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Electromagne)c	
  Interac)ons	
  



Atomic	
  Excita)on	
  

•  Along	
  with	
  ioniza)on,	
  electromagne)c	
  interac)ons	
  of	
  the	
  
charged	
  par)cle	
  with	
  the	
  Coulomb	
  fields	
  of	
  the	
  atoms/
molecules	
  of	
  the	
  material	
  result	
  in	
  excita)on.	
  

•  Excited	
  states	
  are	
  unstable,	
  return	
  to	
  ground	
  state	
  emiNng	
  a	
  
photon	
  

•  Timescale	
  –	
  excita)on	
  energy,	
  number	
  of	
  available	
  return	
  
paths	
  

•  When	
  photons	
  are	
  in	
  visible	
  domain	
  èscin)lla)on	
  
•  Material	
  that	
  produces	
  light	
  –	
  scin)llators	
  

–  	
  signal	
  readout	
  by	
  Photodetectors	
  
•  Basis	
  of	
  detec)on	
  for	
  many	
  calorimeters	
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The	
  energe)c	
  electron	
  radiates	
  photons	
  	
  
which	
  convert	
  to	
  electron-­‐positron	
  pairs	
  	
  
which	
  again	
  radiate	
  photons	
  
which	
  ...	
  	
  This	
  is	
  the	
  electromagne+c	
  shower.	
  

Let	
  us	
  have	
  a	
  look	
  at	
  interac)on	
  of	
  different	
  par)cles	
  with	
  the	
  same	
  high	
  
energy	
  (here	
  300	
  GeV)	
  in	
  a	
  big	
  block	
  of	
  iron:	
  

electron 

muon 

pion (or another 
hadron) 

The	
  energe)c	
  muon	
  causes	
  mostly	
  just	
  the	
  
ioniza)on	
  ...	
  

The	
  strongly	
  interac)ng	
  pion	
  collides	
  with	
  an	
  iron	
  nucleus,	
  	
  
creates	
  several	
  new	
  par)cles	
  which	
  interact	
  again	
  with	
  iron	
  
	
  nuclei,	
  create	
  some	
  new	
  par)cles	
  ...	
  	
  	
  
This	
  is	
  the	
  hadronic	
  shower.	
  	
  
You	
  can	
  also	
  see	
  some	
  muons	
  from	
  hadronic	
  decays.	
  

Electrons	
  and	
  pions	
  
with	
  their	
  “children”	
  
are	
  almost	
  comple-­‐	
  
tely	
  absorbed	
  in	
  
the	
  sufficiently	
  	
  
large	
  iron	
  block.	
  

1m 
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Here	
  is	
  the	
  general	
  strategy	
  of	
  a	
  current	
  detector	
  to	
  catch	
  almost	
  all	
  par)cles:	
  

electron 

muon 

hadrons 

Tracker: Not much material, 
finely segmented detectors 
measure precise positions  
of points on tracks.  

Electromagnetic calorimeter:  
offers a material for electro- 
magnetic shower and measures  
the deposited energy. 

Hadronic calorimeter:  
offers a material for  
hadronic shower and 
measures the deposited energy. 

Muon detector:  
does not care about  
muon absorption and  
records muon tracks. 

Neutrinos escape without detection 

Magnetic field bends the tracks and  
helps to measure the momenta of particles. 
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All	
  the	
  detectors	
  are	
  wrapped	
  around	
  the	
  beam	
  pipe	
  and	
  around	
  the	
  collision	
  
point:	
  here	
  are	
  a	
  schema)c	
  and	
  less	
  schema)c	
  cut	
  through	
  ATLAS	
  

The Electromagnetic calorimeter The Tracker or Inner detector 

The Hadronic calorimeter The Muon detector 





Ideal	
  Detectors	
  

An	
  “ideal”	
  par)cle	
  detector	
  would	
  provide…	
  
	
  
• Coverage	
  of	
  full	
  solid	
  angle,	
  no	
  cracks,	
  fine	
  segmenta)on	
  
• Measurement	
  of	
  momentum	
  and	
  energy	
  
• Detec)on,	
  tracking,	
  and	
  iden)fica)on	
  of	
  all	
  par)cles	
  (mass,	
  charge)	
  
• Fast	
  response:	
  no	
  dead	
  )me	
  

However,	
  prac)cal	
  limita)ons:	
  Technology,	
  Space,	
  Budget,	
  and	
  engineering	
  
prevent	
  perfec)on…	
  

End	
  products	
  



Tracking	
  Detectors	
  

•  Purpose:	
  measure	
  momentum	
  and	
  
charge	
  of	
  charged	
  par)cles	
  

•  To	
  minimize	
  mul)ple	
  scadering,	
  we	
  
want	
  tracking	
  detectors	
  to	
  contain	
  as	
  
lidle	
  material	
  as	
  possible	
  

•  Two	
  main	
  technologies	
  
–  gas/wire	
  drie	
  chambers	
  
–  solid	
  state	
  detectors	
  (silicon)	
  

•  Silicon	
  is	
  now	
  the	
  dominant	
  sensor	
  
material	
  in	
  use	
  for	
  tracking	
  detectors	
  
at	
  the	
  LHC	
  



Gas/Wire	
  Drie	
  Chambers	
  

•  Wires	
  in	
  a	
  volume	
  filled	
  with	
  a	
  gas	
  (such	
  as	
  Argon)	
  
•  Measure	
  where	
  a	
  charged	
  par)cles	
  has	
  crossed	
  

–  charged	
  par)cle	
  ionizes	
  the	
  gas	
  
–  electrical	
  poten)als	
  applied	
  to	
  the	
  wires	
  so	
  electrons	
  drie	
  to	
  the	
  sense	
  

wire	
  
–  electronics	
  measures	
  the	
  charge	
  of	
  the	
  signal	
  and	
  when	
  it	
  appears	
  

•  To	
  reconstruct	
  the	
  par)cles	
  track	
  several	
  chamber	
  planes	
  are	
  needed	
  
•  Advantage:	
  

–  low	
  thickness	
  (frac)on	
  of	
  X0	
  )	
  
–  tradi)onally	
  preferred	
  technology	
  for	
  large	
  volume	
  detectors	
  



Silicon	
  Detectors	
  



Momentum	
  and	
  charge	
  
Tracks follow a helix in a uniform magnetic field.  

pT GeV/c( ) = 0.3! B T( )! R m( )
Projected into rφ plane you get a circle.  With the magnetic field (B) 
and radius (R): 

Usually only see tiny part of circle so 
actually measure sagitta s (deviation 
from a straight line). 

s 

B x 
L With N (N>10) equally 

spaced measurements, 
the fractional uncertainty is 

!meas pT( )
pT

=
! x " pT
0.3 " B " L2

720
N + 4

Worse with increasing pT (tracks curve less)  
Better with increasing B (tracks curve more) 
Better with better hit resolution (better measurement of curve) 
Better with more √hits (better measurement of curve) 



Calorimeters	
  
•  Measure	
  energy	
  deposited	
  by	
  par)cles	
  
•  Electromagne)c	
  (EM)	
  

–  measure	
  EM	
  objects	
  –	
  electrons,	
  positrons,	
  photons	
  
•  Hadron	
  –	
  HCAL	
  

–  Measure	
  hadrons	
  –	
  pions,	
  kaons	
  etc.	
  
•  The	
  calorimeter	
  should	
  absorb	
  all	
  of	
  the	
  energy	
  of	
  an	
  incident	
  par)cle	
  
•  Energy	
  measurement	
  by	
  a	
  calorimeter	
  is	
  a	
  DESTRUCTIVE	
  process.	
  

–  Original	
  par)cle	
  no	
  longer	
  exists	
  aeer	
  the	
  measurement.	
  
•  Calorimeter	
  usually	
  located	
  behind	
  charged	
  par)cle	
  tracking	
  chambers	
  

–  Drie	
  chambers,	
  silicon	
  trackers	
  are	
  non-­‐destruc)ve	
  measuring	
  devices	
  



EM	
  Calorimeters	
  



Energy	
  Resolu)on	
  

•  Stochas)c	
  term	
  
–  Sta)s)cs-­‐related	
  fluctua)ons:	
  shower	
  fluctua)ons,	
  dead	
  material	
  in	
  

front	
  of	
  the	
  calorimeters,	
  sampling	
  fluctua)ons	
  
•  Constant	
  term	
  

–  Detector	
  non-­‐uniformity	
  and	
  calibra)on	
  uncertain)es	
  
•  Noise	
  term	
  

–  Electronics	
  noise	
   Since	
  constant	
  term	
  and	
  noise	
  term	
  
are	
  usually	
  small	
  energy	
  resolu)on	
  
improves	
  as	
  E	
  increases.	
  	
  
This	
  is	
  different	
  than	
  momentum	
  
resolu)on	
  which	
  gets	
  worse	
  as	
  
momentum	
  increases.	
  



Energy	
  Resolu)on	
  
Need	
  excellent	
  EM	
  calorimeter	
  resolu)on	
  of	
  electron/photons	
  
In	
  several	
  scenarios	
  moderate	
  mass	
  narrow	
  states	
  decaying	
  into	
  photons	
  or	
  
electrons	
  are	
  expected	
  	
  
 "
H g γγ, H g Z Z* g 4e"
"
Higgs	
  width	
  is	
  very	
  narrow	
  
S/N	
  directly	
  propor)onal	
  to	
  signal	
  resolu)on	
  



Sampling	
  Vs/	
  Homogeneous	
  Calorimeters	
  



S ~ few % 

S ~ 10% 



Electrons	
  and	
  Photons	
  
•  Energy	
  deposit	
  in	
  calorimeter	
  

•  “Narrow“	
  shower	
  shape	
  in	
  EM	
  calorimeter	
  
•  Energy	
  nearly	
  completely	
  deposited	
  in	
  EM	
  
calorimeter	
  

•  Lidle	
  or	
  no	
  energy	
  in	
  had	
  calorimeter	
  
(hadronic	
  leakage)	
  

•  Electrons	
  have	
  an	
  associated	
  track	
  in	
  inner	
  detector	
  
•  If	
  there	
  is	
  no	
  track	
  found	
  in	
  front	
  of	
  calorimeter:	
  
photon	
  

•  But	
  be	
  careful,	
  photon	
  might	
  have	
  converted	
  
before	
  reaching	
  the	
  calorimeter	
  



Hadronic	
  Calorimeters	
  



Muons	
  
•  Because	
  of	
  it’s	
  long	
  life)me,	
  the	
  muon	
  is	
  basically	
  a	
  stable	
  par)cle	
  for	
  us	
  (cτ	
  
~	
  700	
  m)	
  

•  It	
  does	
  not	
  feel	
  the	
  strong	
  interac)on	
  
•  Therefore,	
  they	
  are	
  very	
  penetra)ng	
  

•  It‘s	
  a	
  minimum	
  ionising	
  par)cle	
  (MIP)	
  
•  Only	
  lidle	
  energy	
  deposit	
  in	
  calorimeter	
  

•  However,	
  at	
  high	
  energies	
  (E>0.2	
  TeV)	
  muons	
  can	
  some)mes	
  behave	
  more	
  
like	
  electrons!	
  

•  At	
  high	
  energies	
  radia)ve	
  losses	
  begin	
  to	
  dominate	
  and	
  muons	
  can	
  
undergo	
  bremsstrahlung	
  

•  Muons	
  are	
  iden)fied	
  as	
  a	
  track	
  in	
  the	
  muon	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  chambers	
  
and	
  in	
  the	
  inner	
  tracking	
  detectors	
  

•  Both	
  measurements	
  are	
  combined	
  for	
  the	
  best	
  track	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  results	
  





Muon	
  Detectors	
  
•  Purpose:	
  measure	
  momentum	
  and	
  charge	
  of	
  muons	
  
•  Muon	
  chambers	
  are	
  the	
  outermost	
  layer	
  
•  Measurements	
  are	
  made	
  combined	
  with	
  the	
  inner	
  tracker	
  

•  Different	
  types	
  of	
  technology	
  used:	
  
–  DT	
  (Drie	
  tubes)	
  
–  CSC	
  (Cathode	
  Strip	
  Chambers)	
  
–  RPC	
  (Resis)ve	
  Plate	
  Chamber)	
  
–  TGC	
  (Thin	
  Gap	
  Chamber)	
  



Experiments	
  @	
  LHC	
  

•  ATLAS	
  :	
  A	
  Toroidal	
  LHC	
  Apparatus	
  (pp)	
  
•  CMS	
  :	
  Compact	
  Muon	
  Solenoid	
  (pp)	
  
•  ALICE	
  :	
  A	
  Large	
  Ion	
  Collider	
  Experiment	
  (Pb-­‐Pb)	
  
•  LHCb	
  :	
  LHC	
  b-­‐physics	
  (CP	
  viola)on	
  in	
  B-­‐meson	
  decays)	
  
	
  
Also:	
  
•  TOTEM	
  (precision	
  (1%)	
  measurement	
  of	
  total	
  cross	
  sec)on)	
  
•  LHCf	
  (study	
  of	
  forward	
  produc)on	
  of	
  π0	
  s	
  )	
  
•  Moedal	
  (search	
  for	
  magne)c	
  monopoles)	
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Here is one of them… 

CMS 

15 m 

22 m 

Compact Muon Spectrometer  
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And another… 

ATLAS 

22 m 

44 m 

A Toroidal LHC ApparatuS  
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Growth of Detectors 

DØ,	
  1994,	
  351	
  
authors,	
  28	
  e	
  high	
  

CMS,	
  	
  2310	
  authors,	
  48	
  e	
  high	
  
(14.6m)	
  

ATLAS,	
  20m	
  high	
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CMS	
  Trivia/Pictures	
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CMS Collaboration 

2310 Scientific Authors 
38 Countries 
175 Institutions 

CERN	


France	



Italy	



UK	



Switzerland	



USA	


Austria	



Finland	



Greece	


Hungary	



Belgium	



Poland	


Portugal	



Spain	


Pakistan	



Georgia	


Armenia	


Ukraine	

Uzbekistan	



Cyprus!
Croatia	



China, PR	

Turkey	


Belarus	



Estonia	

India	



Germany	



Korea	



Russia	



Bulgaria	



China (Taiwan)	


Iran	



Serbia	


New-Zealand	



Brazil	



Ireland	



1084	


503	


723	



2310	



Member States	


Non-Member States	


Total	


USA	



Nr of Scientific "
Authors"

 	

 59	
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175	



Member States	



Total	


USA	



67 "	

Non-Member States	

 	



Number of"
Laboratories"

Mexico	

 Colombia	

Lithuania	



Compact Muon Solenoid (CMS) 



•  Weighs	
  about	
  12,500	
  tons	
  
–  Equal	
  to	
  40	
  large	
  airplanes	
  

•  Highlights	
  of	
  a	
  few	
  components:	
  
–  205	
  m2	
  of	
  Silicon	
  sensors	
  (strips	
  and	
  pixels)	
  

•  93	
  million	
  micro	
  strips,	
  66	
  million	
  pixels	
  
–  80,000	
  lead	
  tungstate	
  cyrstals	
  
–  One	
  of	
  the	
  sub-­‐detectors	
  (HCAL)	
  uses	
  brass	
  recovered	
  from	
  Russian	
  

ar)llery	
  shells,	
  weighs	
  500-­‐tons	
  and	
  uses	
  80,000	
  bolts	
  to	
  hold	
  it	
  
together.	
  

–  think	
  your	
  6MP	
  digital	
  camera	
  taking	
  40	
  million	
  pictures	
  a	
  second	
  
•  Approx	
  1	
  Terabyte/sec	
  raw	
  data	
  rate	
  from	
  the	
  CMS	
  detector	
  

–  Recorded	
  data	
  capacity	
  will	
  be	
  equivalent	
  to	
  CDs	
  stacked	
  at	
  the	
  rate	
  of	
  
20	
  km/year	
  

The CMS Detector @LHC 
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  MUON	
  BARREL	



CALORIMETERS	

	
  	



Silicon	
  Microstrips	


Pixels	

	
  	



The image part with relationship ID rId1 
was not found in the file.

ECAL	

	
  Scin)lla)ng	
  PbWO4	

	
  	

Crystals	

	
  	



	
  Cathode	
  Strip	
  Chambers	
  (CSC)	


Resis)ve	
  Plate	
  Chambers	
  (RPC)	
  

Drie	
  Tube	

	
  	


Chambers	
  (DT)	

	
  	

Resis)ve	
  Plate	

	
  	

Chambers	
  (RPC)	
  

The image part with relationship ID rId1 was not found 
in the file.

The image part with relationship ID 
rId1 was not found in the file.

SUPERCONDUCTING	


	
  	



COIL	



IRON	
  YOKE	



TRACKERs	


MUON	

	
  	



ENDCAPS	



Total	
  weight	
  :	
  12,500	
  t	


Overall	
  diameter	
  :	
  15	
  m	


Overall	
  length	
  :	
  21.6	
  m	


Magne)c	
  field	
  :	
  4	
  Tesla	



HCAL	


	
  Plas)c	
  scin)llator	



	
  	



brass	


	
  	



	
  	


sandwich	



The image part with relationship ID rId1 was not found in the file.

The image part with relationship ID 
rId1 was not found in the file.

CMS Detector 

Conceived	
  1992	
  



32	
  

And in reality…  

March	
  2007	
  

Hadron	
  calorimeter	
  being	
  
inserted	
  

magnet	
  

muon	
  
detectors	
  



29	
  Oct	
  08	
   Seminar,	
  Goddard	
   33	
  

CMS Caverns 

“Phase 1”, walls 
70% complete!

2002…!

Waterproofing roof…
2002 

USC55 – June 2004 UCS55 – Fall 2004 UXC55 Construction 
UXC55 – Main Cavern 

Main Shaft into UXC55 

March 2005 

November 2005 
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Heavy Lowering 

•  13 Heavy Lowerings 
•  Masses between  

400 tons and 1920 
tons 

•  YE1 most difficult: 
Mass 1430 tons 

•  Nose of 465 tons 
out of plane of disk 
–center of gravity 
in front of the the 
plane.  

CMS is the first large HEP detector 
that has been assembled, cabled and 
tested on the surface and then 
brought underground 
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Assembly Hall – SX5 

2005-2006 



Solenoid 

12.5m 

6m 

• 	
  diameter = 6 m (20 ft)  

•  Largest one ever built 

•  stores 2.7 GJ of energy 



Solenoid 

Insertion test 2002… 

Successful Insertion 2005… 



Muon System 

Muon: σ/pt = 1% @ 50GeV to 10% @ 1TeV	
  

	
  
• 25000 m2 of active detection 
planes 
•  1,000,000 electronic 
channels 
•  measures muon trajectory to 
100 µm at (up to) 44 points 
along the track. 
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Lowering into the cavern… 

Endcap disks: 
Jan. 2007 to Jan. 2008 

Barrel wheels: 
Jan. – Oct.  2007 

(1000-­‐2000	
  ton	
  structures!)	
  



HCAL 
Had Barrel: HB"
Had Endcaps: 
HE"
Had Forward: 
HF"

Had Outer: HO"

HB"

HE"HF"

HO"

Hadronic Calorimeter: Brass
+Scintillator 

   σ/E = 100%/E + 0.05 GeV 



HCAL 

HB!

HE!

• 	
  brass for detector came from 
Russian artillery shells 

•  electronic signal is made by 
scintillating plastic 

•  4608 “towers” 
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HB – Feb, 2007 
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Lowering of YE-1 

January, 2008   

The last heavy element of 
CMS is lowered into the 
collision hall.  

The Silicon Strip Tracker, 
the Silicon Pixels and the 
endcap ECAL remain to be 
installed. 
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CMS Crystal ECAL 

Barrel production and installation 
completed 27 July 2007	
  
	
  
Endcap production complete and 
inserted 1 August 2008  à 

76K PbWO4 crystals for 
fine electron/photon 
energy measurements 

More	
  crystals	
  (in	
  volume	
  or	
  
number)	
  than	
  in	
  all	
  previous	
  HEP	
  
experiments	
  combined	
  

EM Calorimeter: PbWO4 crystals, σ/E = 
3%/E + 0.003, 25X0 



CMS Tracker 

•  tracker is made from silicon 

•  inner tracker; 76,000,000 channels 

•  forward tracker, 45,000,000 channels  

•  total area: 210 m2 

Tracker: Silicon pixels and strips,  
σ/pt = 1.5x10-4 pt + 0.005 
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Installation of the Pixel System, August 2008 

A 66 megapixel “camera” ! 
Makes precise measurements  
of charged particle impact  
parameters to tag particles  
with a small but finite lifetime 



USLUO	
  Oct.	
  2008	
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Before Closure 
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Closure 



30	
  October	
  2008	
   The	
  CMS	
  Experiment	
  -­‐	
  SESAPS08	
  -­‐	
  D.Acosta	
   49	
  

CMS Completed! 
August 25, 2008 – 16 years after its Letter of Intent 
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Ready	
  for	
  the	
  LHC	
  







Silicon-­‐based	
  detectors	
  

Solution is a pn junction; similar 
in operation to a photodiode. 

Principle: charged particles 
ionize electrons which are 
collected 
 
In bulk silicon, electrons and 
holes recombine immediately. 

Doping silicon makes excess 
electron (n-type) or holes (p-type) 

Joining p-type and n-type silicon 
makes a pn junction.  Electrons 
and holes diffuse across 
junction and combine, making a 
small “depletion region” with no 
free charge carriers. 



Opera)ng	
  a	
  reverse-­‐biased	
  pn	
  junc)on	
  

In forward-biased mode, current flows after overcoming 0.7 V potential 
difference (in silicon). 

In reverse-biased mode, increasing 
voltage causes more electrons and 
holes to combine, increasing the 
depletion region. 

When the depletion region is as 
large as the silicon the detector is 
“fully depleted” and there are 
(almost) no free carriers (~100V). 

n-type 

depletion region 
p-type 

metal contact 

metal contact 

depletion region + 
+ 

+ 

– 

– 

– 
– 

– 

– 

– 

– 

– 

+ 

+ 

+ 
+ 

+ 
+ 

When a charged particle goes through, the current from the liberated 
electrons/holes can be measured. 

Metal contacts are placed on each side of the junction. 


