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Challenge	  of	  Event	  Reconstruc?on	  
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Philosophy	  of	  Event	  Reconstruc?on	  
•  High-‐energy	  colliders	  probe	  

interac?ons	  on	  ?niest	  
space?me	  scales	  

•  But	  par?cle	  life?mes	  limit	  our	  
experimental	  reach	  

•  Two	  parts	  of	  reconstruc?on:	  
–  Use	  detector	  hits	  to	  track	  and	  

catalog	  par?cles’	  passage	  
–  Recreate	  final	  and	  intermediate	  

states	  of	  interac?on	  

•  Depend	  on	  prior	  knowledge	  of	  
par?cle	  interac?ons	  

•  Prac?cal	  approach:	  no	  
epistemological	  discussions!	  
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Forward	  Evolu?on	  from	  “Parton-‐Level”	  

•  “Parton-‐level”	  or	  “hard	  process”	  (in	  MC)	  
–  Typically	  what	  you	  see	  in	  a	  Feynman	  diagram	  (“quarks	  and	  leptons”)	  
–  Time	  evolu?on	  through	  radia?on	  and	  hadroniza?on	  to	  reach…	  

•  “Par?cle-‐level”	  (or	  “hadron	  level”)	  (in	  event	  generators)	  
–  Color-‐neutral	  final	  state	  par?cles	  that	  reach	  detector	  material	  
–  These	  par?cles	  may	  or	  may	  not	  create…	  

•  “Detector-‐level”	  hits	  in	  tracking	  detectors	  and	  calorimeters	  
–  These	  are	  specific	  to	  the	  experiment	  or	  the	  simula?on,	  including	  efficiency	  
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Reconstruc?on	  from	  “Detector-‐Level”	  
•  “Detector-‐Level”	  hits	  are	  read	  out	  from	  detector	  to	  storage	  

–  List	  of	  silicon	  strips	  on	  which	  significant	  charge	  was	  deposited,	  and	  possibly	  
the	  amount	  of	  charge	  that	  was	  collected	  

–  List	  of	  tracker	  straws,	  and	  the	  ?me	  when	  the	  charge	  was	  collected	  
–  List	  of	  calorimeter	  cells	  with	  amount	  of	  charge	  collected	  

•  Hits	  are	  translated	  into	  low-‐level	  objects	  used	  for	  reconstruc?on	  
–  Clusters	  of	  silicon	  pixel	  and	  strip	  hits,	  represen?ng	  one	  par?cle’s	  impact	  
–  Clusters	  of	  calorimeter	  cells,	  intended	  to	  represen?ng	  one	  par?cle’s	  deposit	  
–  Global	  transla?on	  from	  local	  coordinate	  systems	  to	  global	  coordinates	  

•  Reconstruc?on	  algorithms	  combine	  these	  objects	  into	  tracks	  and	  
calibrated	  calorimeter	  clusters	  

•  Subsequent	  algorithms	  iden?fy	  “physics	  objects”	  as	  combina?ons	  
of	  tracks,	  clusters,	  and	  ver?ces	  
–  These	  “physics	  objects”	  are	  intended	  to	  match	  the	  “par?cle-‐level”	  

cons?tuents	  of	  an	  interac?on	  
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Par?cle	  Iden?fica?on	  

•  Charged	  par?cles	  leave	  tracks	  due	  to	  ioniza?on	  energy	  loss	  
•  Photons	  and	  electrons	  shower	  in	  EM	  calo	  due	  to	  bremsstrahlung	  
•  Hadrons	  deposit	  energy	  in	  EM+HAD	  calorimeters	  
•  Muons	  and	  neutrinos	  typically	  escape	  the	  experiment	  
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Credit:	  Par+cle	  Data	  Group	  (LBNL)	  



Outline	  of	  these	  3	  Lectures	  

•  Charged	  par?cle	  interac?ons	  at	  a	  physical	  level	  
•  dE/dx,	  Cherenkov	  radia?on,	  transi?on	  radia?on,	  ?me	  of	  flight	  
•  Examples	  from	  hadron	  collider	  experiments	  
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Lecture	  1	  (Monday):	  par?cle	  interac?ons	  with	  detector	  material	  

Lecture	  2	  (Thursday):	  par?cle	  iden?fica?on	  algorithms	  	  
•  Neutral	  par?cle	  iden?fica?on	  
•  Prac?cal	  iden?fica?on	  approaches	  and	  efficiency	  measurements	  
•  Par?cle	  flow	  algorithms	  in	  theory	  and	  prac?ce	  

•  Jet	  clustering,	  jet	  tagging,	  missing	  ET	  calcula?ons	  
•  Tau	  lepton	  iden?fica?on	  
•  W	  boson	  and	  top	  quark	  tagging	  

Lecture	  3	  (Friday):	  advanced	  par?cle	  ID	  for	  complex	  signatures	  



CMS	  Experiment	  
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Credit:	  CERN/CMS	  



Par?cles’	  Passage	  through	  CMS	  
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Credit:	  CERN/CMS/D.	  Barney	  



ATLAS	  Experiment	  
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Credit:	  CERN/ATLAS	  



Par?cles’	  Passage	  through	  ATLAS	  
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LHCb	  
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Credit:	  CERN	  



ALICE	  
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Credit:	  CERN	  



What	  is	  Par?cle	  ID?	  
•  A	  par?cle’s	  quantum	  numbers	  dis?nguish	  it	  from	  other	  par?cle	  

species:	  electric	  charge,	  weak	  hypercharge,	  spin,	  mass	  
•  For	  the	  most	  part,	  our	  par?cle	  ID	  differen?ates	  par?cles	  based	  on	  

their	  mass,	  which	  is	  unique	  to	  each	  charged	  par?cle	  species!	  
–  Electrons	  vs.	  muons	  (essen?ally	  the	  same	  quantum	  numbers,	  except	  for	  m)	  
–  Pions	  vs.	  kaons	  vs.	  protons	  
–  Many	  of	  the	  interac?on	  differences	  are	  in	  fact	  just	  mass	  differences	  

•  Typical	  detector	  measurements	  focus	  on	  energy	  or	  momentum	  
–  Momenta	  of	  charged	  par?cles	  in	  magne?c	  spectrometer	  
–  Energy	  of	  par?cles	  in	  destruc?ve	  calorimeter	  measurements	  

•  Special	  considera?on	  is	  needed	  to	  infer	  the	  par?cle	  mass	  
–  Could	  depend	  on	  full	  knowledge	  of	  4-‐momentum	  
–  Could	  consider	  interac?ons	  that	  are	  especially	  sensi?ve	  to	  the	  velocity	  of	  

rela?vis?c	  par?cles	  or	  the	  related	  Lorentz	  γ	  factor	  	  
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Outline	  for	  Today	  
•  Today:	  focus	  on	  charged	  par?cle	  iden?fica?on	  via	  radia?ve	  energy	  

loss	  mechanisms	  associated	  with	  electromagne?c	  interac?ons	  
–  All	  of	  these	  approaches	  are	  sensi?ve	  to	  par?cle’s	  β	  or	  γ	  factors	  
–  All	  have	  been	  used	  in	  hadron	  collider	  experiments	  for	  purposes	  of	  PID	  

•  Ioniza?on	  energy	  loss	  through	  interac?ons	  with	  atomic	  electrons	  
in	  material:	  “dE/dx”	  

•  Cherenkov	  radia?on	  from	  superluminal	  par?cles:	  par?cle	  coun?ng	  
and	  angular	  measurements	  

•  Transi?on	  radia?on	  emiped	  as	  par?cles	  pass	  through	  a	  boundary	  
between	  materials	  with	  different	  refrac?ve	  indices	  

•  Time-‐of-‐Flight	  (TOF)	  measurements	  and	  technical	  challenges	  
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Par?cle	  ID	  via	  Energy	  &	  Momentum	  
•  If	  the	  goal	  is	  to	  calculate	  m,	  why	  not	  use	  the	  measured	  energy	  and	  

momentum?	  

–  Energy	  resolu?on	  is	  not	  good	  enough	  at	  low	  E	  	  
–  Momentum	  resolu?on	  is	  not	  good	  enough	  at	  high	  p	  
–  Remember	  that	  we	  need	  mass	  resolu?on	  <	  100	  MeV	  

•  Or	  what	  about	  measuring	  the	  velocity	  of	  the	  par?cles	  directly?	  
–  Rewrite	  defn.	  of	  γ	  to	  find	  	  

•  We	  will	  return	  eventually	  to	  the	  Time-‐of-‐Flight	  measurements,	  
acknowledging	  the	  strict	  requirement	  on	  ?ming	  resolu?on	  δt/L	  
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Charged	  Par?cle	  Energy	  Loss	  
•  Three	  main	  mechanisms	  for	  energy	  loss	  from	  rela?vis?c	  par?cles	  
•  “dE/dx”:	  ioniza?on	  energy	  loss	  w/	  virtual	  photons	  absorbed	  

–  In	  non-‐rela?vis?c	  region,	  rate	  of	  energy	  loss	  falls	  as	  1/β2	  
–  In	  rela?vis?c	  regime	  (βγ>4),	  energy	  loss	  rises	  as	  ln(βγ)	  
–  Measurement	  of	  energy	  loss	  sum	  can	  be	  converted	  to	  measurement	  of	  βγ	


•  Cherenkov	  radia?on:	  real	  photons	  emiped	  at	  characteris?c	  angle	  
–  Emission	  occurs	  at	  all	  frequencies	  (energies)	  democra?cally	  
–  Angle	  of	  emission	  can	  be	  converted	  to	  measurement	  of	  β	

–  Becomes	  more	  difficult	  to	  separate	  par?cle	  types	  as	  β	  approaches	  1	  

•  Transi?on	  radia?on:	  real	  photons	  emiped	  at	  interface	  
–  Energy	  of	  the	  photons	  depends	  directly	  on	  βγ	

–  Small	  number	  of	  photons	  emiped:	  α	  photons	  per	  transi?on	  
–  TR	  saturates	  at	  some	  γmax	  dependent	  on	  distance	  between	  interfaces	  
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Electromagne?c	  Interac?ons	  Dominate	  
•  Charged	  par?cle	  interac?ons	  dominated	  by	  electromagne?c	  

interac?ons	  (large	  cross	  sec?on	  process)	  
–  Electromagne?c	  vs.	  weak	  force	  couplings,	  atomic	  cross	  sec?on	  
–  Strong	  interac?on	  range	  is	  too	  short,	  limited	  to	  nuclear	  cross	  sec?on	  

•  For	  the	  purposes	  of	  energy	  loss	  in	  detector	  material,	  we	  consider	  
the	  cross	  sec?on	  of	  a	  charged	  par?cle	  scapering	  on	  atom	  
–  Scapering	  from	  charges	  in	  the	  nucleus	  
–  Emiped	  (virtual)	  photons	  from	  the	  fields	  of	  the	  charged	  par?cle	  are	  most	  

ouen	  absorbed	  by	  atomic	  electrons	  
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•  Happy	  conclusion:	  sou	  EM	  interac?ons	  
deposit	  enough	  energy	  in	  detector	  but	  do	  
not	  (usually)	  affect	  the	  par?cle’s	  
momentum	  vector	  



Sou	  Electromagne?c	  Interac?ons	  

•  Dispersion	  rela?on	  in	  real	  material	  

–  A	  material	  with	  free	  electrons	  (“plasma”)	  has	  imaginary	  σ. 	


–  Photons	  with	  ω	  >	  ωp	  have	  real	  k,	  sa?sfy	  wave	  equa?on,	  and	  can	  propagate.	  
–  Otherwise	  there	  is	  a	  damping	  term,	  characterized	  by	  skin	  depth	  

•  Gives	  rise	  to	  two	  kinds	  of	  radia?on	  by	  charged	  par?cles	  
–  Real	  emission	  is	  Cherenkov	  radia?on	  
–  Virtual	  emission	  (with	  damping)	  can	  s?ll	  interact	  with	  atoms	  in	  material	  
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Energy	  Loss	  and	  Emiped	  Radia?on	  
•  Dispersion	  rela?on	  recast	  in	  terms	  

of	  refrac?ve	  index	  n	  (or	  ε)	  
–  Frequency-‐dependent	  behavior	  

•  At	  frequencies	  below	  the	  
absorp?on	  region,	  n>1	  and	  
medium	  is	  transparent:	  op?cal	  

•  In	  the	  absorp?on	  region,	  
imaginary	  part	  is	  large,	  and	  range	  
is	  short	  (dE/dx	  ioniza?on	  energy	  
loss)	  

•  At	  high	  frequencies	  (X-‐ray),	  there	  
is	  liple	  absorp?on,	  and	  n<1.	  	  Some	  
emission	  can	  s?ll	  occur:	  TR	  
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Spectrum	  of	  Energy	  Loss:	  dE/dx	  
•  Elas?c	  collisions	  of	  rela?vis?c	  

par?cles	  with	  atomic	  electrons	  
•  Usually	  expressed	  as	  the	  mean	  

energy	  loss:	  <dE/dx>	  
•  Each	  scaper	  transfers	  to	  target	  

•  Integrate	  over	  impact	  param.	  

•  Sum	  over	  all	  collisions	  
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6 31. Passage of particles through matter

 1

 2

 3

 4

 5
 6

 8

10

1.0 10 100 1000 10 0000.1

Pion momentum (GeV/c)

Proton momentum (GeV/c)

1.0 10 100 10000.1

1.0 10 100 10000.1

βγ = p/Mc

Muon momentum (GeV/c)

H2 liquid

He gas

C
Al

Fe
Sn

Pb〈–
dE
/d
x〉

 (M
eV

 g
—

1 c
m

2 )

1.0 10 100 1000 10 0000.1

Figure 31.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for
muons and pions, are not included. These become significant for muons in iron for
βγ >∼ 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 31.23.

pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 31.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe equation, but not for radiative losses, relevant only for muons and pions.

31.2.4. Mean excitation energy : “The determination of the mean excitation
energy is the principal non-trivial task in the evaluation of the Bethe stopping-power
formula” [10]. Recommended values have varied substantially with time. Estimates
based on experimental stopping-power measurements for protons, deuterons, and alpha
particles and on oscillator-strength distributions and dielectric-response functions were
given in ICRU 49 [4]. See also ICRU 37 [11]. These values, shown in Fig. 31.5, have
since been widely used. Machine-readable versions can also be found [12].
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Bethe-‐Bloch	  Calcula?on	  
•  Full	  quantum	  mechanical	  calcula?on	  is	  found	  in	  many	  places	  

•  Note	  the	  logarithmic	  rise	  with	  γ	  (rela?vis?c	  rise)	  and	  the	  density	  
effect	  correc?on	  (dependent	  on	  βγ)	  
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4 31. Passage of particles through matter
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Fig. 31.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function of
βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic
energy). Solid curves indicate the total stopping power. Data below the break at βγ ≈ 0.1
are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical bands
indicate boundaries between different approximations discussed in the text. The short
dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping power
on projectile charge at very low energies [6]. dE/dx in the radiative region is not simply
a function of β.

31.2.2. Maximum energy transfer in a single collision : For a particle with mass
M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (31.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.
This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.
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•  Bethe	  regime:	  ioniza?on	  
energy	  loss	  dominates	  

•  Strong	  dependence	  on	  b,	  
weak	  dependence	  on	  γ	

–  Limited	  at	  high	  γ	

–  Useful	  for	  PID	  when	  βγ	  <≈	  3	  

•  At	  very	  high	  βγ,	  radia?ve	  
energy	  losses	  dominate	  
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Minimum	  Ionizing	  Par?cles	  
•  According	  to	  simplified	  form	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  minimum	  mean	  

energy	  loss	  <dE/dx>	  occurs	  at	  β=1	  (ignoring	  rela?vis?c	  rise)	  
–  Typical	  rules-‐of-‐thumb:	  1.5	  MeV/(g/cm2)	  for	  Z/A=1;	  muon	  loses	  1.2	  GeV/m	  in	  

a	  thick	  iron	  absorber	  like	  the	  CMS	  return	  yoke	  or	  the	  ATLAS	  TileCal	  

•  Ioniza?on	  energy	  loss	  remains	  roughly	  constant	  at	  high	  momentum	  
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Fig. 31.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function of
βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic
energy). Solid curves indicate the total stopping power. Data below the break at βγ ≈ 0.1
are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical bands
indicate boundaries between different approximations discussed in the text. The short
dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping power
on projectile charge at very low energies [6]. dE/dx in the radiative region is not simply
a function of β.

31.2.2. Maximum energy transfer in a single collision : For a particle with mass
M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (31.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.
This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.
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•  MIP	  serves	  as	  standard	  
candle	  for	  detector	  design	  
–  Energy	  transferred	  to	  

atomic	  electrons,	  inducing	  
charge	  in	  detectors	  

•  Ensure	  sufficient	  signal	  by	  
using	  dense	  materials	  
–  Subject	  to	  limita?ons	  on	  

scapering	  angles	  

dE/d(⇢x) ⇠ 1/�2



dE/dx	  in	  Gaseous	  Detectors	  

•  Must	  assume	  that	  total	  ioniza?on	  is	  propor?onal	  to	  energy	  loss	  
•  Large	  number	  of	  measurements	  ensures	  good	  dE/dx	  resolu?on	  

–  ALICE	  TPC	  samples	  ioniza?on	  up	  to	  159	  ?mes	  for	  each	  track	  
–  Mean	  free	  path	  for	  rela?vis?c	  par?cles	  is	  approx.	  300	  µm	  in	  Ar	  

•  Calibrated	  energy	  loss	  distribu?ons	  allow	  effec?ve	  measurement	  
of	  βγ	  for	  each	  par?cle,	  combined	  with	  p	  to	  allow	  PID	  
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dE/dx	  in	  Silicon	  Detectors	  
•  Band	  gap	  in	  silicon	  is	  only	  3.6	  eV,	  so	  many	  more	  electrons	  are	  

produced	  than	  in	  gaseous	  detectors,	  but	  usually	  fewer	  samplings	  
•  Characteris?c	  Landau	  distribu?on	  of	  energy	  loss	  

–  90%	  of	  collisions	  result	  in	  energy	  loss	  less	  than	  the	  mean	  (<dE/dx>)	  
–  Most	  Probable	  Value	  of	  energy	  loss	  is	  more	  commonly	  used	  for	  calibra?on	  	  
–  Need	  a	  large	  number	  of	  sampling	  to	  approach	  the	  distribu?on	  
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Figure 31.8: Straggling functions in silicon for 500 MeV pions, normalized to unity
at the most probable value δp/x. The width w is the full width at half maximum.

equation, Eq. (31.5), is thus ill-defined experimentally and is not useful for describing
energy loss by single particles.♮ It rises as ln γ because Wmax increases as γ at high
energies. The most probable energy loss should be used.

A practical example: For muons traversing 0.25 inches of PVT plastic scintillator, the
ratio of the most probable E loss rate to the mean loss rate via the Bethe equation is
[0.69, 0.57, 0.49, 0.42, 0.38] for Tµ = [0.01, 0.1, 1, 10, 100] GeV. Radiative losses add less
than 0.5% to the total mean energy deposit at 10 GeV, but add 7% at 100 GeV. The
most probable E loss rate rises slightly beyond the minimum ionization energy, then is
essentially constant.

The Landau distribution fails to describe energy loss in thin absorbers such as gas TPC
cells [1] and Si detectors [26], as shown clearly in Fig. 1 of Ref. 1 for an argon-filled TPC
cell. Also see Talman [27]. While ∆p/x may be calculated adequately with Eq. (31.11),
the distributions are significantly wider than the Landau width w = 4ξ [Ref. 26, Fig. 15].
Examples for 500 MeV pions incident on thin silicon detectors are shown in Fig. 31.8.
For very thick absorbers the distribution is less skewed but never approaches a Gaussian.

The most probable energy loss, scaled to the mean loss at minimum ionization, is
shown in Fig. 31.9 for several silicon detector thicknesses.

♮ It does find application in dosimetry, where only bulk deposit is relevant.
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31.2.10. Energy loss in mixtures and compounds : A mixture or compound can be
thought of as made up of thin layers of pure elements in the right proportion (Bragg
additivity). In this case,

〈

dE

dx

〉

=
∑

wj

〈

dE

dx

〉

j
, (31.13)

where dE/dx|j is the mean rate of energy loss (in MeV g cm−2) in the jth element.
Eq. (31.5) can be inserted into Eq. (31.13) to find expressions for ⟨Z/A⟩, ⟨I ⟩, and ⟨δ⟩; for
example, ⟨Z/A⟩ =

∑

wjZj/Aj =
∑

njZj/
∑

njAj . However, ⟨I ⟩ as defined this way is
an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and ⟨δ⟩ as calculated this way has little relevance, because it is the electron
density that matters. If possible, one uses the tables given in Refs. 16 and 29, that include
effective excitation energies and interpolation coefficients for calculating the density effect
correction for the chemical elements and nearly 200 mixtures and compounds. Otherwise,
use the recipe for δ given in Ref. 5 and 17, and calculate ⟨I⟩ following the discussion in
Ref. 10. (Note the “13%” rule!)

31.2.11. Ionization yields : Physicists frequently relate total energy loss to the
number of ion pairs produced near the particle’s track. This relation becomes complicated
for relativistic particles due to the wandering of energetic knock-on electrons whose
ranges exceed the dimensions of the fiducial volume. For a qualitative appraisal of the
nonlocality of energy deposition in various media by such modestly energetic knock-on
electrons, see Ref. 30. The mean local energy dissipation per local ion pair produced, W ,
while essentially constant for relativistic particles, increases at slow particle speeds [31].
For gases, W can be surprisingly sensitive to trace amounts of various contaminants [31].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors
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Example	  of	  dE/dx	  in	  New	  Par?cle	  Searches	  
•  CMS	  search	  for	  heavy	  stable	  charged	  par?cles	  (HSCP/CHAMP)	  

–  Could	  be	  a	  new	  lepton	  with	  q≠1e	  and	  coupling	  only	  through	  U(1)	  
•  Two	  striking	  detector	  signatures	  for	  these	  par?cles	  

–  Long	  ?me	  of	  flight,	  as	  measured	  with	  CMS	  muon	  system	  (skip	  for	  now)	  
–  If	  charge	  is	  unusual	  (i.e.	  ≠1e),	  then	  anomalous	  dE/dx	  measurements	  
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Cherenkov	  Radia?on	  
•  Fields	  of	  charged	  par?cle	  interact	  with	  dispersive	  medium	  (n≠1)	  

–  Instead	  of	  Huygens	  construc?on,	  try	  alterna?ve	  par?cle-‐based	  deriva?on	  

	  
	  
–  Dispersion	  rela?on	  gives	  	  

–  And	  then	  the	  angle	  is	  defined	  by	  

–  In	  this	  Cherenkov	  regime	  (low	  energy),	  the	  permi�vity	  ε	  is	  real,	  and	  so	  is	  n.	  
(This	  is	  not	  true	  for	  dE/dx.)	  	  If	  v<c,	  then	  no	  radia?on	  in	  con+nuous	  medium.	  

–  Note	  that	  photons	  are	  effec+vely	  constrained	  to	  this	  angle	  of	  emission	  
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Cherenkov	  Radia?on:	  Frequency	  and	  Direc?on	  
•  Both	  frequency	  and	  direc?on	  are	  set	  by	  the	  par?cle	  β,	  index	  of	  

refrac?on,	  and	  length	  of	  radiator	  (full	  deriva?on	  in	  Green’s	  book)	  

–  Where	  δ	  is	  phase	  difference	  (Fraunhofer)	  

–  If	  the	  radiator	  length	  L	  is	  long,	  then	  (sinδ/δ)	  gives	  a	  delta	  func?on	  at	  a	  single	  
characteris?c	  Cherenkov	  angle;	  otherwise	  there	  is	  a	  spread	  in	  cosθ.	  

•  Other	  rela?ons	  
–  Cherenkov	  angle	  	  

–  Maximum	  Cherenkov	  angle	  
–  Maximum	  number	  of	  photons	  	  	  
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Prac?cal	  Cherenkov	  Detectors	  
•  Cherenkov	  detector	  fall	  into	  two	  main	  classes:	  

–  Threshold	  detectors:	  measure	  intensity	  (number)	  of	  par?cles	  above	  some	  β	

–  Imaging	  detectors:	  measure	  angles	  of	  emiped	  photons,	  in	  addi?on	  to	  number	  
–  Both	  types	  have	  been	  used	  in	  LHC	  experiment	  (following	  pages)	  

•  Ring-‐Imaging	  Cherenkov	  detectors	  focus	  photons	  emiped	  in	  radiator	  
–  Photons	  with	  common	  emission	  angle	  form	  rings	  on	  focal	  plane	  
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LHCb	  RICH	   •  Challenge	  to	  reconstruct	  overlaps	  
•  Separa?on	  power	  between	  par?cles:	  

–  This	  favors	  ultra-‐low	  n	  radiators	  (high-‐
temperature	  gases	  and	  even	  aerogel)	  



Cherenkov	  Detectors	  for	  Coun?ng	  
•  Par?cles	  with	  β>1/n,	  above	  Cherenkov	  threshold,	  yield	  a	  narrow	  

single-‐par?cle	  peak	  in	  the	  light	  output	  (no	  Landau	  fluctua?ons)	  
•  Number	  of	  par?cles	  can	  be	  translated	  to	  number	  of	  interac?ons	  

per	  bunch	  crossing	  and	  then	  to	  inst.	  luminosity	  
•  This	  approach	  is	  limited	  by	  satura?on	  of	  the	  counter	  occupancy	  
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Cherenkov	  Detectors	  for	  PID	  
•  Ring	  Imaging	  Cherenkov	  detectors	  measure	  number	  of	  photons	  

and	  Cherenkov	  angle,	  from	  which	  mass	  is	  calculated	  
–  Special	  op?cs	  focus	  all	  photons	  emiped	  at	  a	  common	  angle	  to	  a	  point	  

•  K/π	  separa?on	  over	  a	  wide	  momentum	  range	  (up	  to	  50	  GeV)	  
–  Separa?on	  at	  high	  momentum	  requires	  very	  small	  n:	  
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Transi?on	  Radia?on	  
•  For	  very	  short	  radiator	  length	  L,	  diffrac?ve	  effects	  allow	  radia?on	  at	  

sub-‐threshold	  β	  with	  real	  (but	  small)	  emission	  angles	  
–  Diffrac?on	  broadening	  to	  achieve	  this	  implies	  very	  high	  frequencies	  
–  The	  very	  high	  frequencies	  are	  interes?ng	  –	  a	  striking	  experimental	  signature	  

•  Transi?on	  radia?on	  from	  a	  thin	  radiator	  scales	  as	  γ,	  not	  β	

–  Makes	  it	  a	  uniquely	  valuable	  approach	  for	  PID	  at	  high	  momentum	  
–  Unfortunately	  the	  rate	  of	  emission	  is	  much	  lower	  than	  for	  Cerenkov	  radia?on	  
–  Experimental	  challenge	  to	  implement	  thin	  foils	  and	  high-‐Z	  gas	  for	  absorp?on	  

•  J.D.	  Jackson:	  “the	  fields	  must	  reorganize	  themselves	  as	  the	  par?cle	  
approaches	  and	  passes	  through	  the	  interface.	  	  In	  this	  process,	  some	  
pieces	  of	  the	  fields	  are	  shaken	  off	  as	  transi?on	  radia?on.”	  
–  In	  more	  detail,	  D.	  Green	  suggests	  thinking	  of	  an	  image	  charge	  approaching	  

boundary	  and	  then	  changing	  direc?on	  as	  the	  par?cle	  passes	  through	  
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Transi?on	  Radia?on	  Coherence	  

•  Op?cal	  path	  length	  difference	  varies	  as	  	  

•  Diffrac?on	  peak	  is	  centered	  on	  Cherenkov	  angle	  1/βn	  
•  Angular	  width	  of	  the	  emiped	  radia?on	  is	  Δθ~λ/L	  

–  Since	  we	  are	  looking	  for	  the	  broadened	  distribu?on,	  small	  L	  are	  required	  
–  There	  is	  some	  minimum	  L	  required	  to	  avoid	  destruc?ve	  interference	  
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Tuning	  TR	  Detector	  Parameters	  
•  What	  is	  the	  right	  foil	  thickness	  and	  number	  of	  foils?	  
•  Use	  some	  rules-‐of-‐thumb	  that	  come	  from	  full	  deriva?on:	  

–  Number	  of	  photons	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (yes,	  that	  α!)	  
–  Energy	  of	  emiped	  photons	  

–  Typical	  emission	  angle	  

•  For	  typical	  γ	  factors	  of	  1000,	  emission	  is	  in	  keV	  (X-‐ray)	  regime	  
•  To	  avoid	  destruc?ve	  interference,	  need	  foils	  >	  O(10	  µm)	  thick	  
•  Since	  each	  foil	  yields	  on	  average	  α photons,	  need	  1/α foils	  to	  

collect	  at	  least	  1	  photon	  
–  Unfortunately	  we	  can’t	  simply	  add	  more	  foils,	  because	  they	  are	  not	  

transparent	  to	  the	  X-‐ray	  radia?on	  emiped	  
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ATLAS	  TR	  Tracker	  (TRT)	  Design	  

•  Even	  6	  keV	  photons	  interact	  via	  photoelectric	  effect:	  use	  high-‐Z	  gas	  
like	  Xenon	  to	  maximize	  the	  interac?on	  cross	  sec?on	  

•  Read	  out	  ToT	  for	  each	  straw	  as	  well	  as	  “high-‐threshold”	  bit	  for	  TR	  
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•  Transi?on	  radiators:	  fiber	  mats	  in	  barrel,	  
planar	  foils	  in	  endcap	  detectors	  
–  Orienta?on	  of	  cylindrical	  fibers	  not	  crucial	  
–  Fiber	  mats	  are	  simple	  for	  construc?on	  

•  TR	  (and	  dE/dx	  from	  simple	  ioniza?on)	  
read	  out	  in	  gas-‐filled	  straw	  tubes	  
–  Tubes	  interspersed	  with	  radia?ng	  foils	  	  

(15µm	  thickness)	  
–  Tubes	  operate	  in	  high-‐gain	  regime	  (104)	  
–  Only	  issue	  is	  high	  occupancy	  because	  each	  

straw	  tube	  extends	  length	  of	  detector	  



“High	  Threshold”	  e/π	  Separa?on	  
•  Since	  electrons	  have	  higher	  γ	  for	  a	  

given	  momentum,	  expect	  more	  
detected	  TR	  than	  for	  pions	  
–  High	  threshold	  set	  at	  6	  keV;	  compare	  

to	  typical	  TR	  photon	  energy	  6-‐15	  keV	  
–  Low	  threshold	  is	  300	  eV	  for	  dE/dx	  
–  HT	  frac?on	  limited	  by	  #	  of	  TR	  photons	  

•  Turn-‐on	  of	  TR	  seen	  for	  electrons	  
–  γ=1000	  gives	  6	  keV	  TR	  photons	  
–  Non-‐zero	  pion	  probability	  due	  to	  

Landau	  fluctua?ons	  in	  dE/dX;	  slight	  
rise	  with	  γ	  due	  to	  rela?vis?c	  rise	  	  

•  We’ll	  see	  in	  next	  lecture	  how	  this	  
informa?on	  is	  used	  for	  e/γ	  PID	  
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Time	  of	  Flight	  Principles	  
•  If	  par?cles	  have	  the	  same	  (or	  known)	  momenta,	  their	  masses	  can	  

be	  dis?nguished	  by	  using	  β	  to	  calculate	  γ	  ≈	  p/m	  

•  This	  allows	  us	  to	  solve	  for	  t	  in	  terms	  of	  L	  and	  p:	  

•  And	  to	  dis?nguish	  the	  flight	  ?mes	  for	  two	  par?cles	  of	  mass	  m1,	  m2	  

–  Strict	  requirements	  on	  ?me	  resolu?on,	  due	  to	  prac?cal	  limits	  on	  L/p2	  
–  This	  is	  due	  to	  the	  fact	  that	  all	  par?cles’	  β	  values	  tend	  to	  1	  at	  high	  p	  
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Fast	  Detectors	  and	  Electronics	  
•  Typical	  required	  ?me-‐of-‐flight	  resolu?on:	  O(100	  ps)	  

–  For	  K/π	  separa?on	  with	  p	  =	  1	  GeV	  and	  L	  =	  1	  m,	  need	  Δt=100	  ps	  

•  Physical	  processes	  in	  detectors	  occur	  on	  typical	  ?mescale	  O(ns):	  
–  Plas?c	  scin?llator	  fluorescence	  mechanism	  is	  typical	  O(ns)	  
–  Electron	  driu	  ?me	  in	  Resis?ve	  Plate	  Chamber	  gaps	  is	  O(ns)	  
–  Charge	  mobility	  in	  silicon:	  300µm	  in	  O(10	  ns)	  
–  The	  overall	  width	  in	  ?me	  of	  the	  collected	  charge	  is	  not	  as	  important	  as	  an	  

absolute	  measurement	  of	  where	  the	  distribu?on	  is	  in	  ?me.	  
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•  The	  overall	  width	  in	  ?me	  
of	  the	  collected	  charge	  is	  
not	  as	  important	  as	  an	  
absolute	  measurement	  of	  
where	  the	  distribu?on	  is	  
in	  ?me.	  

Constant	  Frac+on	  Discriminator	  
on	  bipolar	  pulse	  



TOF	  Detector	  at	  CDF	  
•  Provided	  K/π	  separa?on	  for	  flavor	  tagging	  in	  B-‐mixing	  analysis	  
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TOF	  for	  Forward	  Detectors	  at	  LHC	  
•  Targe?ng	  diffrac?ve	  physics,	  including	  Higgs	  

•  Must	  tag	  proton	  remnants	  at	  very	  low	  angle	  
–  Proposed	  detectors	  lie	  220	  m	  from	  IP	  

•  At	  this	  distance,	  it	  becomes	  difficult	  to	  know	  which	  proton	  belongs	  
to	  which	  central	  event	  back	  at	  the	  IP	  
–  At	  highest	  event	  rates,	  there	  may	  even	  be	  accidental	  coincidences	  

•  Precision	  TOF	  can	  give	  the	  loca?on	  over	  the	  PV	  in	  z	  
–  For	  z-‐vertex	  separa?on	  of	  3	  mm,	  need	  10	  ps	  ?ming	  resolu?on	  

•  Proposed	  detectors	  include	  finely-‐segmented	  readout	  or	  extra	  
silicon	  detectors	  for	  precision	  posi?on	  measurements	  
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Recent	  TOF	  advances:	  Fast	  Silicon	  Detectors	  
•  Silicon	  detectors	  are	  unity	  gain;	  

depend	  on	  thickness	  to	  generate	  
sufficient	  ioniza?on	  signal	  

•  Carrier	  mobility	  and	  deple?on	  depth	  
limit	  ?ming	  resolu?on	  

•  New	  idea	  to	  realize	  silicon	  detectors	  
with	  gain,	  like	  gaseous	  detectors	  
–  Depends	  on	  high	  electric	  field,	  carefully	  

shaped	  to	  avoid	  field	  breakdown	  near	  
implanted	  structures	  

•  With	  increased	  gain	  (now	  at	  14x),	  
can	  reduce	  detector	  thickness	  and	  
improved	  ?ming	  resolu?on	  

•  Proposed	  for	  forward	  detectors	  at	  
LHC,	  providing	  ?me	  and	  posi?on	  
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Future:	  TOF	  +	  Cherenkov?	  
•  Leverage	  extremely	  fast	  Cherenkov	  emission	  into	  a	  TOF	  system	  

–  TORCH	  detector	  for	  LHCb	  upgrade	  and	  HPS	  detectors	  for	  CMS	  

•  Benefits	  of	  Cherenkov-‐based	  PID	  and	  TOF-‐based	  PID	  combined	  
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(NIM	  A639	  (2011)	  173–176)	  	  

•  Or	  use	  combined	  system	  to	  improve	  TOF	  measurement	  with	  
instantaneous	  radia?on	  mechanism	  



Summary	  of	  Today’s	  Topics	  

•  Event	  reconstruc?on:	  unwinding	  detector-‐level	  to	  par?cle-‐level	  
•  Charged	  par?cle	  iden?fica?on	  is	  really	  “mass	  calcula?on”	  
•  Charged	  par?cles	  interact	  electromagne?cally	  with	  material	  

–  dE/dx:	  	  virtual	  photons	  ionize	  atomic	  electrons	  
–  Cherenkov	  radia?on:	  	  real	  photon	  emission	  when	  v	  >	  c/n;	  sensi?ve	  to	  b	  
–  Transi?on	  radia?on:	  real	  photon	  emission	  sensi?ve	  to	  g	  
–  Note:	  these	  techniques	  are	  used	  only	  for	  charged	  par?cle	  ID,	  since	  they	  

depend	  on	  electromagne?c	  interac?ons	  with	  material	  

•  Time-‐of-‐flight	  measurements	  for	  par?cle	  ID	  and	  vertex	  associa?on	  
–  These	  also	  depend	  on	  material	  interac?ons	  of	  charged	  par?cles	  

•  Prac?cal	  examples	  of	  detectors	  sensi?ve	  to	  these	  interac?ons	  in	  
hadron	  collider	  experiments	  at	  Fermilab	  and	  CERN	  
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Plan	  for	  Tomorrow	  
•  Neutral	  par?cle	  ID	  techniques	  (γ ,π0,	  K,	  Λ,…)	  

–  V0	  iden?fica?on	  with	  tracking	  detectors	  
–  Photon	  vs.	  Electron	  shower	  shapes	  
–  Converted	  photon	  reconstruc?on	  
–  Isola?on	  requirements	  and	  calcula?ons	  

•  Muon	  reconstruc?on	  
–  Combined	  reconstruc?on	  and	  measurements	  
–  Punch-‐through	  and	  charge	  mis-‐iden?fica?on	  

•  Measurements	  of	  par?cle	  ID	  efficiencies	  and	  fake	  rates	  
–  Tag-‐and-‐probe	  methods	  
–  “Matrix	  methods”	  

•  Introduc?on	  to	  Par?cle	  Flow	  algorithms	  
–  Prac?cal	  examples	  and	  results	  from	  par?cle	  flow	  
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Guide	  to	  Further	  Reading	  
•  W.W.M.	  Allison	  and	  P.R.S.	  Wright,	  “The	  Physics	  of	  Charged	  Par?cle	  

Iden?fica?on,”	  in	  Formulae	  and	  Methods	  in	  Experimental	  Data	  
Evalua+on,	  Vol.	  2	  (EPS:	  CERN,	  1984)	  (Oxford	  preprint	  archived	  at	  
hpp://cds.cern.ch/record/146109/)	  

•  Chris?an	  Lippman,	  “Par?cle	  Iden?fica?on,”	  Nucl.	  Instrum.	  Meth.	  A	  
666	  (2012)	  148-‐172.	  

•  Dan	  Green,	  The	  Physics	  of	  Par+cle	  Detectors,	  Cambridge	  Univ.	  
Press,	  2000.	  

•  The	  CERN	  Large	  Hadron	  Collider:	  Accelerator	  and	  Experiments,	  
JINST	  Vol.	  3,	  August	  2008.	  
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