 

high current drive beam  

pulse rate : 50 Hz

350 bunches 

( each 0.5 ns )

in a pulse
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CLIC

4-5 years of operation 200 days/year 50% efficiency 
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3 TeV CLIC

Note :  1 year of CERN with LHC at 4+4 TeV

1.26 TWh

Will add   0.1 TWh   at 6.5+6.5 or  7+7 TeV
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Future Circular Colliders

CERN is considering a design study of post-LHC 

particle circular accelerator , with emphasis on pp and

e+e- high energy frontier machines  

pp colliders  : 

LHC circumference = 27 km  B = 8.3 T  s =14 TeV

100 km       20 T          125 TeV

technological challenge

Circular design also considered in China ( CepC , SppC)
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Magnet ‘design’
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Magnet fields 
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Very high luminosity e+ e- colliders considered

FCC-ee  High luminosity 

 short beam lifetime

 top-up injection , operating the collider at constant 

magnetic field and with  almost constant beam current

( tested at KEKB and PEP-II B factories ) 

 Requires a full-energy injector 

The FCC-ee collider is a double ring with separate 

beam-pipes for the e+ and e- beams 

 allows a large number of bunches 

 3 rings
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Constant PSR

current

~ 

1/(Ebeam)4

100 MW PSR  300 MW total for FCC-ee

large number

of bunches
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comparison of luminosity of various colliders

FCC-ee and CepC values are summed over 4 and 2 IPs
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 Historical introduction of the boson and of the LHC

reminder ( see François and Yves )

 Future facilities ( for future searches ) 

 New physics in the scalar sector

( see Pierre and Abdelhak ) 

 Conclusion

 Backup  
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First , study of the properties of the 

already discovered BEH boson 
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measured  directly by experiments

obtained by fits of different 

measurements

H
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Expectations from HL-LHC 



Bourbaphy 29-11-14 61

300 fb-1 ~ 2025       3000 fb-1 ~ 2035
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Increase of cross section with s
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width ( and mass ) of (already discovered)  BEH boson  

measuring the width is a clear way to search for new physics 

measurement precisions
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recoil mass absolute measurement of the Bosonstrahlung

cross section

regardless of the H decay mode  

 equally valid if H decays to invisible

final states

model-independent measurement

of gHZZ

(m) < 50 MeV
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The total boson width can be determined with an error of ~ few %

using formulae like this 

(H)  =  (HZZ)  /  Br(HZZ)

Obtained from direct 

HZZ couplings 

( gHZZ) 

Directly measured
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Double H production and self coupling 

hadron colliders 

very challenging
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e+e- study of triple H coupling 
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Additional bosons 

Was already studied 

a long

time ago 

ATLAS TDR

A/H  , tt

A  Zh

H hh
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discovery potential for heavy H bosons increase a lot

for FCC-hh

e+ e- machines 
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A very large program in the scalar sector 

( and elsewhere ! ) to be done with HL-LHC

and future e+ e- colliders 

( and future pp colliders ) 

and CP violation was not discussed

and also WW scattering at high mass …  
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finally  some publicity 

Bourbaphy 29-11-14



Bourbaphy 29-11-14 80

Journée "Futur de la Physique des particules"

vendredi 23 janvier 2015 de 10:00 à 17:00 (Europe/Paris) 

à  LPNHE ( Amphithéâtre Georges Charpak )  

10:00 - 10:30  La physique du H et la physique BSM 30'  

10:30 - 11:00  La physique des neutrinos 30'  

11:00 - 11:30  Le scénario standardissimo 30'  

11:30 - 12:00  Le programme LHC-HL 30'  

12:00 - 12:20  Les 60 ans du CERN 20'  

12:20 - 13:30  déjeuner  

13:30 - 14:00  La physique des saveurs 30'  

14:00 - 14:30  le projet ILC 30'  

14:30 - 15:00  Design study FCC 30'  

15:00 - 15:30  Accélérateurs futurs : les défis à relever 30'  

15:30 - 17:00  Table Ronde 1h30' 
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 Historical introduction of the boson and of the LHC

reminder ( see François and Yves )

 Future facilities ( for future searches ) 

 New physics in the scalar sector

( see Pierre and Abdelhak ) 

 Conclusion

 Backup  
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Brisure spontanée de symétrie   =    mot clef ! 

exemple : ferromagnétisme  

pout T < TC les dipoles sont alignés dans une direction ( arbitraire) 

L’etat   fondamental  brise la

symétrie  des lois physiques   

Bourbaphy 29-11-14
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( Superfluidité  et ) supraconductivité  : transition de 

phase vers une condensation de Bose-Einstein

Pour T < TC le champ

magnetique ne rentre pas

a l’interieur d’un 

materiau  supraconducteur 

( effet Meissner – Ochsenfeld) V
 =

 p
o
te

n
ti

el
 
paramètre d’ordre 

( lié au condensat de Bose  Einstein)

 Le photon acquiert

une masse ( dans le 

supraconducteur ) 


N

.A
n

d
a

ri
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De facon analogue a la 

supraconductivité  mais de 

facon plus profonde  on 

suppose que l’Univers est 

rempli du champ de BEH 

Le potentiel ( aux énergies 

nous intéressant )  a une 

forme de chapeau mexicain

et le vide        correspond à une

valeur non nulle de 

V



A ce moment les bosons faibles ( W et Z )         prennent une masse 

La masse du boson de BEH est liée aux oscillations de 
dans le vide ( au minimum) 

Bourbaphy 29-11-14
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Mass of the 4 scalar bosons

positive 

W and Z mass = 0 

fermion masses =0

Mass of one scalar (BEH) 

boson positive 

W and Z mass positive

fermion have their masses

10-10 s

Bourbaphy 29-11-14



86Bourbaphy 29-11-14



87Bourbaphy 29-11-14



88Bourbaphy 29-11-14



89Bourbaphy 29-11-14



Bourbaphy 29-11-14 90



91

A
.D

jo
u

a
d
i 

P
h

ys
.R

ep
t.

4
5
7
:1

-2
1
6

Width smaller than ‘leptonic/ resolution’

zone favored by (pre-LHC) data

For mH ~ 125 GeV the 

width is about 4 MeV

corresponding to  ~ 10-22 s

and  ~100 fm

Bourbaphy 29-11-14
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Importance of theory ! 

LO

NLO

H
a
rl

a
n

d
er

 H
H

 =  / SM    SM = SM bosonBourbaphy 29-11-14
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approximate NNNLO cross section computation 

small(er) dependence w.r.t R

‘full’ NNNLO H cross section computation soon 

by Anastasiou et al.Bourbaphy 29-11-14
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parton luminosity functions

• a quick and easy way to assess the mass and collider energy 

dependence of production cross sections, and to compare 

different PDF sets

• i.e. all the mass and energy dependence is contained in the 

X-independent parton luminosity function in [ ]

• useful combinations are 

• and also useful for assessing the uncertainty on cross 

sections due to uncertainties in the PDFs

s                 X
a

b

S
tirlin

g
 H

H
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Fundamental scalar (Higgs) boson searches have guided the 

conception, design and technological choices of ATLAS and CMS  

almost instantaneous decay

γ

γ

e e

Z

 Z*

e



W


W*

 not detected 

In these 2 cases the boson mass is

computed reconstructing the invariant

mass of the decay products

 the mass resolution ( and E and p) is very important in order to have 

a good  significance S/ B, often  1/√(resolution)  since the natural

width of the boson is (almost always) negligibleBourbaphy 29-11-14
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Scalar boson decays : example of  H γγ

Interference 

between 

W loop                           top loop

 -.26            + 1.26 
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masses of elementary 

particles

1meV           10 K

1eV              104K

1keV           107K

1MeV         1010K

1GeV          1013K

1TeV          1016K

1015GeV     1028K

1018GeV     1031K

1 TeV

1 GeV

1 MeV

1 keV

1 eV

1 meV
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 65  of dark energy (vacuum  energy)

 expansion  of Universe 

accelerating

~ 30  of dark matter ( not yet

observed )  rotation 

of galaxies

~ 5  of “known” matter

Energy of Universe

A lot of things are not known !   SM not ultimate theory 

Hierarchy problem

mH << mPlanck

Connection 

with gravity 
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105(E)/E = 3%/EGeV  0.7 %

CMS EM calorimeter 

more than 75000 

crystals of  PbW04
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presampler and longitudinal segmentation of the EM 

( Liquid Argon ) accordion calorimeter
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Le toroide supraconducteur d’ATLAS 

(A Toroidal LHC ApparatuS )
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luminosity is a property of beams 

event rate [ events  s-1 ]  

=  luminosity [ nb-1 s-1 ]   *   cross section [nb]

Number of bunches 

in collision 
Number of 

protons in

A bunch
energy

Transverse size of the beams  
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Important parameters 

(instantaneous) luminosity 

LHC : currently 

peak luminosity  is  7 1033 cm-2 s-1

other unit = nb-1 s-1

Integrated luminosity 

for ATLAS and CMS each 

it was ~ 5 fb-1 at s = 7 TeV and ~ 20 fb-1 at s = 8 TeV

Notion of pile-up : in a bunch-crossing , in addition to the

‘nice’ event there are additional p-p interactions  ( ~35

for 7 1033 cm-2 s-1 ) which make the ‘nice’ event more 

complicated to analyze  
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