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The	
  Four	
  Forces	
  in	
  Nature	
  



Standard	
  Model	
  of	
  Par3cle	
  Physics	
  
    Strong 

Weak 
Electromagnetic 

    Weak 
Electromagnetic 

    Weak W→µν,  eν,  τν

Z→µμµμ,  ee,  ττ!



CERN	
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CERN!



Enter	
  a	
  New	
  Era	
  in	
  Fundamental	
  Science	
  
Start-­‐up	
  of	
  the	
  Large	
  Hadron	
  Collider	
  (LHC),	
  one	
  of	
  the	
  largest	
  and	
  truly	
  global	
  

scien3fic	
  projects	
  ever,	
  is	
  the	
  most	
  exci3ng	
  turning	
  point	
  in	
  par3cle	
  physics.	
  

LHC ring: 
27 km circumference 

CMS 

ALICE 

LHCb 

ATLAS 

Exploration of a new energy frontier in!
proton-proton and heavy ion collisions!



Year 

A multi-decade Program 



Trillions	
  of	
  protons	
  travel	
  the	
  
16.5-­‐mile-­‐long	
  tunnel	
  

11,000	
  Emes	
  a	
  second	
  
(that’s	
  670,626,025	
  mph)	
  

Fastest	
  



Largest,	
  most	
  complex	
  
detectors	
  ever	
  built	
  

Study	
  the	
  Eniest	
  parEcles	
  with	
  
incredible	
  precision	
  	
  

Biggest	
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LHC’s	
  superconducEng	
  
magnets	
  operate	
  at	
  -­‐456°F	
  

Colder	
  than	
  the	
  vacuum	
  of	
  
outer	
  space	
  

Coldest	
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Colliding	
  protons	
  generate	
  temperatures	
  1	
  billion	
  3mes	
  hoTer	
  
than	
  the	
  center	
  of	
  the	
  sun	
  

HoTest	
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Length  : ~ 46 m  (150 ft) 
Radius  : ~ 12 m  (40 ft) 
Weight : ~ 7000 tons 
~ 108 electronic channels 
~ 1800 miles of cables 

A person!

Detectors at the LHC are Huge 
(Example: ATLAS)  



3030 active scientists:  
            --  ~ 1830 with a PhD à contribute to M&O share (20% 

in U.S.) 
            --  ~ 1200 students 
174  Institutions,  38 Countries  (44 in U.S.) 



CMS Detector and  
Collaboration 



Detectors	
  produce	
  a	
  huge	
  amount	
  of	
  Data	
  
(Online	
  Data	
  reduc3on	
  at	
  ATLAS)	
  

< 2 µs 

~10 ms 

~ sec. 

Physics selection of 
the 200 ‘best’ events/sec: 

Level 1: Coarse calorimeter data and 
muon trigger chambers 

Level 2: Full information from all 
detectors in regions of interest 

Event Filter: Reconstruction of complete 
event using latest alignment and 

calibration data 

40 MHz, 1 PB/sec 

75 kHz, 75 GB/sec 

1 kHz, 1 GB/sec 

200 Hz, ~320 MB/sec 

~20 TB/day, 2 Petabyte/year of recorded raw data 

~200 Hz 





  

11 Sites Worldwide 

100 Sites Worldwide 



Worldwide	
  Collabora3on	
  

•  More	
  than	
  6000	
  users	
  at	
  ~450	
  ins3tu3ons	
  from	
  around	
  the	
  
world	
  are	
  par3cipa3ng	
  in	
  the	
  LHC	
  Experiments	
  

•  LHC	
  Compu3ng	
  unites	
  the	
  compu3ng	
  resources	
  for	
  par3cle	
  
physicists	
  in	
  the	
  world	
  	
  



The	
  Worldwide	
  LHC	
  Compu3ng	
  Grid	
  Project	
  (WLCG)	
  

•  Approach	
  
–  To	
  prepare,	
  deploy	
  and	
  operate	
  the	
  compu3ng	
  environment	
  for	
  the	
  

experiments	
  to	
  analyze	
  the	
  data	
  from	
  the	
  LHC	
  detectors	
  
•  HEP	
  community	
  very	
  experienced	
  for	
  decades	
  in	
  consent-­‐based	
  
collabora3ons	
  

–  Applica3ons	
  development	
  environment,	
  common	
  tools	
  and	
  frameworks	
  	
  
–  Build	
  and	
  operate	
  the	
  LHC	
  compu3ng	
  service	
  

•  The	
  Grid	
  is	
  just	
  a	
  tool	
  towards	
  achieving	
  this	
  
•  A	
  CollaboraEon	
  between	
  

–  The	
  physicists	
  and	
  compu3ng	
  specialists	
  from	
  the	
  LHC	
  experiments	
  	
  
–  The	
  projects	
  in	
  Europe	
  and	
  the	
  US	
  that	
  have	
  been	
  developing	
  Grid	
  

middleware	
  
–  The	
  regional	
  and	
  na3onal	
  compu3ng	
  centers	
  that	
  provide	
  resources	
  for	
  

LHC	
  	
  
–  The	
  research	
  networks	
  	
  

	
  



Dedicated Optical Network Infrastructure for LHC  
Tier-0 to Tier-1 and Tier-1 to Tier-1 traffic flows 
•  Probably the most reliable facility component 



Evolu3on	
  of	
  Storage	
  Capacity	
  at	
  CERN	
  	
  



Compu3ng	
  Growth:	
  ATLAS	
  and	
  CMS	
  in	
  the	
  U.S.	
  



2010	
  Data	
  Taking	
  at	
  Tier-­‐0	
  



Evolu3on	
  of	
  the	
  Worldwide	
  Distributed	
  LHC	
  Compu3ng	
  
Facility	
  

15 PB in 2010 
23 PB in 2012 

44 PB in 2010 
70 PB in 2012 

40 PB in 2010 
72 PB in 2012 

Storage Capacity in 2010 
Disk:        99 PB 
Tape:       92 PB 
 
Storage Capacity in 2012 
Disk:      165 PB 
Tape:     166 PB 
  

32 PB in 2010 
50 PB in 2012 

  60 PB in 2010 
116 PB in 2012 



Tier-­‐1	
  Facility	
  Architecture	
  and	
  Components	
  

(example	
  BNL)	
  

Storage Element 
(Disk & Tape) 

Compute 
Element 

The “Grid” 
Based on technology used 
by WLCG 

Network 

2600 Compute Servers 
6 Libraries with ~50k slots, 100 Tape Drives, 
40PB (0.8TB/cartridge) capacity 

9 PB Disk 

60 Gbps 
WAN 

160 Gbps 
LAN 

* 

• The term “cloud” is used here in the context of  
  ATLAS regional resources (not cloud computing)  

12 PB Tape 



ATLAS	
  Workload	
  Management	
  	
  

Manages 300,000 - 500,000 production and analysis jobs per Day (up to 2M CPU hours/day)  



SRM	
  –	
  A	
  common	
  storage	
  management	
  
interface	
  for	
  storage	
  systems	
  

•  SRM	
  approach	
  is	
  to	
  have	
  uniform	
  interface	
  specifica5ons	
  allowing	
  mul5ple	
  implementa5ons	
  to	
  
interoperate.	
  This	
  became	
  crucial	
  to	
  the	
  interopera5on	
  of	
  storage	
  systems	
  for	
  the	
  experiments	
  
that	
  have	
  to	
  manage	
  and	
  distribute	
  massive	
  amounts	
  of	
  data	
  efficiently	
  and	
  securely.	
  	
  

•  Data	
  transfer	
  func5ons	
  to	
  get	
  files	
  into	
  SRM	
  spaces	
  from	
  the	
  client's	
  local	
  system	
  or	
  
from	
  other	
  remote	
  storage	
  systems,	
  and	
  to	
  retrieve	
  them	
  from	
  MSS	
  (e.g.	
  tape)	
  

–  srmPrepareToGet,	
  srmPrepareToPut,	
  srmBringOnline,	
  srmCopy	
  
•  Space	
  management	
  func5ons	
  to	
  reserve,	
  release,	
  and	
  manage	
  spaces,	
  their	
  types	
  and	
  

life3mes.	
  	
  
–  srmReserveSpace,	
  srmReleaseSpace,	
  srmUpdateSpace,	
  srmGetSpaceTokens	
  

•  Life5me	
  management	
  func5ons	
  to	
  manage	
  life3mes	
  of	
  space	
  and	
  files.	
  
–  srmReleaseFiles,	
  srmPutDone,	
  srmExtendFileLifeTime	
  

•  Directory	
  management	
  func5ons	
  to	
  create/remove	
  directories,	
  rename	
  files,	
  remove	
  
files	
  and	
  retrieve	
  file	
  informa3on.	
  

–  srmMkdir,	
  srmRmdir,	
  srmMv,	
  srmRm,	
  srmLs	
  
•  Request	
  management	
  func5ons	
  to	
  query	
  status	
  of	
  requests	
  and	
  	
  manage	
  requests	
  

–  srmStatusOf{Get,Put,Copy,BringOnline}Request,	
  srmGetRequestSummary,	
  srmGetRequestTokens,	
  
srmAbortRequest,	
  srmAbortFiles,	
  srmSuspendRequest,	
  srmResumeRequest	
  

•  Other	
  func3ons	
  include	
  Discovery	
  and	
  Permission	
  func3ons	
  
–  srmPing,	
  srmGetTransferProtocols,	
  srmCheckPermission,	
  srmSetPermission,	
  etc.	
  



Role	
  of	
  SRM	
  at	
  a	
  (StoRM)	
  Site	
  



A. Sim et al, SC2008 Demo: Interoperability of 
6 SRM implementations at 12 participating sites 



Global	
  Data	
  Access	
  &	
  Data	
  Management	
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Scale	
  of	
  ATLAS	
  Data	
  in	
  2010	
  

Evolution of Total Space (PB)                       Monthly dataset access rate (M) 

7PB Primary Dataset (1.6PB RAW Data), n copies worldwide + Simulated Data 



Data	
  Movement	
  



Network	
  EvoluEon	
  in	
  response	
  to	
  changes	
  to	
  the	
  ATLAS	
  CM	
  

Evolution of 
The ATLAS Computing Model  

On-demand will augment/replace massive data pre-placement       Network usage will be 
more dynamic and less predictable  
    need to enable high-volume data transport between any T1s, T2s, and T3s. 
 
 
 

T3 



Global	
  Data	
  Management	
  is	
  Key	
  
(Example	
  ATLAS	
  Distributed	
  Data	
  Management)	
  



Managing	
  Transfers	
  with	
  FTS	
  

•  Transfer	
  “Channels”	
  (Source/Des3na3on	
  pair)	
  over	
  exis3ng	
  Network	
  
–  Transfers	
  only	
  between	
  sites	
  with	
  predefined	
  “channel”	
  

•  Transfer	
  Requests	
  are	
  queued	
  &	
  ini3ated	
  according	
  to	
  Channel	
  configura3on	
  
–  TCP	
  Buffer	
  size,	
  #	
  parallel	
  transfers,	
  3meouts	
  
–  Sta3c,	
  no	
  feedback	
  loop	
  between	
  FTS	
  and	
  SE	
  regarding	
  storage	
  system	
  load,	
  available	
  storage	
  space	
  etc	
  
–  FTS	
  throTles	
  transfers	
  to	
  protect	
  SEs	
  from	
  overload	
  and	
  guarantee	
  VO	
  bandwidth	
  shares	
  

•  Caveat:	
  Mul3ple	
  independent	
  FTS	
  instances	
  not	
  communica3ng	
  can	
  create	
  load	
  problems	
  	
  	
  	
  	
  



Data	
  Placement	
  for	
  Analysis	
  
Once the data is available on the Grid it must be made accessible to analysis applications  
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CASTOR Architecture (simplified) 
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Database 

Request 
Handler 

Request 
Scheduler 

(LSF) 

data 
commands 

Separate instances for each LHC experiment: 
• more independence (incident isolation) 
• higher scalability 
• less resource sharing (disk space) 
• more operational complexity 
 

stagerd 

http://castorweb.cern.ch 

Up to 6 GB/sec 



•  Used	
  by	
  8	
  WLCG	
  
Tier-­‐1	
  and	
  ~40	
  
Tier-­‐2	
  Centers	
  

•  Manages	
  ~50%	
  of	
  
WLCG	
  data	
  

http://www.dcache.org 
CXFS/DMF Enstore HPSS TSM 

dCache 



GEMSS	
  at	
  CNAF	
  

Vladimir Sapunenko, CNAF 

(SRM) 



Enstore	
  Mass	
  Storage	
  System	
  

http://www-ccf.fnal.gov/enstore/ 
Gene Oleynik, FNAL 



WLCG	
  Tier-­‐1	
  Site	
  Overview	
  

•  Hardware	
  reliability	
  
–  Disk	
  

•  Life3me	
  of	
  3	
  -­‐	
  4	
  years	
  	
  
•  Most	
  sites	
  have	
  chosen	
  RAID6	
  for	
  performance	
  and	
  resilience	
  
•  Sites	
  are	
  losing	
  disks	
  at	
  a	
  rate	
  of	
  5-­‐10/10,000	
  drives	
  per	
  month	
  –	
  failure/replacement	
  mostly	
  transparent	
  to	
  opera3ons	
  
•  ~30%	
  of	
  Tier-­‐1	
  sites	
  are	
  checking	
  data	
  integrity	
  on	
  disk	
  on	
  a	
  regular	
  basis	
  (in	
  addi3on	
  to	
  compute	
  checksum	
  on	
  every	
  xfer)	
  
•  Where	
  applicable,	
  all	
  but	
  one	
  Tier-­‐1	
  sites	
  are	
  using	
  FC	
  (4	
  &	
  8	
  Gb)	
  as	
  interconnect	
  between	
  disk	
  backend	
  and	
  head	
  nodes	
  	
  	
  	
  	
  

–  Tape	
  
•  Flexible	
  Life3me	
  with	
  drive	
  and	
  library	
  component	
  replacement	
  on	
  demand	
  
•  Data	
  loss	
  varies	
  from	
  “never	
  lost	
  a	
  file/cartridge”	
  to	
  “one	
  cartridge	
  a	
  month”	
  
•  Several	
  sites	
  are	
  using	
  redundant	
  arms	
  &	
  grippers	
  to	
  improve	
  library	
  availability	
  	
  	
  	
  



Role	
  of	
  Tape	
  in	
  LHC	
  Compu3ng	
  

AssumpEon	
  in	
  early	
  phase	
  of	
  LCG	
  Project	
  that	
  there	
  	
  
would	
  be	
  no	
  Tape	
  by	
  the	
  Eme	
  LHC	
  data	
  taking	
  starts,	
  but	
  …	
  
•  Technical	
  Evolu3on	
  of	
  Tape	
  Technology	
  leading	
  to	
  unprecedented	
  

capacity	
  growth	
  and	
  reduced	
  cost	
  
–  Na3ve	
  capacity	
  of	
  tape	
  cartridge	
  surpassed	
  capacity	
  of	
  biggest	
  disk	
  drive	
  

reducing	
  price/GB	
  
•  Expect	
  ~60TB/cartridge	
  by	
  the	
  end	
  of	
  this	
  decade,	
  further	
  improving	
  price/
capacity	
  advantage	
  of	
  tape	
  

–  LTO/LTFS	
  adds	
  an	
  important	
  dimension	
  that	
  could	
  help	
  to	
  improve	
  access	
  
3mes	
  

•  Tape	
  drives	
  &	
  media	
  have	
  steadily	
  improved	
  in	
  reliability	
  
–  Less	
  frequent	
  labor-­‐intensive	
  migra3ons	
  to	
  next	
  gen	
  technology	
  
–  Lower	
  BER	
  and	
  longer	
  useful	
  life	
  than	
  disk	
  making	
  tape	
  beTer	
  suited	
  for	
  long-­‐

term	
  data-­‐reten3on	
  requirements	
  
–  Cost-­‐effec3ve	
  in	
  terms	
  of	
  opera3ng	
  effort:	
  	
  at	
  BNL	
  ~1	
  FTE	
  per	
  5	
  PB	
  (MSS	
  S/W	
  

+	
  tape	
  library	
  and	
  drive	
  H/W)	
  	
  	
  



MSS	
  Failure	
  Sta3s3cs	
  (Jan	
  –	
  Dec	
  2010	
  at	
  BNL)	
  

•  4	
  Tape	
  Libraries	
  (~40,000	
  LTO	
  cartridge	
  slots),	
  80	
  LTO4/LTO5	
  drives	
  
•  Includes	
  HPSS	
  disk	
  cache,	
  HPSS	
  core	
  and	
  mover	
  H/W,	
  network	
  etc	
  
•  All	
  MSS	
  soqware	
  components	
  	
  

LTO4 uCode problem 



CMS	
  Tier-­‐1	
  Tape	
  Resources	
  2010	
  -­‐	
  2013	
  
TB 



File	
  Size	
  Distribu3on,	
  Space	
  Occupancy	
  on	
  Tape	
  and	
  
Read	
  Performance	
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Experience at KIT when processing ATLAS data 

Legend: 1 bar/hour, 1 color/drive;  
black graph = avg. file size 
 
Mover server/disk, tape mounts & positioning limiting transfer rate 
•  40-60 MB/s typical transfer rate/drive 

7 LTO4 Drives 

Filesize  
Distribution 
(CERN) 
 

Space 
Distribution 
(CERN) 



File	
  Size	
  Distribu3on	
  (BNL)	
  

0-50MB >2GB 
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33M files on tape at BNL 

Small File aggregation implemented in HPSS and Castor 
•  Transparent to application 
Experiments are merging small files 

Distribution of small files 

Distribution of large files 



Reprocessing	
  (at	
  BNL):	
  Tape	
  Opera3ons	
  –	
  
Performance	
  of	
  a	
  vital	
  Storage	
  Component	
  

 4 TB/h 

32 hours 

From Tape to HPSS Cache 

1 GB/s from HPSS to dCache Pools over long periods 
•  Can scale by 10x by adding drives, HPSS cache and movers   

1 GB/s 

HPSS Cache 

320 GB/h per tape drive 
Over long periods 

Average write performance of 
60 MB/s per drive 
Average read performance of 
50 MB/s (incl. mount/position) 
 
Numbers based on avg. filesize 
of <500MB  



Op3mizing	
  Tape	
  Access	
  Performance	
  

•  1.5	
  files	
  per	
  tape	
  mount	
  when	
  passing	
  request	
  to	
  
system	
  w/o	
  request	
  priori3za3on	
  and	
  re-­‐ordering	
  
– Most	
  MSSs	
  ini3al	
  implementa3on	
  was	
  based	
  on	
  serving	
  
any	
  request	
  at	
  the	
  3me	
  it	
  was	
  received	
  and	
  for	
  any	
  user	
  

–  Inefficient	
  (slow)	
  and	
  leading	
  to	
  significant	
  equipment	
  
wear	
  and	
  tear	
  

•  Directly	
  integrated	
  logic	
  or	
  modules	
  on	
  top	
  of	
  MSSs	
  
support	
  user	
  priori3es	
  and	
  request	
  re-­‐ordering	
  
according	
  to	
  customizable	
  recall/migra3on	
  policies	
  
–  Improves	
  access	
  performance	
  typically	
  by	
  10x	
  

•  Requires	
  large	
  batches	
  of	
  requests	
  (1000s)	
  	
  	
  	
  	
  



File	
  Staging	
  with	
  Op3miza3on	
  



Reprocessing at the Tier-1 Centers 



Reprocessing	
  Profile	
  



Outlook	
  
The	
  overall	
  Grid	
  infrastructure	
  is	
  working	
  for	
  LHC	
  Physics	
  at	
  7	
  TeV	
  
ü  Distributed	
  storage	
  system	
  able	
  to	
  cope	
  with	
  the	
  amount	
  of	
  data	
  and	
  data	
  

access	
  performance	
  requirements	
  so	
  far	
  
•  Compu3ng	
  enabled	
  3mely	
  analysis	
  of	
  petascale	
  datasets	
  
•  Challenges	
  ahead	
  with	
  significantly	
  increasing	
  luminosity	
  (100x	
  vs.	
  2010)	
  and	
  

improvements	
  of	
  the	
  LHC	
  machine	
  efficiency	
  during	
  the	
  long	
  2011/2012	
  run	
  	
  	
  	
  
Ø  Is	
  the	
  worldwide	
  distributed	
  Facility	
  with	
  its	
  storage	
  and	
  data	
  management	
  

components	
  prepared	
  to	
  scale	
  by	
  5x	
  ?	
  
•  We	
  are	
  opera3ng	
  systems	
  already	
  at	
  large	
  scale	
  

•  Components	
  limi3ng	
  scalability	
  (e.g.	
  metadata	
  service,	
  SRM,	
  request	
  scheduler)	
  have	
  
been	
  iden3fied	
  and	
  were	
  either	
  already	
  modified/replaced	
  or	
  will	
  be	
  replaced/modified	
  
in	
  due	
  3me	
  

•  Reduced	
  risk	
  by	
  using	
  different	
  solu3ons	
  developed	
  for/within	
  the	
  community	
  
•  Evolving	
  Compu3ng	
  Models	
  of	
  the	
  Experiments	
  result	
  in	
  using	
  storage	
  resources	
  

more	
  efficiently	
  
•  With	
  changing	
  data	
  access	
  mechanisms/profile	
  may	
  reduce	
  performance	
  requirements	
  

Ø  Characteris3cs	
  of	
  deployed	
  systems	
  have	
  indicated	
  their	
  ability	
  to	
  scale	
  with	
  
hardware	
  resources,	
  even	
  at	
  large	
  sites	
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