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The	  Standard	  Model	  
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04/07/2012 

the Higgs boson 
has been found ! 
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Looking	  for	  the	  Higgs:	  	  Large	  Hadron	  Collider	  	  
The	  LHC	  project	  started	  at	  the	  iniIaIve	  
(and	  with	  the	  daring!!)	  of	  C.	  Rubbia	  	  
	  
The	  Aachen	  Conference	  in	  October	  
1990	  marked	  the	  start-‐up,	  since	  then	  
work	  on	  the	  collider	  and	  magnets,	  
various	  detector	  designs	  and	  
understanding	  physics	  issues	  went	  on	  
without	  let-‐up	  	  
	  
	  	  	  	  	  	  ScienIfic-‐diplomaIc	  trips	  in	  	  
	  	  	  	  	  1990/91/92	  to	  Japan,	  India,	  Russia,	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  USA,	  Canada	  etc	  LHC	  vs	  SSC:	  	  Rubbia’s	  arguments:	  savings!	  
-‐ 	  exisIng	  LEP	  tunnel	  ~1	  GCHF	  
-‐ 	  exisIng	  infrastructure	  at	  CERN	  	  (PS.	  SPS,	  etc)	  	  ~	  1	  GCHF	  
-‐ 	  “two-‐in-‐one”	  scheme	  for	  dipoles	  saves	  ~	  half	  the	  cost	  of	  magnet	  ~	  0.7	  to	  1	  GCHF	  
	  	  	  thus	  overall	  LHC	  cost	  ~	  3	  GCHF	  
-‐	  will	  be	  ready	  by	  1998	  -‐	  2000	  !!	  
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Proton-‐proton	  sca?ering	  @	  LHC	  
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ParAcle	  producAon	  @	  LHC	  
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From	  Partons	  to	  Jets	  
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Cross	  secAon	  &	  luminosity	  
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Cross	  secAon	  &	  luminosity	  
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The	  LHC	  machine	  
Circumference (km) 26.7 

Number of superconducting Dipoles 1232 

Length of Dipole (m) 14.3 

Dipole Field Strength (Tesla) 8.4 

Operating Temperature (K) 1.9 

Current in dipole sc coils (A) 13000 

Beam Intensity (A) 0.5 

Beam Stored Energy (MJoules) 362 

Number of particles per bunch 1.15x1011 

Number of bunches per beam 2808 

Crossing angle (µrad) 285 

Bunch length (cm) 7.55 

Norm transverse emittance (µm rad) 3.75 

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

General	  Purpose,	  
pp,	  heavy	  ions	  

CMS 

ATLAS	  

Heavy	  ions,	  pp	  

ALICE	  

pp,	  B-‐Physics,	  
CP	  ViolaIon	  
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LHC	  Magnets	  

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

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

LHC	  magnets	  
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First	  beams	  around	  the	  LHC	  

Beam

Lens

Screen

CCD Camera

Joyous	  faces	  on	  10	  Sep	  2008	  at	  10.23	  

Fluorescent	  screen	  to	  
detect	  the	  beam	  –	  like	  
that	  in	  a	  CRT	  television	  

Beam  
(a single proton 
bunch) enters and 
does a complete 
circle around the 
LHC ring 
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Beam	  splashes	  at	  CMS	  

HCAL 
energy 

ECAL energy 

DT muon 
chamber 
hits 

•  109 protons at 450 GeV dumped on collimator 150 m upstream 
of the CMS experiment. ECAL total energy: 150-250 TeV 

splash 
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First beams around the LHC in CMS 
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First Collisions at 3.5TeV/beam 
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Basic	  principles	  of	  the	  detectors	  
Need	  “general-‐purpose”	  experiments	  covering	  as	  much	  of	  the	  solid	  angle	  as	  

possible	  (“4π”)	  since	  we	  don’t	  know	  how	  New	  Physics	  will	  manifest	  itself	  
→	  detectors	  must	  be	  able	  to	  detect	  as	  many	  parIcles	  and	  signatures	  as	  
possible:	  e,	  µ,	  τ,	  ν,	  γ,	  	  jets,	  b-‐quarks,	  ….	  

Momentum	  /	  charge	  of	  tracks	  and	  secondary	  verIces	  (e.g.	  from	  b-‐quark	  
decays)	  are	  measured	  in	  central	  tracker	  (Silicon	  layers).	  	  

Energy	  and	  posiIons	  of	  electrons	  and	  photons	  measured	  in	  electromagneIc	  
calorimeters	  (+central	  tracker).	  

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

Muons	  idenIfied	  and	  momentum	  measured	  in	  external	  muon	  spectrometer	  
(+central	  tracker).	  

Neutrinos	  “detected	  and	  measured”	  through	  measurement	  of	  missing	  
transverse	  energy	  (ETmiss)	  in	  calorimeters	  (+central	  tracker).	  
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CMS	  in	  a	  nutshell	  
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ATLAS	  in	  a	  nutshell	  
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ParAcles	  as	  seen	  in	  CMS	  
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ParAcles	  as	  seen	  in	  ATLAS	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ATLAS	  	  	  	  	  	  	  	  	  	  CMS	  
  Weight	  (tons)	  	  	  	  	  	  	  	  	  	  	  	  7000	  	  	  	  	  	  	  	  12500	  
	  	  Diameter	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  22	  m	  	  	  	  	  	  	  	  	  	  15	  m	  
	  	  Lenght	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  46	  m	  	  	  	  	  	  	  	  	  	  22	  m	  
	  	  MagneAc	  field	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  T	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  T	  

ATLAS/CMS	  and	  a	  5	  floor	  building	  

CMS	  

How	  big	  are	  
ATLAS	  and	  CMS?	  

ATLAS	  
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Proton-proton collisions at LHC 

Bunch Crossing 4 107 Hz

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

7 TeV Proton Proton  
colliding beams 

Proton Collisions 109 Hz

Parton Collisions 

New Particle Production  10-5  Hz  
(Higgs, SUSY, ....) 

p pH
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Z
p p
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q

q

q

q
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Selection of 1 event in 10,000,000,000,000

7.5 m  (25 ns)
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A	  typical	  pp	  collision	  at	  the	  LHC	  

Expected	  Higgs	  boson	  producIon	  rate	  is	  less	  than	  one	  in	  a	  billion	  pp	  colisions!	  
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Pile-‐up	  events	  

Event with 20 reconstructed 
40	  reconstructed	  verAces!	  
High	  pile-‐up	  run	  October	  25,	  2011	  

In	  HL-‐LHC	  phase	  (	  ~5x1034cm-‐2s-‐1)we	  expect	  to	  go	  to	  ~150	  pile-‐ups	  per	  crossing!	  	  

In	  2016	  we	  have	  ~	  45	  pile-‐ups	  (25	  
nsec	  spacing)	  	  
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Event selection stages 
LEVEL-1 Trigger 
Hardwired processors  (ASIC, FPGA)  
  Pipelined massive parallel 

HIGH LEVEL Triggers 
  Farms of 

processors

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

Reconstruction&ANALYSIS 
TIER0/1/2 

Centers

ON-line OFF-line

sec

Giga Tera Petabit
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SM Physics  
MB, jets, W, Z, top, Higgs
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InelasAc	  pp	  collision:	  charged	  mulAplicity	  

In the central region, the measured 
dNch/dη distribution is consistent with 
predictions of the PYTHIA8 (with the 
CMS underlying event tunes 
CUETP8S1 and CUETP8M1) and EPOS 
LHC (LHC tune) event generators 

recheck the Monte-Carlo tunes 

arXiv:1507.05915,	  PLB	  751,	  143,	  2015	  

13	  TeV	  

5 

2009:	  the	  first	  CMS	  results	  @	  0.9-‐2.36	  TeV	  
2010:	  the	  first	  CMS	  results	  @	  7	  TeV	  
2015:	  the	  first	  CMS	  results	  @	  13	  TeV	  

ParAcle	  density	  in	  minimum	  bias	  events	  	  
•  Sop	  QCD	  (PT	  threshold	  on	  tracks:	  50	  MeV)	  
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Jet	  producAon	  	  @	  LHC	  

5 
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QCD:	  Inclusive	  jet	  cross	  secAon	  

5 

•  Cross	  secIon	  is	  huge	  
(~	  Tevatron	  x	  100)	  
	  
•  Very	  good	  agreement	  
with	  NLO	  QCD	  over	  
nine	  orders	  of	  
magnitude	  

•  PT	  extending	  from	  20	  
GeV	  to	  2	  TeV	  

•  Main	  uncertainty:	  	  
Jet	  Energy	  Scale	  (3-‐4%)	  	  

CMS-‐PAS-‐SMP-‐15-‐007	  
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QCD:	  Di-‐jet	  cross	  secAon	  

5 

High	  mass	  Analysis	  Low	  mass	  Analysis	  

STRING	  resonances	  excluded	  	  
up	  to	  7.4	  TeV	  
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QCD:	  Measurements	  of	  αS	  
	  

RaIo	  of	  3-‐jets	  of	  2-‐jets,	  3-‐jet	  mass	  &	  inclusive	  jets	  x-‐secIons	  
constrain	  αs	  (NLO	  only)	  up	  to	  so-‐far	  unprobed	  scales	  Q	  ~	  1.4	  TeV	  

EPJC	  75,	  186,	  2015	  
EPJC	  75,	  288,	  2015	  
CMS-‐PAS-‐SMP-‐14-‐001	  

Sergei Shmatov “Physics of Standard Model with CMS”, The Session-Conference of SNP PSD RAS 2016,  12-15 April, 2016 14 

Test	  of	  QCD	  asymptoIc	  
freedom	  in	  SM	  
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      Top	  at	  the	  LHC,	  producAon	  and	  decays	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  for	  ex.	  top	  →	  lepton	  +	  jets	  final	  states	  	  

t	  →	  bWbW	  →	  blvbqq	  

t-‐bar	  producIon	  
diagrams,	  
some….	  

t-‐bar	  event	  decay	  	  
topology	  in	  «sigle	  lepton	  
mode	  »:	  

Top	  decay	  in	  the	  SM:	  t	  →	  bW	  

+…..	  
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LHC	  is	  a	  “top”	  factory	  

16 

LHC	  and	  Tevatron	  results	  consistent	  and	  in	  agreement	  with	  	  
NNLO+NNLL	  over	  a	  large	  range	  of	  center-‐of-‐mass	  energies
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Mass of “top”: CMS results

17 

We	  have	  the	  best	  mass	  measuremenIn	  the	  world	  (by	  combining	  the	  best	  analyses	  per	  channel),	  
TOP-‐14-‐022,	  Phys.	  Rev.	  D	  93,	  072004	  (2016)	  
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EWK	  Processes:	  W	  and	  Z	  producAon	  

5 

Drell-‐Yan	  process	  

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

5 
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W	  and	  Z	  signatures	  

5 
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First	  W	  →	  eν	  and	  Z	  →	  e+e-‐	  events	  in	  LHC,	  April	  2010	  

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

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

July	  2011	  

End	  of	  2015	  

Dec	  2010	  

htps://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsMUO	  	  

3 

Di-‐muon	  resonances	  
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W	  and	  Z	  producAon	  cross	  secAon	  
W,Z	  at	  13	  TeV,	  first	  look	  June	  2015	  

old	  UA1,UA2	  results!	  
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W+/W-‐	  charge	  asymmetry	  
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EWK di-bosons: ZZ → 4l, 13 TeV, CMS, 
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EWK di-bosons: WZ→ 3l, 13 TeV, CMS, 
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Triple	  gauge	  couplings	  
(di-‐boson	  producIon)	  

6 8 WZ cross section measurement
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Figure 1: (a) Distribution of the Z reconstructed mass summed for all decay channels with the
mZ selection extended to 60 – 120 GeV. (b) Distribution of the ``0`0 reconstructed mass summed
for all decay channels with the m3` > 100 GeV selection requirement removed. (c) The trans-
verse mass of the lepton from W and Emiss

T system. (d) The transverse mass of the three leptons
and Emiss

T system. The results correspond to an integrated luminosity of 2.3 fb�1. Solid sym-
bols represent the data with statistical uncertainty, shaded histograms represent the expected
WZ signal and backgrounds. Uncertainties in signal and backgrounds include experimental
systematic, theoretical, and luminosity uncertainties in addition to statistical uncertainty. The
background shapes are taken from simulation or data, as described in the text.

	  EWK	  Processes:	  MulA-‐bosons	  

CMS-‐PAS-‐SMP-‐16-‐002	  

PRL	  114,	  051801,	  2015	  

QuarIc	  gauge	  couplings	  
(tri-‐boson	  producIon)	  

Contributions from aTGC and aQGC are not observed 

PRD	  90,	  032008,	  	  2014	  

10 
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	  EWK	  Summary	  (7-‐13	  TeV)	  
SM	  remains	  to	  be	  strong:	  good	  agreement	  between	  data	  and	  theory	  

11 
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CMS	  “re-‐discovers”	  the	  Standard	  Model	  in	  
ParAcle	  Physics	  	  

Shows	  strength	  of	  
accelerator	  and	  
experiment	  	  
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Higgs discovery 
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SM	  Higgs	  producAon	  at	  LHC	  
Gluon-gluon fusion: 
à radiative corrections at: 

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

LHC	  Higgs	  XsecAon	  WG	  
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Higgs	  producAon	  mechanisms	  and	  decay	  modes	  

gHVV	  =	  2mV
2/v	  

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

γγ	  

indirect	  coupling	  to	  gg,	  
top	  in	  the	  loop	  	  
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In	  gg	  fusion:	  
for	  √ŝ	  =	  1	  TeV,	  x6;	  
for	  √ŝ	  =	  2	  TeV,	  x15;	  
for	  √ŝ	  =	  3	  TeV,	  x45;	  
for	  √ŝ	  =	  4	  TeV,	  ~x200.	  
	  
In	  qq,	  ~x2	  less	  
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8	  TeV	  à	  13	  TeV:	  What	  does	  it	  change	  ?	  

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

Ø  Background	  cross	  secAons	  increase	  
too	  

SM	  Higgs	  

LHC Higgs Xsection WG 
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Higgs	  decay	  channels	  

At	  mH	  =125	  GeV:	  

•  H(bb)	  	  	  	  ≈	  57%	  
•  H(WW)	  ≈	  22%	  
•  H(ττ)	  	  	  	  ≈	  6.2%	  
•  H(ZZ)	  	  	  	  ≈	  2.8%	  
•  H(γγ)	  	  	  	  ≈	  0.23%	  
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HàZZà4l	  in	  a	  nutshell	  
  Signatures: 4e, 4µ and 2e2µ final state  

  clean but extremely demanding channel for 
requiring the highest possible efficiencies 
(lepton Reco/ID/Isolation). 
  s x BR small ≈ few fb 

 
  Backgrounds: 

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

  Sensitivity:  115 < mH < 1000 GeV 

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

H à ZZ* à e+e-μ+μ- 

126

Sm
all branching ratioσ 
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7	  TeV	  DATA	  
	  
4μ+γ	  Mass	  :	  126.1	  GeV	  

μ-‐(Z1)	  pT	  :	  28	  GeV	  

μ+(Z2)	  pT	  :	  6	  GeV	  

μ+(Z1)	  pT	  :	  67	  GeV	  

μ-‐(Z2)	  pT	  :	  14	  GeV	  

γ(Z1)	  ET	  :	  8	  GeV	  
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57 

μ-‐(Z1)	  pT	  :	  24	  GeV	  

μ+(Z1)	  pT	  :	  43	  GeV	  

e-‐(Z2)	  pT	  :	  10	  GeV	  

e+(Z2)	  pT	  :	  21	  GeV	  

8	  TeV	  DATA	  
	  
4-‐lepton	  Mass	  :	  126.9	  
GeV	  
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14/6/2012: Approval 
of HàZZà4l 
analysis 

June	  2012:	  
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4-lepton mass: HàZZà4l, July 4 2012
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Background:	  

•  irreducible	  :	  	  γγàγγ,	  	  qqbar,	  qgàγγ	  from	  QCD	  

•  reducible:	   	  pp	  à	  γ+jets	  (1	  prompt	  γ	  +	  1	  fake	  γ)	  
	   	   	   	  pp	  à	  jets	  (2	  fake	  γ),	  	  fake	  γ	  from	  π0àγγ

Important	  channel	  for	  Higgs	  with	  110<	  mH<140	  GeV	  
•  clear	  signature	  of	  two	  isolated	  high	  ET	  photons	  
•  small	  B.R.	  (0.2%)	  
•  narrow	  mass	  peak	  with	  very	  good	  mass	  resoluIon	  1-‐2%	  
•  VBF	  channels	  has	  two	  addiIonal	  jets	  from	  outgoing	  quarks	  
•  Associate	  producIon:	  WH	  with	  W-‐>lν

Analysis	  strategy	  based	  on:	  
• 	  trigger	  (double	  photon	  HLT)	  
• 	  vertex	  ID	  via	  MVA,	  photon	  reconstrucIon,	  ID	  and	  isolaIon	  via	  MVA	  	  
• 	  categories	  of	  events	  based	  on	  the	  γ	  shower	  shape	  (R9)	  to	  opImize	  s/b	  
• 	  look	  for	  a	  peak	  with	  MVA	  techniques	  and	  cut-‐based	  

Hàγγ	  in	  a	  nutshell	  
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H	  èγγ	  
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Di-‐photon	  mass:	  Hàγγ,	  July	  4	  2012	  
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October	  8	  2013:	  Nobel	  prize	  
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H	  →	  4	  leptons,	  Sept-‐15th	  2016,	  CMS,	  13	  w-‐1	  	  

> 6σ
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H	  →	  γγ,	  13	  TeV,	  13w-‐1,	  ATLAS,	  August	  2016	  

13	  TeV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fiducial	  σ	  (�)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SM	  predicIon	  (�)	  
ATLAS	  (13.3	  �-‐1)	  	  	  	  	  43.2±14.9(stat)±4.9(syst)	  	  	  	  	  	  62.8+3.4-‐4.4	  (N3LO+XH)	  
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Higgs	  couplings	  -‐	  future	  up	  to	  HL-‐LHC	  and	  3000w-‐1	  

100	  Imes	  more	  	  
data

Higgs	  couplings	  
ProporIonal	  to	  masses

With	  3000�-‐1	  data	  at	  13	  TeV	  (by	  	  
~	  2025)	  couplings	  to	  8	  parIcles,	  
including	  coupling	  to	  muons	  

Higgs	  self-‐coupling	  and	  Higgs	  potenIal

v	  = (-μ2/λ)= 246 Γες︎

gHff	  =	  mf/
v	  gHHH	  =	  3mH

2/v	  

gHVV	  =	  2mV
2/v	  
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 	  Is	  the	  Higgs	  mechanism	  to	  
generate	  weak	  boson	  and	  
fermions	  masses	  real	  ?	  
	  
 	  How	  to	  solve	  the	  problem	  of	  

the	  hierarchy	  between	  the	  EWK	  
scale	  and	  the	  GUT	  or	  Planck	  
scale	  ?	  

 	  Are	  the	  electroweak	  and	  strong	  
forces	  unified	  at	  some	  GUT	  scale	  
	  
 	  Is	  the	  SUSY	  realized	  in	  nature	  ?	  

Do	  the	  SUSY	  parIcles	  exist	  ?	  Can	  
they	  explain	  the	  dark	  mater	  ?	  

 	  Do	  extra	  dimensions	  exist?	  

 	  ….etc..	  

Is	  the	  SM	  enough?	  Open	  quesAons	  
LHC	  can	  provide	  some	  answers	  	  

N
ew

	  P
hy
sic

s!
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Backup	  
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The	  Standard	  Model	  Lagrangian	  


