
  Results from LHC

       Louis FAYARD ( IJCLab Orsay )

ENS 12 07 2023 1



ENS 12 07 2023 2

I didn't know Claude Bouchiat well, but 
enough to have some idea of   his
 personality. I wondered why he was not 
more often a member of thesis 
jurys at LAL Orsay.
 I understood by attending an HDR 
in ~ 1990 where he was 
in the jury 
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 After a discussion with the 
youngster, he said something like 
"enough discussion, write the 
Lagrangian on the blackboard".      
     
 This threw a chill in the audience 
and destabilized the young
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I knew Claude Bouchiat well, we were 
from the same class of 1953 at l'X.
At that time when leaving X to do research 
in physics, you had to either resign, which 
I did, or for Claude Bouchiat to be taken 
care of in a state body, in this case Les 
Poudres through the flair of Louis 
Michel.
Then I met and appreciated many times 
Claude Bouchiat in the context of physics
           Jean-Marc Gaillard

I knew Claude Bouchiat well, we were from the same class of 1953 at l'X. At that time when leaving X to do research in physics, you had to either resign, which I did, or for Claude Bouchiat to be taken care of in a state body, in this case Les Poudres through the flair of Louis Michel. Then I met and appreciated many times Claude Bouchiat in the context of physics  
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I knew Claude Bouchiat well. We had many 
exchanges on neutrino physics because he 
appreciated the discussions between 
experimenters and theoreticians.
I always see him enthusiastic and passionate, 
making movements, with his glasses which 
slipped on his nose and which he raised with 
a flick of his index finger. He was a valuable 
interlocutor for us as we prepared to publish 
the papers on neutral currents. 
                  Jean-Pierre Vialle 
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 I had him as a teacher at the DEA in theoretical 
physics from 65-66 and that I, as such, really 
appreciated him. He was anything but a socialite. He 
didn't pay for words and knew his stuff. 
During a support session for the construction of the 
LHC at the CNRS headquarters, quai Anatole France 
(the good times!), I remember that he glared at his 
neighbors ordering them to support this project 
unconditionally, and he was right even though we of 
LEP lamented Rubbia's haste to end LEP ...
               Francois Richard  

I had him as a teacher at the DEA in theoretical physics from 65-66 and that I, as such, really appreciated him. He was anything but a socialite. He didn't pay for words and knew his stuff. During a support session for the construction of the LHC at the CNRS headquarters, quai Anatole France (the good times!), I remember that he glared at his neighbors ordering them to support 
this project unconditionally, and he was right even though we of LEP lamented Rubbia's haste to annihilate us... 
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  I had great esteem for Claude 
Bouchiat, like all experimenters I 
guess. His personality combined 
rigor, in-depth knowledge and a 
touch of irony almost permanent.       
               
   I don't know which region, 
probably of the South-West, he owed 
his accent, but his speeches could not 
be missed on this basis too
    Jacques Haissinski
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  He is one of the 4 people to whom I 
owe my desire to do research, with 
Louis Michel, Laurent Schwartz and 
Albert Messiah
       Daniel Treille 



9

I got to know him a bit while the theory group was 
at Orsay, before going to ENS.
At the time there was a “second year” DEA course, 
in which he gave a course on the
weak interactions, V-A, PCAC,… I remember that 
he insisted on the fact that writing a Lagrangian
wasn't the most difficult. The most difficult being 
on the contrary to put all the numbers together
to arrive at a lifetime or a cross section. It must 
have been in 1968. So he had the
concern for the comparison between experience 
and theory
        Daniel Fournier 
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  I have the image of a man always 
on the move, passionate, and it was 
better not to contradict him !  
 In this case, an avalanche of acerbic 
comments was triggered
             Anne-Marie Lutz 
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  I have always taken very seriously the comments and advice of
Claude each time I had the privilege of meeting him. For me
a very great physicist, and perhaps too humble to assert himself
as it should have beenI have always taken very seriously the comments and 
advice of
Claude each time I had the privilege of meeting him. For me
a very great physicist, and perhaps too humble to assert himself as it should 
have been
    Eduardo de Rafael



ENS 12 07 2023 12

The title "Results from LHC" is a bit misleading

I will focus on ( some) « high pT physics » ( i.e  ATLAS and CMS )  

Not completely forgetting the rest !  

Rien n’est cru si fermement  que ce 
   que l’on sait le moins 

Nothing is believed as strongly as that we know the least
Montaigne, Essais

tremendous resilience of the Standard Model  Costas Bachas 

I will discuss more ‘measurements’ than searches 
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♪  Historical introduction and setting the stage
          Spontaneous Symmetry Breaking
         LHC and (mainly) ATLAS  and CMS  
         H(125) discovery
♪ Results from Run 1 & Run 2  ( & start of Run 3)
       ( up to now) :
      -    mainly H(125)
      -    other physics ( precision, searches ) 
♪ Future of LHC , Run 3 , HL-LHC 
♪ Conclusions
♪ Backup 
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Spontaneous Symmetry breaking  (Baker-Glashow)

     The Electroweak Theory  (Salam) 

  
        The Brout-Englert-Higgs mechanism 

            The LHC 

                                                           in a   
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LOI of ‘large’  LHC experiments         cancellation of SSC in 1993
TP of ATLAS and CMS   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     LEP data ended in 2000 
 

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
2013
2014

1964  Brout, Englert, Higgs, Guralnik, Hagen, Kibble
1967  Weinberg, Salam    Faddeev, Popov
1970  Glashow, Iliopoulos,
             Maiani, ‘t Hooft, Veltman, BRST…..
 1973    Neutral Currents discovered at Gargamelle
 1983    Rubbia, van der Meer, Banner, Darriulat, Di Lella,          discovery of W and Z at CERN   
 1984                  Spiro, Repellin, …                                                                                         Lausanne 
                                                                                                                           
 1989        August 1989 : operation  of  LEP (  e+ e-  collider )  starts
                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, Gell-Mann Levy, NJL
1961 Schwinger 
1962  Anderson

4th July discovery of boson ( m  ~ 125 GeV)                      Tevatron data ended in Sept 2011 ( ~10 fb-

1 )
boson like properties           Nobel prize to Englert and Higgs
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     ► Experiments at LHC 

Lake of GenevaLake of Geneva

Large Large HadronHadron Collider ColliderLarge Large HadronHadron Collider Collider
A
irp

ort

CMSCMS

ATLASATLAS

LHCbLHCb

ALICEALICE

LHCb studies
matter antimatter
asymetry

ALICE  looks at
quark-gluon plasma

ATLAS & CMS study
(Brout-Englert-)Higgs  boson+ ( beyond?) 
Standard Model in general :    
  > 3000 physicists in each of these 2 
experiments 
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20
09

20
11

10th september 2008 :  first beams around

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

20
10

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

        november 2011 :  7 TeV integrated luminosity  ~  5 fb-1 

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

20
12

            march 2012 :  start again at 8 TeV 
                                             ( 50 ns  between bunches )
             4th July 2012 :  evidence for a new boson  
               ( 8 TeV integrated luminosity  ~  6 fb-1  )

20
13 (Standard-Model) boson-like properties

   peak luminosity   7 1033 cm-2 s-1    
  integrated luminosity ~ 5+ 20 fb-1        end of Run-1 

19th september 2008 : incident

September 2011 :
end of Tevatron
data taking



19

(B-E)-H  boson discovery

Englert –Higgs 
Nobel prize now

These luminosities are 
for ATLAS and CMS

For LHCb  ~ 3 (9)  fb-1 
end of Run    1 (2)
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luminosity is a property of beams 

 event rate [ events  s-1 ]  
 =  luminosity [ nb-1  s-1  ]   *   cross section [nb]

At LHC there are ~ 2454 BCID ( Bunch Crossing ID )
  a BCID is a couple of 2 bunches of protons ( each with ~ 1.5 1011 p ) 

Important number :  L ~ 2 1034 cm-2 s-1   BCID ~ 60  

pile-up


 N

.A
n

da
ri
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low  data for precision measurements
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ATLAS

Z μμ event from 2012 data with 25 reconstructed vertices

and we have now a        2.5 times larger ! 

High  means high luminosity !

But also aging of detectors !   
    Or just change of response with time  !
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start HL-LHCtodayLHC 
timeline

LS3: Upgrade HL-LHC 
and Phase II 

ATLAS&CMS

North Area upgrade?

LS2: Upgrade 
of accelerator 
and detectors 

(Phase I)

LS4: Upgrade 
Phase IIb 

ALICE&LHCb


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  CMS = (Compact Muon Solenoid) 

B = 4 T

   « 4  » detector
up to =5 
(from  = 1.35°))

e  precision calorimetry
 H   , 4 e
Lead tungstate
 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 

Suppose to work 10 years without 
decrease of performances



25

High level quality control ! 
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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


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i

MarcVirchaux
(1953-2004)
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Evolution of the excess with time 


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p0= probability that the background fluctuates more than the observed excess

4/07/12 CERN Prel PLB 08/12
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Theory

I will say very few things 

 H phenomenology really started in 1976

 1977 ( Lee, Quigg, Thacker )
        either mH<800 GeV or perturbative unitarity violated
        around 3 TeV     « no-lose » theorem ( LHC had to
        find the H or something else at an accessible scale )

 1991  SUSY mH < mZ + ( < 40 GeV with radiative 
        corrections  )

  A lot of QCD theory improvements
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A.Djouadi Phys.Rept.457:1-216

GF     H → WW , ZZ , γγ , (bb),

VBF  H → WW, ZZ , γγ , bb, 

WH, ZH   H → WW, γγ, bb

ttH    H → WW, γγ, , ZZ, bb

Typical uncertainties on cross-section
gg            5 %                   NNNLO
VBF         <5%                 NN(n)LO
WH,ZH   <5%                 NNLO
ttH           10%                 N(n)LO

These production cross sections have to be used
with the decays  bb ,  , WW , ZZ , 

The SM BEH boson    
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16  The SM BEH boson    

The mass of 125 GeV is very good
   for experimentalists !
It allows us to measure of a lot
  of things

For theoreticians it is 
less 
 good. in particular it 
does 
 not kill SUSY  Costas Bachas
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A lot of LHC results are not discussed !

 - heavy ions
 - di-bosons 
 -  first observation of  detection of 
             produced at LHC
         ( FASER  ,   SND@LHC) 
 - a lot of SM results ..
 - CP violation mesurements
 - a lot of exotic and other things !!! 
 - exotic particles 

see

for the most recent results
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  The SM BEH boson   executive summary 

11 years after the discovery we have now a much clearer picture
of the BEH boson properties
It is spin 0 and its interactions with bosons are mainly CP-even
 We know its mass with close to 0.1% accuracy

BEH boson couples to mass  couplings to be measured

 ► Observation of all main production modes (ggF, VBF, VH, ttH)

Increasing precision in all measurements
  ►bosonic sector  : inclusive measurement at ~10% precision
       differential measurements probing extended phase space 
       with increasing accuracy
 ►  fermionic sector : 3rd generation ( , t, b )  established
        with uncertainties approaching  ~ 20% level  . Most
        promising channel for 2nd generation is H µµ



note that   mH = 0.1 GeV      (BR(H ZZ)) / BR(H ZZ)  ~ 1%
Remember ATLAS has an uncertainty on W mass of 19 MeV Eur.Phys.J. C78 (2018) no.2, 110   

At longer term uncertainty will be dominated by 4l
  ( for H  :  need to extrapolate from e to  ! ) 

uncertainty on mass
  close to 0.1 %  
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  The SM BEH boson The H mass  

arXiv:2207.00320
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Some definitions 

   definition of µ  ( signal strength )

  =   (  . BR ) /  (  . BR )SM 

called          signal strength

(  coupling modifiers)

1

2
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The Higgs boson Width 

 no direct measurement

 C.Arcangeletti LHCP2023
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The Higgs boson invisible decays 
 C.Arcangeletti LHCP2023
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A lot of H couplings measurements ! 
Nature 607 (2022) 7917, 60-68



ENS 12 07 2023 44

The SM
 BEH boson
     H  Z

μsig = 2.2 ± 0.7, 
3.4  𝜎 SM compatibility: 1.9  𝜎 



The SM
 BEH boson
     H

Full Run-2
JH

E
P

 0
8 

(2
02

2)
 0

27

= prediction 

syst (background
 modelling 
+ energy resolution 

+ …. = stat  ! 
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 Search for a pair of BEH bosons  

Higgs potential maybe related to EW baryogenesis
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  Search for a pair of BEH bosons  

( )

2 steps : measure h pairs  hh       measure 
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  Search for a pair of BEH bosons  

Nature 607 (2022) 7917, 60-68 Phys.Lett.B 843 (2023) 137745

hh hh
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full runs 1 and 2

 C.Gobel R.Hawkings LHCP2023
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a persisting tension 
        with SM
        ~  3.1 
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ATLAS and CMS  SM results 

Very good agreement between SM and theory 
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W mass mW                        One wants to have measurements with uncertainties 
close to the results of the EW fit  mW = 80354 ± 7 MeV
                                                         arXiv:1803.01853

ATLAS-CONF-2023-004

7 TeV
2011 data

2016 data

Tevatron data
ended in 2011
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W mass mW

 p p

 p p

 R.Hawkings
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W mass mW

arXiv:1701.07240

a lot of systematic uncertainties ! 

Improvement : new 
direct measurement 
of pT(W) with low 
pileup samples at 
√s=5 and 13 TeV

ATLAS-CONF-2023-028
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Measurement of s with Z bosons at 8 
TeV

ATLAS-CONF-2023-015


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arXiv:2303.15061

CMS PAS TOP-22-013
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 Searches ATLAS CMS  low mass   

C
M

S
 P

A
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IG

-2
0

-0
0

2

 S.Gascon MoriondEW2023

similar excess than previous analysis 
           ( with much less L ) 

ATLAS-CONF-2023-035

souvenirs from LEP 
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 Searches  CMS high mass resonances decaying into W+W-  
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an effort should be 
made by the other 
experiment to 
validate or invalidate 
the excesses of the f
irst 
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start HL-LHCtodayLHC 
timeline

LS3: Upgrade HL-LHC 
and Phase II 

ATLAS&CMS

North Area upgrade?

LS2: Upgrade 
of accelerator 
and detectors 

(Phase I)

LS4: Upgrade 
Phase IIb 

ALICE&LHCb


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~ 450 fb-1

~ 3000  to 4000 fb-1

LHCb
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It is very hard to predict, especially the future.
   N.Bohr

ar
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arXiv:1905.03764
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will require 
special runs

Sensitivity to hh direct search

 self coupling normalized to SM
 3000 fb-1

   mW

H

HH
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►  Fantastic Run-2 dataset , thanks to the outstanding
     performance of the LHC 

►  During Run-3 emphasis on precision 

►  < 5% of the data that will be delivered by HL-LHC 
       are analysed     a lot to do ! 

Thank you for your attention 
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The ratio increases with mass
and in particular is larger
for H(125) produced at high pT
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Successful LHC Run 2022

About 40 fb-1 pp 
luminosity delivered 
to ATLAS & CMS

Note: 
only pp run in 
2022
HI to be 
compensated in 
2023 


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Comparison between the energy scale corrections derived from 
Z→ ee events in 2015 and 2016 as a function of η. The difference 
of the energy scales measured in the data are compared with 
predictions taking into account the luminosity-induced high-voltage
reduction and LAr temperature changes as well as the small overall
 difference in LAr temperature between 2015 and 2016
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history of relative response 
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81(E)/E = 3%/EGeV  0.7 %

CMS EM calorimeter 
more than 75000 
cristals of  PbW04
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 barrel Liquid Argon
 electromagnetic
 calorimeter

 hadronic calorimeter
 with scintillating tiles

MarcVirchaux
(1953-2004)

two of the 
eight coils of  

the toroid 

ATLAS end of 2004
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presampler and longitudinal segmentation of the EM 
       ATLAS  ( Liquid Argon ) accordion calorimeter
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B = 2T

ATLAS 
inner detector
(run 1 version)

Outside are installed the calorimeters
and the muon detector 

e





converted   into e+ e-

electrons  can
do some 
bremsstrahlung
in the 
Inner Detector
response
 more complicated

photons can
convert
more
complicated than a
non converted photon

HALF OF THE H 
EVENTS HAVE A 
CONVERTED PHOTON

non 
converted
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γ

γ

Example of H  

0

0

signal background

angle between
the  2   of a
0

 ~  
2 m(0)
 pT(0) 
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                         large ( non photon ) background 
( before any cuts , more than 106 times larger than   background )

dominated by jets fragmenting mainly into 0 ’s

background ‘photon candidates’ coming from jets are 
                less isolated than real photons 
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granularity of 
1st sampling 
of calorimeter
  ~ .003 

opening of photons coming
from a 0 (pT = 50 GeV) 
R > .006 ~ 2 m(0)/pT(0) 

The granularity of the 
electromagnetic
ATLAS detector is 
very useful  to reject 
the 0    bakground 

♦ good jet rejection essential ( to reduce γj and jj backgrounds)
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Photon identification 
with shower shapes

reminder: opening angle between the two
photons of a 0 of pT =50 GeV is > 0.006 
to be compared with size of strip calo 
1st sampling  ~0.003

tight
selection 
uses 
mainly 
calo
1st 
sampling
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CDF and D0
(at Tevatron) have
paved the way and
brought
sophistication and
maturity into 
Higgs boson 
searches at 
hadron colliders  

  ( Tevatron data (proton –antiproton s =1.96 TeV) ended in september 2011 )
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comparison between LHC and Tevatron : 
 gg cross section  at least 10  higher at LHC 
backgrounds to WW , ZZ , γγ are q qbar annihilation
         ( Remember Tevatron was a p pbar collider) 
      S/B better in these channels at LHC than at Tevatron
however it is worse in associated modes
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S.Dawson 4th July 2022
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Theorists and SUSY prefer low mass boson

mh < mZ   at lowest order . But was realized that 
  this prediction is subject to important radiative corrections 
 that could push mh up to ~130 GeV in simple supersymmetric
 models 
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
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22

ATLAS
CMS

discovery papers
     (2012)

Do not forget the 
HXSWG (Higgs Xross 
Section Working Group 
crutial to transform the 
results into 
recommendations to be 
used in the experimental 
analyses 
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https://home.cern/news/news/physics/lhcb-discovers-three-new-exotic-particles
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https://home.cern/news/news/physics/lhcb-discovers-three-new-exotic-particles
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 T.Gershon
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Phys.Rev. D92 (2015) 1, 012004   arXiv:1411.3441 

Exotic spin scenarios excluded

  go to anomalous spin 0 couplings and CP 

In fact 

   Observation of  

       
  J 1  ( Landau – Yang 

theorem )

   Observation of WW* ZZ*

      
   disfavors CP-odd hypothesis
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The Higgs boson Width 
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The Higgs boson invisible decays 
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The Higgs boson invisible decays 
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  The SM BEH boson    H cc      

in mode V H
H cc

also  H  J/  

Eur.Phys.J.C 82 (2022) 717

constraint on charm coupling
through H pT distribution 
   ( gg H   and  cc H)
 ATLAS-CONF-2019-029
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Eur.Phys.J.C 82 (2022) 717
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  The SM BEH boson    H       

Phys.Lett.B 812 (2021) 135980
JHEP 01 (2021) 148

3.0   ( 2.5  )

 =

CMS
ATLAS
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The SM
 BEH boson
     H Z

JHEP 05 (2023) 233

Phys. Lett. B 809 (2020) 
135754 
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Phys.Rev.Lett. 125 (2020) 6, 061802

The SM BEH boson  t t H    H      

4.4 expected

contraints on CP admixture
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3  Search for a pair of BEH bosons  

( )
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Phys.Lett.B 843 (2023) 137745
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Phys.Lett.B 843 (2023) 137745
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Phys.Lett.B 843 (2023) 137745
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EW precision measurements
                                                           W mass mW 
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EW precision measurements
                                                           W mass mW 
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EW precision measurements
                                                           W mass mW 
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EW precision measurements
                           W mass mW    LHCb
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EW precision measurements
                           W mass mW    LHCb
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EW precision measurements
                           W mass mW   UA2’
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EW precision measurements
                           W mass mW    CDF
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 C.Gobel LHCP2023
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 G.Wormser
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 Searches ATLAS CMS  low mass   
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 Searches ATLAS CMS  low mass   

ATLAS-CONF-2023-035
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 Searches ATLAS CMS  low mass   

ATLAS-CONF-2023-035
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Phase II upgrades

    Upgrades of ATLAS & CMS to prepare for HL-LHC: 
 Projects have made very good progress, moving 

from R&D and prototyping phase to 
(pre-)production

But there are challenges:
 Chip design and validation
 Some (sub)detectors very close to critical path
 Contributions from institutes in Russia (and 

Belarus):
strong recommendation from the LHCC to develop 
plans to become as much as possible independent of 
(time-)critical in-kind contributions

 CMS HGCAL most exposed project
Mitigation:
 Stronger engagement by all people and institutes in 

the collaborations
 Develop plans to speed up production phase


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 S.Demers LHCP2023



Phase IIb Upgrades

139

Fully exploit HL-LHC for Heavy Ion &

 Flavour physics
ALICE3:
Tracking precision x 3:   10 µm at pT = 200 MeV
Acceptance x 4.5:   |η| < 4 (with particle ID)  
A-A rate x 5 (pp x 25)
Excellent particle ID

LHCb Upgrade II:
Precision timing few tens of ps: Vertex Detector, RICH,ECAL,
…
Tracker based on Scintillating Fibres with cryo-cooled SiPMs 
& first rad-hard CMOS tracker

LHCC review for both projects started 
Discussions with Funding Agencies ongoing (special RRBs)

Magnet
Absorber

Muon chambers

FCT

ECAL
RICH

Tracker
Vertex detector

TOF

1.5m

Innovative technologies relevant for future HEP 
experiments
Pathfinder towards future (accelerator) projects 


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13.6 TeV results
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13.6 TeV results
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13.6 TeV results
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13.6 TeV results
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