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The Fundamental Elements 

Water	
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Vth century before J.C	


Earth	


Air	
 Fire	
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Atoms	


Nucleus	


Proton/
neutron 	


Quarks 	


~10-10m	


~10-14m	


~10-15m	


<10-18m	
Electron	

<10-18m	


The Fundamental Elements 
 A bit later… 	

1897 Thompson discovered the electron	


1911 Rutherford discovered the nucleus	
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In the last 100 years…	

The advances in theoretical physics and the discovery of many sub-atomic 
particles led to a “new periodic table” of fundamental elements	


Matter particles Force carriers 

The Fundamental Elements 

I II III 

I II III 

Each particle 
characterized by: 	

Mass	

Charge	


Spin	


3 families 
of quarks	


3 families 
of leptons	
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Antiparticles 
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Have the same mass as the particles	

Opposite charge	


massà 

chargeà 
spinà 

≈2.3 MeV/c2 

1/2 
-2/3 

≈1.275 GeV/c2 

1/2 
-2/3 

≈173.07 GeV/c2 

1/2 
-2/3 

≈4.8 MeV/c2 

1/2 
1/3 

≈95 MeV/c2 

1/2 
1/3 

≈4.18 GeV/c2 

1/2 
1/3 

≈0.511 MeV/c2 

1/2 
1 

≈105.7 MeV/c2 

1/2 
1 

≈1.777 GeV/c2 

1/2 
1 

<2.2 eV/c2 

1/2 
0 

<0.17 MeV/c2 

1/2 
0 

<15.5 MeV/c2 

1/2 
0 

+ + +

Antimatter particles 
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•  The lightest and more stable 
particles are those from the 
first family	


•  They form all matter that we 
see around but the others are 
crucial to define what we are	


 
 
 

344000 electrons 1 top quark 
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Fermions and Bosons 

•  Fermions 
–  Obey the Pauli exclusion principle: two particle with the 

same quantum numbers cannot be in the same state 
–  Spin multiple of ½ 

– Quarks and leptons 
•  Bosons 

–  Obey Bose-Einstein statistics, there is no limit in the number 
of particles than can occupy the same quantum state  

–  Spin integer, 0, 1, 2… 

– Force carriers, Higgs 
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Hadrons 
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+

•  Quarks have not been observed free in nature 
•  They form bound states: mesons and baryons 
•  Quarks proposed in 1964 by Gell-Mann and Zewig 

 

 
 

u u

d

u d

d

Baryons: three quarks	


neutron	
proton	


Mesons: quark-antiquark	


u

π+	


d
- 

u

π-	


d
- 

u
- 

u

π0	
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•  The discovery of the Λ++ in 1951 violated the Fermi-Dirac 
statistics	

–  Three identical spin=1/2 u quarks in the same state 	


•  Color charge for quarks introduced by Greenberg in 1964	
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u u

u

Λ++	


Quarks: Red (R) Blue (B)  Green (G)	

Antiquarks: R  B G 	


All particle states observed in nature are colorless:  	

•  Red Green Blue	


•  RR,   BB,  GG	


The Color of Quarks 
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The Force Carriers 
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Responsible for the interaction among particles	


Maria Chamizo Llatas 

Mediators! Interaction! Example of 
decay!

Photon! Electromagnetic! π0àγγ!

W±,Z! Weak! π- àµν!

gluons! Strong! Δàpπ!

Graviton?! Gravitational!
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The Standard Model 
•  End of the 60’s Glashow-Weimber et Salam developed 

the mathematical model that explains the interactions 
between particles	

–  Electroweak theory (electromagnetic and weak interactions)	

–  Quantum Cromodinamics: interactions between quarks	


•  But they could not explain why the force carriers (W,Z) 
were massive	


•  Higgs-Englert-Brout introduced a spontaneous 
symmetry breaking to explain how the particles acquired 
mass: Higgs mechanism 	
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Energy scale 

•  Our	  unit	  for	  energy	  E	  (and	  of	  mass	  m	  since	  E=mc2)	  is	  
the	  electron-‐volt	  	  which	  we	  refer	  to	  as	  eV	  
–  Mo#on	  of	  air	  atom	  at	  room	  temperature:	  E~0.04	  eV	  	  
–  Chemical	  reac#ons,	  visible	  photons	  of	  light:	  1	  to	  a	  few	  eV	  
–  Nuclear	  reac#ons,	  per	  atom:	  Millions	  of	  eV	  (MeV=106	  eV)	  

–  Rest	  energy	  mc2	  of	  proton:	  ~1	  Billion	  eV	  (1	  GeV)	  (GeV=109	  eV)	  
–  Each	  proton	  in	  each	  LHC	  beam:	  4	  Trillion	  eV	  (4	  TeV)	  (TeV	  =	  1012eV)	  

Maria Chamizo Llatas 26 November 2013 
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•  Energy and mass are equivalent	


•  A pair particle-antiparticle can pop-out from the empty 
space (vacuum) and annihilate later	

–  These are Virtual particles	


•  The structure of matter depends on particles that do not 
exist in the usual sense, but did exist in the first moments of 
the Universe	


•  How can we create them ? 	


26 November 2013 

t 

t 

Vacuum Fluctuation 
Involving top quarks 

. . 
tt 

t 

Vacuum Fluctuation 
Involving top quarks 

tt 
-

Quantum Field Theory 
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Accelerators 
•  Accelerate and collision stable particles at high speed to recreate the 

state of the hot and early Universe	

•  The spatial resolution increases with energy 	


–  Larger momenta |p| corresponds to shorter wavelength and access to small 
structures	


	


	


•  The most important parameters of an accelerator are: 	

–  Energy and luminosity	


•  The products of the collision are observed in the detectors	


26 November 2013 

λ =
h
| p |

| p | [GeV]! λ [m]! structure!

1 ! 1.24x10-15! ~proton!

1000! 1.24x10-18! ~quarks!
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Detectors 
•  Particles are detected through their interaction with matter 	

•  Detectors located around the collision point	

•  Measure energy, direction, identity of the particles	


–  Stable particles are identified by their signature in the detector	

–  Unstable particles are reconstructed from their decay products ( Hà γγ	  , Zàe

+e- , W+àe+νe	  … )	


x, p E, x 

photons 
Electrons 
Neutrons 
Protons 
Muons 

Tracking 
device 

Electromagnetic 
calorimeter 

Hadronic 
calorimeter 

Muon 
detectors 

E, x x, p, v 
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How do we reconstruct what 
happened in the collision? 

26 November 2013 

mγγ=2E1E2(1-cosθ) 
      = mH 

γ	  

γ	  

H 

Tracker   no signal 
Electromagnetic calorimeter   energy and position  θ   
Hadron calorimeter  no signal 
Magnet  
Muons detectors no signal 

γ	  

γ	  

H p p 

E1 

E2 
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Highlights of LEP and LHC 

•  The	  Z	  and	  W	  boson	  
– Precision	  measurements	  

•  The	  LHC	  detectors	  	  
– 10	  years	  from	  design	  to	  physics	  results	  

•  The	  future	  of	  LHC	  
– The	  challenges	  
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The LEP collider	

18 

•  With 27 km ring was the 
largest e+e- collider 

•  LEPI(1989-1995): 
•  √s~91 GeV  
•  Z physics 

•  LEPII(1996-2000): 
•   √s~160-209 GeV  
•   W physics 

	


Maria Chamizo Llatas 26 November 2013 

Cross section = rate of events 	


Allowed high precision tests of the Standard Model 



•  Very	  sensiWve	  to	  the	  top	  mass	  and	  new	  physics	  

	  
•  DeviaWons	  from	  the	  SM	  predicWon	  would	  point	  to	  addiWonal	  

vertex	  correcWons	  and	  therefore	  a	  signal	  for	  new	  physics	  
–  Rb	  measured	  with	  0.3	  per	  mill	  precision	  consistent	  with	  SM	  	  

•  Used	  to	  constraint	  the	  top	  mass	  before	  its	  discovery	  in	  1994	  

	  

	  

Z decay to b quarks 
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Z 
b 

b 

Z 
b, 

b 

W+ 

W- 
t 
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e+ 

e- 

Z 
l+, 

l-, 

q 

q 

Rb= 
Γ(Zàbb) 

Γ(Zàqq) 

Top	  mass	  predicWon	  in	  1994	  	  
mt=174	  ±	  11+16-‐19	  GeV	  

Measurement	  from	  Tevatron	  
(Fermilab)	  mt=173.2	  ±	  0.9	  GeV	  



W mass 

•  Mass	  reconstructed	  from	  its	  decay	  
products	  
–  W+à	  e+	  νe	  ,	  μ+	  νμ	  ,	  τ+	  ντ	  ,	  u	  d,	  c	  s	  
–  W-‐	  à	  charge	  conjugate	  

•  Very	  detailed	  study	  of	  systemaWc	  
uncertainWes	  

•  Average	  of	  four	  LEP	  experiments	  
–  Mw=80	  376	  ±	  33	  MeV	  (0.4	  per	  mill	  

accuracy)	  	  
–  Tevatron	  precision	  16	  MeV!	  
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e+ 

e- 

Z 
W+ 

W- 



•  ConnecWon	  between	  fundamental	  parWcles	  
–  If	  we	  measure	  the	  top	  quark	  and	  W	  masses	  very	  precisely,	  
one	  could	  predict	  the	  mass	  of	  the	  Higgs	  in	  the	  Standard	  
Model	  (SM)	  

	


21	  

W mass, top mass, Higgs mass 

mt   = 173.2 ± 0.9  
mW =  80.399 ± 0.023 

Summer 2011 

Tevatron 

LEP + Tevatron 

•  95%	  chance	  that	  the	  Higgs	  is	  114	  GeV	  <	  MH	  <	  185	  GeV	  
•  MH	  <	  114	  GeV	  ruled	  out	  by	  direct	  searches	  
•  But	  we	  cannot	  be	  sure	  unWl	  we	  look…	  
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The LHC	


Run 2 Run 3 Run I 

22 

•  Hadron collider located in the LEP tunnel 
•  Designed to operate at √s= 14 TeV and 1034cm-2s-1  
•  Started operation in 2009 at lower center of mass energy 

•  Proton-proton √s= 7 TeV in 2010 and 2011 (PbPb in 2010,2011) 
•  Proton-proton √s= 8 TeV in 2012 (p-Pb in 2013) 
•  √s will increase to 13-14 TeV in 2015  

today Construction LEPI LEPII 

1980 1985 1990 1995 2000 2005 2010 2015 2020 

LEP 

Design R&D Prototy. LHC Construction 

Maria Chamizo Llatas 26 November 2013 
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The detectors	


Maria Chamizo Llatas 26 November 2013 

25m 25m 

29m 
15m 

44m 

CMS 
ATLAS 

Different designs and magnet solutions 
with the same purpose:	

•  Study the physics at the TeV scale	

•  Identify the paths of high energy 

muons, electrons and hadrons	

 

Weight: 14000 t	

Central solenoid : 3.8T	


Weight: 7000 t	

Central solenoid : 2T	

Muon toroid: 0.5 T 	




Proton beams at LHC in 2012 

•  1380	  bunches	  with	  1.6x1011	  protons/bunch	  
•  The	  bunches	  collide	  in	  ATLAS	  and	  CMS:	  

–  16	  million	  Wmes	  per	  second	  (32	  millions	  in	  2015)	  	  
–  25-‐35	  events	  produced	  in	  each	  collision	  à	  pile	  up	  
–  The	  size	  of	  collision	  point	  is	  23μmx	  5cm	  
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15 m 5 cm 
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A typical event in the LHC 

~5 cm 
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How do we disentangle what happened in the 
collision ?  



Detectors	  need	  to	  be	  very	  granular,	  very	  fast,	  radiaWon	  hard	  
•  CMS	  and	  ATLAS	  are	  like	  “cameras”	  

–  With	  80	  Million	  “pixels”,	  pictures	  are	  3	  dimensional,	  very	  high	  resoluWon	  
–  Designed	  to	  take	  up	  to	  40	  million	  pictures	  per	  second	  

•  InteresWng	  collisions	  are	  rare	  	  	  	  
–  less	  than	  1	  in	  a	  1012	  for	  some	  of	  the	  Higgs	  events	  

•  We	  record	  only	  about	  600	  events	  per	  second	  	  
–  We	  must	  pick	  the	  good	  ones	  and	  decide	  fast	  (decision	  ‘trigger’	  levels)	  

Detector Challenges at LHC 

26 

16 Millions/second 
Pile up ~ 35 

First	  analysis	  
in	  <3μ	  
seconds	  

Temporarily	  
holds	  100.000	  

events/
second	  

Final	  analysis	  
~0.1	  seconds	  

600	  events/
second	  

writen	  to	  
tape	  

26	  November	  2013	   26	  Maria	  Chamizo	  Llatas	  



10 years from design to physics results 
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2000 

Commissioning 
with LHC 
beams 

Construction Prototypes Assembly Integration Installation 

Commissioning 

2009 

The	  quality	  of	  the	  physics	  results	  depend	  on	  
the	  high	  performance	  of	  the	  detectors	  

Feb 2013 2002 2003 
Data taking 

Commissioning:	  	  
•  Process	  to	  cerWfy	  the	  sub-‐detectors	  and	  check	  that	  we	  

can	  operate	  them	  with	  increasing	  complexity	  
•  From	  individual	  components	  to	  an	  integrated	  system	  
	  



•  Very	  challenging	  
–  IdenWfy	  track	  of	  decays	  of	  very	  short	  lived	  parWcles	  such	  as	  b-‐quarks,	  

c-‐quarks,	  tau	  leptons	  
–  ResoluWon	  on	  the	  vertex	  reconstrucWon	  of	  ~20-‐30μm	  
–  ResoluWon	  on	  impact	  parameter	  ~100μm	  

•  The	  material	  should	  be	  
–  Resistant	  to	  high	  radiaWon	  levels	  à	  silicon	  pixels,	  and	  silicon	  strips	  
–  Light	  to	  not	  disturb	  the	  parWcle	  direcWon	  

Tracking at LHC 
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ATLAS semiconductor tracker 
•  4	  barrel	  layers,	  9	  end	  cap	  disk	  each	  side	  
•  61	  m2	  of	  Silicon,	  4088	  modules	  
•  6.3	  Million	  channels	  

•  |η|	  <	  2.5	  

	  

•  A	  module	  is	  the	  smallest	  standalone	  unit	  
–  Independent	  power	  and	  readout	  
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5.6 m 

1.4 m 

15 cm 



End cap module production 
•  Built	  in	  Switzerland,	  Spain,	  Australia,	  Germany,	  Holland	  and	  UK	  	  
•  University	  of	  Geneva	  responsible	  of	  30%	  of	  end	  cap	  modules	  (640)	  

–  ProducWon	  in	  the	  clean	  room	  à	  technical	  staff,	  physicist,	  engineers	  
–  12.5	  modules	  per	  week	  during	  ~18	  months	  
–  Excellent	  team	  work	  	  and	  very	  Wght	  quality	  control	  
–  >96%	  of	  the	  produced	  modules	  were	  within	  specificaWons	  	  

26	  November	  2013	   30	  

•  Designed	  to	  operate	  for	  10	  
years	  at	  luminosity	  1034cm-‐2s-‐1	  

•  OperaWon	  at	  -‐7°C	  to	  limit	  
radiaWon	  damage	  	  

•  Vbias	  =150	  V	  

Maria	  Chamizo	  Llatas	  



Higgs à ZZ à4leptons candidate  

•  Thanks to the excellent tracking capabilities, alignment 
and reconstruction we can identity the vertex where 
the Higgs was produced. 	


•  Primary vertex resolution ~20-30μm	
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CMS barrel Muon detectors 

•  Muons	  are	  the	  most	  
penetraWng	  parWcles	  

•  Located	  in	  the	  outermost	  part	  
•  250	  Dri|	  Tubes	  chambers	  	  

–  Measure	  the	  posiWon	  and	  trigger	  
on	  muons	  

–  >	  190000	  channels	  	  
–  The	  smallest	  standalone	  unit	  is	  a	  

chamber	  (2m	  x	  3m	  x	  30cm)	  	  
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CMS installation and commissioning 

•  Barrel	  muon	  chambers	  built	  in	  Spain,	  Germany,	  Italy	  
•  Tested	  at	  CERN	  before	  installaWonà	  Wght	  schedule	  

–  Increased	  cerWficaWon	  rate	  with	  more	  manpower	  and	  test	  stands	  

•  Commissioning	  once	  installed	  in	  the	  final	  locaWon	  
–  Trigger,	  data	  acquisiWon,	  synchronizaWon,	  reconstrucWon	  of	  muons	  

•  Excellent	  team	  work,	  99%	  of	  channels	  are	  operaWonal	  

2005-2007  
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CMS cavern in 2004 

26 November 2013 

CMS was the first High Energy physics detector assembled 
and tested on the surface and then lowered 100 meters 
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Lowering CMS sections 
•  400 - 2000 tons 
•  10 meters / hour  
•  100 meters depth 

26 November 2013 

Feb 2007 

2007 
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Insertion of calorimeters 
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March  2007 

July 2007 
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CMS Commissioning 2006-2009 
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Pixels 
66 

million 
channels         

Silicon 
Tracker   
9 million 
channels 

Electromagnetic 
calorimeter 
80.000 crystals 

Hadronic 
calorimeter 
9.000 channels 

Barrel 
muons 
190.000 
channels 

Endcap 
muons 
218.000 
channels 

Resistive 
Plate 

Chambers 
124.000 
channels 

Beam 
radiation 
monitors 

Trigger 

 Data 
Acquisition 

 Data Quality 
Monitoring 

 Detector Control 
System 

 Safety 

Reconstruction 

•  Different	  sub-‐detectors	  were	  built	  by	  different	  groups	  
	  

	  
•  IntegraWon	  took	  place	  with	  increasing	  complexity	  
•  2006	  first	  test	  of	  the	  full	  chain	  with	  5%	  of	  CMS	  
•  Adding	  larger	  fracWons	  of	  the	  system	  unWl	  all	  CMS	  was	  in	  
•  Develop	  procedures	  for	  large	  scale	  operaWon	  
•  SynchronizaWon	  of	  sub-‐detectors	  to	  see	  common	  muons	  
•  First	  calibraWon	  and	  alignment	  with	  cosmic	  muons	  
	  
	  



•  First	  cosmic	  muons	  reconstructed	  traversing	  all	  CMS	  sub-‐
detectors	  

2008 First cosmic muons 

µ- µ+ 
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CMS operation 
•  The	  LHC	  Run	  I	  started	  in	  Nov	  2009	  and	  lasted	  3.5	  years	  	  
•  The	  detector	  is	  operated	  from	  the	  control	  room	  at	  Cessy	  
•  500	  persons/year	  parWcipate	  in	  the	  operaWon	  

–  Monitoring	  the	  detector	  and	  the	  quality	  of	  data	  on	  real	  Wme	  
–  Quickly	  reacWng	  to	  hardware/so|ware	  problems	  	  
–  Close	  collaboraWon	  with	  accelerator	  and	  CMS	  teams	  	  
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CMS Data sample  

•  CMS	  collected	  
93.5%	  of	  the	  data	  
delivered	  by	  the	  
LHC	  	  

•  Data	  good	  for	  
physics	  analysis	  
90%	  
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CMS life channels 

90 95 100 

Pixels	  

Silicon	  Strips	  

ElectromagneWc	  

Hadronic	  cal.	  

Dri|	  Tubes	  

ResisWve	  Plates	  

Cathod	  Strips	  

February	  	  2013	  
End of LHC Run I	


CMS	  opening	  
March	  	  2013	  

Kept	  ~80	  million	  channels	  alive	  during	  three	  years	  of	  
operaWon	  without	  opening	  the	  detector	  

Photo M. Hoch 
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•  We	  see	  at	  the	  LHC	  the	  history	  of	  the	  Standard	  Model	  

[uu] 
[dd] [ss] 

[cc] [bb] 

1983 
1978 1974 ~1960 

Detector performance 
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Precision measurements at LHC 
•  Very	  detailed	  study	  of	  Standard	  Model	  processes	  at	  7	  and	  8	  TeV	  
•  Including	  Standard	  Model	  processes	  with	  very	  low	  probability	  	  

Candidate Bsàµ+µ- 

•  First reported by LHCb and then CMS in 2013  
•  Sensitive to physics beyond standard model 
•  Measured Branching ratio (Bsàµ+µ-) = 2.9 ± 0.7 x 10-9 

•  Consistent with Standard Model prediction 

µ+ 

µ- 
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Discovery of the Higgs 

•  We	  saw	  the	  Higgs	  at	  the	  LHC	  
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Possible,	  thanks	  to	  the	  highly	  performing	  
detectors	  

HàZZàµµµµ 

HàZZàeeµµ 

HàZZàeeee 



Nobel Prize in Physics 2013 
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What is next? 
•  The	  Standard	  Model	  cannot	  sWll	  address	  some	  quesWons:	  

–  What	  is	  the	  nature	  of	  dark	  mater	  and	  dark	  energy	  (Super-‐symmetric	  
parWcles)?	  	  

–  What	  is	  the	  nature	  of	  mater-‐anWmater	  asymmetry	  in	  the	  Universe	  ?	  
–  Why	  is	  gravity	  so	  weak	  ?	  Are	  there	  (addiWonal)	  microscopic	  

dimensions	  responsible	  for	  its	  diluWon?	  
–  Why	  is	  the	  Higgs	  boson	  so	  light	  (“naturalness”	  problem)?	  
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The LHC in the next decade 
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Will increase the energy by 65% and the integrated luminosity by a factor 10 



The LHC in the next two decades 
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today 

In	  May	  2013	  
the	  European	  Strategy	  for	  ParWcle	  

Physics	  recommended	  the	  
exploitaWon	  of	  the	  full	  potenWal	  of	  

the	  LHC,	  including	  the	  high-‐
luminosity	  upgrade	  of	  the	  LHC	  and	  
the	  experiments	  in	  view	  to	  collect	  

10	  Wmes	  more	  staWsWcs	  

Will deliver 3000fb-1 

3000fb-1 
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today 

In	  May	  2013	  
the	  European	  Strategy	  for	  ParWcle	  

Physics	  recommended	  the	  
exploitaWon	  of	  the	  full	  potenWal	  of	  

the	  LHC,	  including	  the	  high-‐
luminosity	  upgrade	  of	  the	  LHC	  and	  
the	  experiments	  in	  view	  to	  collect	  

10	  Wmes	  more	  staWsWcs	  The	  LHC	  is	  the	  only	  Higgs,	  (top,	  Z,	  W…)	  factory	  
for	  many	  years!	  

Will	  allow	  to	  search	  for	  new	  physics	  and	  make	  
precision	  measurements	  of	  the	  Higgs	  sector	  

Will deliver 3000fb-1 

3000fb-1 



Searches and precision 
measurements at HL-LHC 
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Estimated precision on the Higgs couplings Discovery reach for stop production 



Searches and precision 
measurements at HL-LHC 
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Estimated precision on the Higgs couplings Discovery reach for stop production 

We	  will	  need	  to	  upgrade	  some	  of	  the	  
detectors	  that	  will	  not	  work	  or	  will	  not	  
withstand	  the	  rates	  of	  the	  HL-‐LHC	  (tracker,	  
trigger,	  electronics…)	  



HL-LHC Experiments 
•  Workshop	  among	  the	  four	  experiments	  

–  To	  share	  experience	  among	  experiments	  	  
–  IdenWfy	  the	  technological	  challenges	  	  
–  Look	  for	  common	  areas	  of	  R&D	  needed	  to	  prepare	  the	  detectors	  for	  

the	  best	  exploitaWon	  of	  the	  HL-‐LHC	  

•  RecommendaWons	  from	  the	  8	  working	  group	  summarized	  in	  a	  
document	  presented	  to	  the	  ECFA	  

October 2013 

Calorimetry       Accelerator 
and beam 
conditions 

Physics 
goals 

Tracking 
detectors 

Radiation 
effect and 
shutdowns 

Muon 
detectors 

Trigger and 
data 

acquisition 

Study possible pile 
up mitigation 
techniques from 
the accelerator 

Electronics 
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Tracking at HL-LHC 
•  High	  Pile	  Up	  (140)	  needs	  excellent	  and	  complete	  tracking:	  

à Key	  ingredient	  for	  the	  parWcle	  reconstruction	  

•  R&D	  ongoing	  on	  Silicon	  technologies	  to	  demonstrate	  low	  
cost,	  radiaWon	  hard,	  efficient	  module	  producWon	  for	  large	  
areas,	  high	  readout	  speed	  
	  

•  Performance	  studies	  crucial	  to	  define	  the	  final	  layouts	  
–  Track	  reconstrucWon,	  b-‐tagging,	  impact	  on	  key	  physics	  channels	  

now 2016 

Ready for 
operation 

Technical 
Design Report  

R&D           Prototypes, Construction, Assembly, 
Integration, Commissioning, Installation 

2017 2023 
With the present LHC schedule 
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Extensive R&D program on 
new technologies for the 
accelerator and the 
experiments 

Several years for 
construction 

Several years for 
commissioning 

Excellent 
calibration and 
performance 

Precision 
reconstruction, 
analysis, computing 

Thousands of  
scientists, students, 
engineers and 
technicians 

Efficient and high 
quality data taking 

To see the heart of matter we need… 
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More information 
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•  An	  important	  very	  basic	  symmetry	  
–  For	  each	  ½-‐integer	  spin	  parWcle	  (Fermion)	  there	  is	  an	  
integer	  spin	  partner	  (Boson)	  and	  vice	  versa	  

•  Complete	  spectrum	  of	  partners	  to	  standard	  model	  parWcles	  
•  Their	  spins	  are	  different	  by	  ½	  unit	  	  
•  They	  are	  heavier	  (or	  else	  we’d	  have	  seen	  them	  already).	  

Supersymmetry (SUSY) 



CMS Drift Tubes 
•  Passage	  of	  a	  charged	  parWcle	  ionizes	  the	  gas	  

–  IonizaWon	  electrons	  avalanche	  to	  anode	  wire	  
–  Point	  of	  passage	  obtained	  knowing	  the	  dri|	  Wme	  to	  the	  wire	  

–  Slow	  response	  (400ns	  dri|	  Wme)	  compared	  to	  silicon	  
	  

µ	


cathode cathode 

anode e- 13mm 

42mm 

Drift Tubes cell resolution:  
•  rφ ~ 100 µm 
•  z ~ 150 µm 

~750 cells /chamber 

CMS Drift Tubes Cell 
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Detector performance 
•  Constantly	  monitoring	  the	  response	  of	  sub-‐detectors	  
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•  ElectromagneWc	  calorimeter:	  	  
–  The	  crystal	  response	  is	  monitored	  using	  a	  laser	  light	  	  	  
–  These	  measurements	  are	  used	  to	  correct	  the	  physics	  data	  

Maria	  Chamizo	  Llatas	  



Silicon detectors 
•  The	  passage	  of	  ionizing	  radiaWon	  creates	  electron-‐hole	  pairs	  	  

–  electrons	  freed	  from	  a	  crystal	  la�ce	  are	  collected	  on	  a	  micro-‐etched	  
metal	  strip	  	  

–  Carriers	  are	  very	  mobile	  à	  fast	  signal	  collecWon	  
–  Performance	  degrades	  with	  radiaWon	  damage	  à	  need	  cooling	  and	  

change	  of	  bias	  voltage	  
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Stability of the Higgs mass 
•  In	  quantum	  mechanics	  the	  Higgs	  mass	  receives	  radiaWve	  

correcWons	  from	  other	  parWcles	  

•  Two	  soluWons	  
1.  Naturalness:	  Higgs	  mass	  stabilized	  by	  “new	  parWcles”	  that	  cancels	  the	  

divergences	  à	  e.g	  Supersymmetric	  parWcles	  

2.  “fine	  tunning”.	  The	  bare	  mass	  cancels	  the	  radiaWve	  correcWons.	  Eg.	  at	  
Λ~1019	  	  Mbare	  needs	  to	  be	  tuned	  to	  the	  33rd	  digit!	  	  

26	  November	  2013	   62	  

Corrections are small except for the top 
contribution ~mt

2Λ2 à  
Higgs mass diverges at the Plank scale 
Λ~1019 GeV if only known particles contribute 

bare 
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Control of the backgrounds 
•  Measurements	  of	  the	  SM	  processes	  over	  many	  orders	  of	  magnitude	  
•  Good	  knowledge	  of	  the	  backgrounds	  for	  Higgs	  analysis	  
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