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Sept. 15 2008 issue!

The	
  LHC	
  Challenge	
  



High	
  Energy	
  Physics	
  
•  Has	
  to	
  do	
  with	
  the	
  fundamental	
  components	
  of	
  maEer:	
  

–  Par9cles	
  of	
  (stable)	
  maEer:	
  quark	
  u,	
  quark	
  d,	
  electrons	
  
•  All	
  the	
  maOer	
  observed	
  in	
  the	
  Universe	
  is	
  made	
  with	
  those	
  3	
  
par1cles.	
  	
  

	
  

–  Par9cles	
  media9ng	
  the	
  interac9ons	
  of	
  maEer	
  
•  photons:	
  mediate	
  in	
  electromagne1c	
  interac1ons	
  (light)	
  
•  Gravitons	
  (apples	
  fall,	
  earth	
  circles	
  around	
  the	
  Sun):	
  never	
  seen,	
  but	
  
liOle	
  doubts	
  about	
  its	
  existence	
  

•  Z/W	
  bosons,	
  responsible	
  for	
  the	
  nuclear	
  fusion:	
  i.e.	
  Sun	
  
•  Gluons:	
  keep	
  atomic	
  nucleus	
  together	
  (very	
  useful)	
  



How	
  do	
  we	
  find	
  a	
  new	
  Law	
  in	
  Physics?	
  
Looking	
  for	
  elementary	
  par1cles	
  

First,	
  we	
  guess	
  it	
  
Second,	
  we	
  compute	
  the	
  

mathema1cal	
  consequences	
  of	
  our	
  guess:	
  	
  
How	
  much	
  does	
  the	
  electron	
  deviate?	
  

Third,	
  we	
  compare	
  our	
  result	
  with	
  Nature	
  by	
  
performing	
  an	
  Experiment:	
  	
  

How	
  much	
  does	
  the	
  electron	
  really	
  deviate	
  

Atom 
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Atom 

The	
  theory	
  is	
  correct	
  if	
  our	
  	
  
theore9cal	
  predic9on	
  	
  
agrees	
  with	
  experiment	
  

	
  	
  	
  
	
  



Our	
  current	
  preferred	
  theory	
  (guess)	
  for	
  Nature	
  	
  
is	
  the	
  Standard	
  Model	
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OPEN	
  QUESTIONS	
  
	
  
•  How	
  do	
  elementary	
  par1cles	
  obtain	
  the	
  

mass	
  
•  Is	
  there	
  a	
  Higgs	
  par1cle?	
  Are	
  there	
  several	
  

Higgs	
  par1cles?	
  
•  Do	
  all	
  forces	
  of	
  nature	
  arise	
  from	
  a	
  single	
  

fundamental	
  interac1on?	
  
•  Are	
  there	
  more	
  than	
  3	
  dimensions	
  of	
  

space?	
  
•  Can	
  dark	
  maOer	
  be	
  produced	
  in	
  a	
  

laboratory?	
  

•  BTW:	
  Gravity	
  is	
  missing	
  here	
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•  During	
  “an	
  infinitesimal	
  moment”	
  the	
  components	
  of	
  the	
  proton	
  are	
  free	
  
•  According	
  to	
  our	
  calcula1ons	
  in	
  the	
  Standard	
  Model,	
  	
  the	
  Higgs	
  should	
  

appear	
  “visible”	
  for	
  an	
  infinitesimal	
  amount	
  of	
  1me	
  
•  A	
  the	
  detectors	
  of	
  the	
  LHC	
  we	
  take	
  a	
  “photo”	
  of	
  that	
  “instant	
  in	
  1me”	
  	
  

+ ... 

What	
  does	
  our	
  calcula1on	
  in	
  the	
  Standard	
  Model	
  
tell	
  us	
  about	
  

the	
  behavior	
  of	
  the	
  Higgs	
  par9cle	
  ?	
  



9 

µ 

µ 

µ 

µ 

•  During	
  “an	
  infinitesimal	
  moment”	
  the	
  components	
  of	
  the	
  proton	
  are	
  free	
  
•  According	
  to	
  our	
  calcula1ons	
  in	
  the	
  Standard	
  Model,	
  	
  the	
  Higgs	
  should	
  

appear	
  “visible”	
  for	
  an	
  infinitesimal	
  amount	
  of	
  1me	
  
•  A	
  the	
  detectors	
  of	
  the	
  LHC	
  we	
  take	
  a	
  “photo”	
  of	
  that	
  “instant	
  in	
  1me”	
  	
  

+ ... 

What	
  does	
  our	
  calcula1on	
  in	
  the	
  Standard	
  Model	
  
tell	
  us	
  about	
  

the	
  behavior	
  of	
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At	
  the	
  LHC	
  we	
  perform	
  the	
  experiment:	
  
we	
  smash	
  two	
  protons	
  against	
  each	
  other	
  

•  During	
  “an	
  infinitesimal	
  moment”	
  proton	
  breaks	
  into	
  pieces	
  
•  A	
  the	
  detectors	
  of	
  the	
  LHC	
  we	
  take	
  a	
  “photo”	
  of	
  that	
  “instant	
  in	
  1me”	
  
•  And	
  compare	
  with	
  our	
  calcula1on	
  	
  



We	
  smash	
  protons	
  against	
  each	
  other	
  as	
  hard	
  
as	
  technology	
  can:	
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The	
  image	
  is	
  for	
  comparison	
  
(It	
  is	
  not	
  on	
  the	
  surface	
  !)	
  
•	
  Diameter	
  25	
  m	
  -­‐-­‐	
  Length	
  :	
  46	
  m	
  	
  
•	
  Overall	
  weight	
  7	
  000	
  tonnes	
  
	
  
The	
  biggest	
  crane	
  on	
  earth	
  needed	
  
to	
  be	
  built	
  at	
  CERN	
  to	
  place	
  the	
  detectors	
  
in	
  the	
  underground	
  175	
  m.	
  deep	
  



17 



Accelerator	
  &	
  Detector	
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? 

•  15 millions of sensors 
•  New detectiond at 40.000.000 / second 
•  = ~15 * 1,000,000 * 40 * 1,000,000 bytes 

•  = ~ 600 TB/sec 
•  600 TB = 120000 DVDs =  

 

A detector is like a 3-D camera taking a photo 40 millions times 
per second, without the possibility of data compression 
  
We need to find ONE event (few Mbytes) inside 600 TB of information 

 

At	
  the	
  detector:	
  looking	
  for	
  a	
  needle	
  in	
  a	
  haystack	
  	
  



Reconstructed tracks 
with pt > 25 GeV

The CMS (Compact Muon Solenoid) detector is searching 
For Higgs particles coming out from this interaction: 4-muons decay 

The theoretical expectation is that one Higgs particle 
Will be produced in every 40 Million proton-proton collisions. 

This is about 1 Higgs particle per day. 



This is what we find: more than 1000 particles 
We get this 40.000.000 times per second! 

The CMS (Compact Muon Solenoid) detector is searching 
For Higgs particles coming out from this interaction: 4-muons decay 
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  Signal/Noise:	
  10-­‐9	
  

  Data	
  volume	
  
  High	
  rate	
  *	
  large	
  number	
  of	
  

channels	
  *	
  4	
  experiments	
  
è	
  15	
  PetaBytes	
  of	
  new	
  data	
  each	
  

year	
  
  Compute	
  power	
  

  Event	
  complexity	
  *	
  Nb.	
  events	
  *	
  
thousands	
  users	
  

è 100	
  k	
  of	
  (today's)	
  fastest	
  CPUs	
  
è 45	
  PB	
  of	
  disk	
  storage	
  

  Worldwide	
  analysis	
  &	
  funding	
  
  Compu1ng	
  funding	
  locally	
  in	
  major	
  

regions	
  &	
  countries	
  
  Efficient	
  analysis	
  everywhere	
  

At	
  the	
  detector:	
  looking	
  for	
  a	
  needle	
  in	
  a	
  haystack	
  	
  



23 

•  Level 1 (PB/sec): Fast Detector Triggers (calorimeter, muon detectors)!
•  Level 2 (75GB/sec): Full detector info in (triggered) regions of interest!
•  Level 3 (5GB/sec): Event filter with calibration and alignment!

After Reduction we are left (for each of the 4 detectors)!
!
•  RAW data: 400 MB/sec!

–  Hits and pulse heights!
–  On the order of tenths of PetaBytes / year!
from each detector!

 
  With Data Taking 0.1 – 1 GBytes/seg 
 
  storage of about 15 PetaBytes/year 
   
Computing power to analyse this data of 
about 100000 core 

 
--> THE GRID  

At	
  the	
  detector:	
  
Data	
  detec9on	
  and	
  “reduc9on”	
  



HEP:	
  a	
  very	
  mo1vated	
  user	
  community	
  
–  Many	
  (hundreds)	
  of	
  research	
  groups	
  distributed	
  through	
  the	
  world	
  
–  Long	
  history	
  in	
  analyzing	
  large	
  amounts	
  of	
  experimental	
  data:	
  working	
  like	
  in	
  a	
  “Grid”	
  

but	
  without	
  the	
  right	
  tools	
  for	
  it	
  
–  Research	
  &	
  development	
  teams	
  very	
  mo9vated	
  due	
  to	
  the	
  success	
  of	
  the	
  World	
  Wide	
  

Web	
  (which	
  was	
  developed	
  at	
  CERN)	
  



Breaking	
  up	
  a	
  massive	
  data	
  set	
  into	
  small	
  pieces	
  
around	
  the	
  world	
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The	
  Tier(s)	
  data	
  distribu1on	
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For	
  example	
  for	
  the	
  CMS	
  experiment	
  



Distributed	
  Compu1ng	
  in	
  Grids	
  

•  “The	
  Grid”,	
  Chapter	
  1,	
  	
  
	
  	
  	
  	
  	
  	
  (Ian	
  Foster	
  &	
  Carl	
  Kesselman,	
  1998)	
  	
  
	
  	
  	
  	
  
Todays	
  state	
  of	
  compu1ng	
  should	
  be	
  analogous	
  to	
  the	
  status	
  of	
  	
  
development	
  of	
  electricity	
  power	
  to	
  households	
  at	
  the	
  beginning	
  of	
  	
  
last	
  century.	
  The	
  true	
  revolu1on	
  was	
  not	
  electricity	
  by	
  itself,	
  but	
  the	
  	
  
capability	
  to	
  distribute	
  it	
  over	
  a	
  network 	
  	
  
	
  

•  Access	
  to	
  computa9onal	
  resources	
  (data	
  
storage	
  and	
  CPU	
  should	
  be	
  as	
  
transparent	
  as	
  plugin	
  a	
  power	
  switch	
  

	
  
–  The	
  user	
  does	
  not	
  need	
  to	
  know	
  from	
  where	
  the	
  

electricity	
  is	
  generated	
  
–  At	
  the	
  end	
  of	
  the	
  service,	
  you	
  pay	
  as	
  you	
  much	
  

as	
  you	
  have	
  consumed	
  



Background	
  &	
  History	
  
•  1998:	
  the	
  boom	
  in	
  commodity	
  compu9ng	
  starts	
  
	
  

–  Hardware	
  well	
  prized	
  due	
  to	
  massive	
  produc1on	
  
(Game	
  industry!)	
  

–  Communica1on	
  networks	
  becoming	
  more	
  reliable.	
  
Internet	
  is	
  star1ng	
  to	
  become	
  the	
  global	
  source	
  of	
  
informa1on	
  

–  Linux,	
  and	
  in	
  general,	
  GNU	
  Sojware	
  is	
  sekng	
  down	
  
as	
  de	
  facto	
  standard	
  in	
  the	
  scien1fic	
  world	
  

•  Beowulf	
  clusters	
  mul1ply	
  
	
  
•  The	
  Globus	
  project	
  Globus	
  Alliance:	
  	
  

–  Development	
  of	
  sojware	
  components	
  to	
  
implement	
  the	
  Grid	
  phylosophy	
  (open	
  source)	
  

•  First	
  release	
  in	
  1998:	
  Globus	
  1.0	
  
•  Last	
  release	
  Feb.	
  2013:	
  Globus	
  5.2.4	
  

•  Set	
  of	
  sodware	
  services	
  and	
  libraries	
  
–  Remote	
  management	
  of	
  distributed	
  compu9ng	
  

resources	
  
–  Access	
  to	
  resources	
  and	
  distributed	
  data	
  

•  Environment	
  for	
  users	
  to	
  access	
  remote	
  resources	
  and	
  at	
  
the	
  same	
  1me,	
  resource	
  owners	
  keep	
  full	
  control	
  on	
  who	
  
access	
  those	
  resources	
  

	
  



N computing centers 
(distributed in many countries) 
 
Replicated global services (reliability) 
 
 

The	
  topology	
  



	
  
The	
  largest	
  compu9ng	
  	
  

Infrastructure	
  in	
  the	
  world	
  	
  
has	
  been	
  created	
  to	
  support	
  	
  

the	
  LHC	
  Data	
  analysis	
  (2006-­‐….	
  
	
  
The	
  Middleware	
  used	
  to	
  “glue”	
  the	
  	
  
infrastructure	
  is	
  called	
  GLITE:	
  	
  
	
  
It	
  is	
  based	
  on	
  Globus	
  as	
  base	
  sojware	
  	
  
•  Security	
  system	
  gsi,	
  	
  
•  Data	
  transfer	
  using	
  griddp	
  
•  Job	
  submission	
  globus-­‐job-­‐run	
  
	
  
•  GLITE	
  contains	
  enhancements	
  to	
  deal	
  

with	
  the	
  massive	
  data	
  and	
  job	
  
distribu9on	
  which	
  imply	
  the	
  LHC	
  data	
  

The	
  Grid	
  Infrastructure	
  in	
  numbers	
  



RAW	
  data	
  -­‐>	
  ESD	
  -­‐>	
  AOD	
  -­‐>	
  Sta9s9cal	
  Data	
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•  Raw data "
–  hits, pulse heights!

•  Reconstructed data (ESD)"
–  tracks, clusters…!

•  Analysis Objects  (AOD)"
–  Physics Objects!
–  Summarized!
–  Organized by physics topic!

•  Ntuples, histograms, statistical 
data "

Tier-0 

Tier-1(s) 

Tier-2(s) 



The	
  Grid	
  Infrastructure	
  in	
  numbers	
  



Data taking 

Manual Data Transfer 

Without	
  Grid	
  



Data taking 



Data	
  are	
  analized	
  in	
  Parallel	
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Grid	
  Middleware	
  
Basic	
  Elements	
  of	
  a	
  Grid	
  Site	
  

•  Compu9ng	
  Element	
  
–  Standard	
  Interface	
  to	
  access	
  the	
  local	
  CPUs	
  from	
  the	
  Grid	
  

•  Storage	
  Element	
  
–  Standard	
  Interface	
  to	
  access	
  the	
  locally	
  available	
  storage	
  system	
  	
  

•  	
  Resource	
  Broker	
  
–  Tool	
  to	
  analyze	
  user	
  job	
  requests	
  (input	
  data	
  sets,	
  cpu	
  1me,	
  data	
  

output	
  requirements)	
  and	
  route	
  there	
  to	
  sites	
  according	
  to	
  data	
  and	
  
cpu	
  1me	
  availability	
  

•  Data	
  Placement	
  is	
  very	
  important:	
  jobs	
  run	
  where	
  data	
  is	
  
•  Experiments	
  do	
  not	
  know	
  a	
  priori	
  which	
  dataset	
  will	
  be	
  popular	
  

–  CMS	
  has	
  8	
  orders	
  of	
  magnitude	
  in	
  access	
  between	
  most	
  and	
  least	
  
popular	
  

–  Dynamic	
  data	
  replica9on	
  create	
  copies	
  of	
  popular	
  datasets	
  at	
  mul1ple	
  
sites	
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Grid	
  Middleware	
  –	
  Data	
  Distribu9on	
  
File	
  Transfer	
  System	
  (FTS)	
  

•  FTS	
  is	
  the	
  service	
  responsible	
  for	
  distribu9ng	
  the	
  majority	
  of	
  LHC	
  data	
  
across	
  the	
  WLCG	
  infrastructure	
  (transferred	
  25PetaBytes	
  in	
  2012)	
  

•  Used	
  by	
  the	
  Data	
  	
  Management	
  teams	
  
–  Rarely	
  by	
  single	
  users	
  

•  It	
  allows	
  the	
  par1cipa1ng	
  sites	
  to	
  control	
  the	
  network	
  resource	
  usage	
  
•  Users	
  interact	
  with	
  FTS	
  by	
  submikng	
  transfer	
  jobs,	
  that	
  simply	
  say	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  "copy	
  <source	
  URL>	
  to	
  <des1na1on	
  URL>	
  

–  FTS	
  then	
  queues,	
  schedules	
  and	
  performs	
  the	
  transfer,	
  retrying	
  it	
  if	
  
necessary	
  

•  Once	
  data	
  are	
  distributed,	
  a	
  file	
  catalogue	
  is	
  needed	
  to	
  record	
  which	
  files	
  
are	
  available	
  where	
  (at	
  which	
  Tier-­‐1	
  or	
  at	
  which	
  Tier-­‐2	
  ?)	
  

•  The	
  LCG	
  File	
  Catalogue	
  (LFC)	
  was	
  designed	
  as	
  a	
  distributed	
  catalogue	
  (to	
  
avoid	
  single	
  points	
  of	
  failure)	
  
–  All	
  the	
  Tier-­‐2	
  have	
  a	
  copy	
  of	
  the	
  LFC	
  rela1ve	
  to	
  their	
  experiment	
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We	
  do	
  not	
  know	
  a	
  priori	
  which	
  data	
  	
  
will	
  be	
  popular	
  

•  A	
  small	
  frac1on	
  of	
  the	
  data	
  we	
  distribute	
  is	
  actually	
  used	
  
•  Data*	
  datasets	
  
•  Counts	
  dataset	
  access	
  
•  Only	
  by	
  official	
  tools	
  
•  There	
  are	
  ~200k	
  datasets	
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•  Data	
  is	
  popular	
  for	
  a	
  very	
  short	
  1me	
  
•  Dataset:	
  data10_7TeV.00158116.physics_L1Calo.recon.ESD.f271	
  
•  Dataset	
  Events:	
  99479	
  
•  Replicas:	
  6,	
  Files:	
  6066,	
  Users:	
  35,	
  Dataset	
  Size:	
  17.1	
  TB	
  

Note: Search was for the last 120 days, but only used for 13 days 

0	
  
5000	
  

10000	
  
15000	
  
20000	
  
25000	
  
30000	
  
35000	
  
40000	
  
45000	
  
50000	
  

File	
  Access	
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Datasets	
  are	
  popular	
  for	
  a	
  very	
  short	
  1me	
  



Data	
  placement	
  model	
  
	
  

T0	
  

T1	
  

T2	
   T2	
  

T2	
  

T1	
  

T2	
   T2	
  

T2	
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Keeps 1 full copy of RAW RAW à ESD, AOD 

another full copy of RAW 
5 full copies of ESD 

10 full copies of AOD 

ESD à DESD 
AODàD3PD 

2 full copies of ESD 
24 full copies of AOD, DESD, D3PD 

 

 analysis on 
ESD, AOD, 

DESD, D3PD 

Starting with 2 PB of RAW from the detector we end up with 14 PB of derived  
data for analysis.Very many copies in Tier-1’s and Tier-2’s to allow efficient analysis 
 



Influence	
  of	
  the	
  Network	
  

•  Star1ng	
  with	
  2	
  PB	
  of	
  RAW	
  from	
  the	
  detector	
  
•  We	
  end	
  up	
  with	
  14	
  PB	
  of	
  derived	
  data	
  for	
  analysis	
  (ignoring	
  simulated	
  data)	
  
•  Very	
  many	
  copies	
  in	
  Tier-­‐1’s	
  and	
  Tier-­‐2’s	
  to	
  allow	
  efficient	
  analysis	
  

Caching	
  data	
  instead	
  	
  
•  With	
  a	
  well	
  performing	
  network	
  we	
  could	
  do	
  as	
  well	
  with	
  fewer	
  copies	
  
•  Download	
  data	
  needed	
  for	
  analysis	
  à	
  automa1c	
  selec1on	
  of	
  popular	
  data	
  	
  
•  Possibility	
  to	
  use	
  Tier-­‐0	
  and	
  Tier-­‐1’s	
  and	
  Tier-­‐2’s	
  as	
  data	
  source	
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