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•  The	  quark	  flavour	  sector	  is	  well	  described	  by	  the	  CKM	  
mechanism	  

Consistency	  of	  global	  CKM	  fits	  
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•  Tremendous	  
success	  of	  the	  
CKM	  paradigm!	  
– All	  of	  the	  
measurements	  
agree	  in	  a	  highly	  
profound	  way	  
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•  Tremendous	  
success	  of	  the	  
CKM	  paradigm!	  
– All	  of	  the	  
measurements	  
agree	  in	  a	  highly	  
profound	  way	  

•  We	  are	  leaving	  in	  a	  strange	  era	  
– on	  the	  one	  hand	  we	  have	  been	  achieving	  great	  
experimental	  success	  

– on	  the	  other	  hand,	  we	  feel	  depressed	  as	  everything	  
looks	  consistent	  with	  what	  we	  already	  knew	  



However...	  
•  There	  are	  good	  reasons	  to	  believe	  that	  the	  SM	  is	  
incomplete	  
–  hierarchy	  
–  unificaHon	  of	  gauge	  couplings	  
–  dark	  maIer	  
– maIer-‐anHmaIer	  asymmetry	  
–  ...	  

•  Unfortunately	  these	  arguments	  do	  not	  provide	  stringent	  
quanHtaHve	  predicHons,	  apart	  from	  hints	  that	  the	  NP	  
scale	  should	  be	  “close”	  to	  the	  EW	  scale	  	  

•  By	  studying	  CP-‐violaHng	  and	  flavour-‐changing	  processes	  
we	  can	  accomplish	  two	  fundamental	  tasks	  
–  IdenHfy	  new	  symmetries	  (and	  their	  breaking)	  beyond	  the	  SM	  
–  Probe	  mass	  scales	  not	  accessible	  directly	  
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Precision	  measurements	  of	  CP	  violaTon	  and	  rare	  decays	  
	  

•  General	  decomposiHon	  
in	  terms	  of	  couplings	  and	  	  
scales	  	  

•  If	  the	  SM	  contribuHon	  is	  not	  negligible,	  uncertainHes	  
on	  the	  SM	  coupling	  can	  hide	  NP	  effects	  
– Need	  to	  go	  to	  high	  precision	  measurements	  of	  theoreHcally	  
clean	  observables	  
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LHC	  and	  Belle	  II	  runs	  
LHC	  era	   HL-‐LHC	  era	  

Run	  1	  
(2010-‐12)	  

Run	  2	  
(2015-‐18)	  

Run	  3	  
(2020-‐22)	  

Run	  4	  
(2025-‐28)	  

Run	  5+	  
(2030+)	  

ATLAS,	  CMS	   25	  _-‐1	   100	  _-‐1	   300	  _-‐1	   3000	  _-‐1	  

LHCb	   3	  _-‐1	   8	  _-‐1	   23	  _-‐1	   46	  _-‐1	   100	  _-‐1	  
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•  Physics	  run	  expected	  
around	  2018,	  but	  will	  
start	  deploying	  the	  
full	  potenHal	  by	  2020	  
–  IntegraHng	  50	  ab-‐1	  in	  
about	  5	  years	  



Some	  selected	  topics	  from	  LHC	  Run	  1	  
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Very	  nice	  prospects	  
Bd,s!µµ	   φs	  

γ	   AΓ	  AFB	  B!K*µµ	  
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But...	  
Bd,s!µµ	   φs	  

γ	  

•  Marginal	  improvements	  in	  the	  2020’s	  

AFB	  B!K*µµ	  
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An	  “Extreme	  Flavour”	  experiment?	  
•  Currently	  planned	  experiments	  at	  the	  HL-‐LHC	  will	  only	  
exploit	  a	  small	  fracHon	  of	  the	  huge	  rate	  of	  heavy-‐
flavoured	  hadrons	  produced	  
– ATLAS/CMS:	  full	  LHC	  integrated	  luminosity	  of	  3000	  _-‐1,	  but	  
limited	  efficiency	  due	  to	  lepton	  high	  pT	  requirements	  

– LHCb:	  high	  efficiency,	  also	  on	  charm	  events	  and	  hadronic	  final	  
states,	  but	  limited	  in	  luminosity,	  50	  _-‐1	  vs	  3000	  _-‐1	  

•  Would	  an	  experiment	  capable	  of	  exploiHng	  the	  full	  HL-‐
LHC	  luminosity	  for	  flavour	  physics	  be	  conceivable?	  
– Aiming	  at	  collecHng	  O(100)	  Hmes	  the	  LHCb	  upgrade	  luminosity	  
à	  1014	  b	  and	  1015	  c	  hadrons	  in	  acceptance	  at	  L=1035	  cm-‐2s-‐1	  
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An	  “Extreme	  Flavour”	  experiment?	  
•  Very	  difficult	  to	  give	  an	  answer,	  but	  if	  we	  want	  
anything	  like	  that	  to	  happen	  at	  some	  point,	  we	  need	  
to	  start	  discussing	  
– The	  European	  Strategy	  Group	  recommended	  to	  achieve	  "full	  
exploitaHon	  of	  the	  LHC",	  but	  no	  plans	  currently	  exist	  in	  the	  
flavour	  sector,	  unless	  descoping	  what	  “full”	  means	  

•  In	  parallel	  to	  the	  experimental	  discussion,	  a	  detailed	  
study	  of	  the	  physics	  impact	  should	  be	  carried	  out	  as	  
well	  

•  Some	  exploratory	  work	  ongoing	  in	  the	  framework	  of	  
the	  “What’s	  Next?”	  INFN	  iniHaHve	  
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Challenges	  
•  There	  are	  good	  reasons	  why	  such	  a	  discussion	  has	  not	  started	  
•  On	  	  the	  experimental	  side:	  processing	  and	  storing	  such	  a	  huge	  
amount	  of	  interesHng	  events	  is	  a	  difficult	  technological	  
endeavour,	  even	  when	  projected	  a	  decade	  into	  the	  future	  
–  Such	  an	  experiment	  would	  require	  an	  improvement	  of	  a	  factor	  104	  to	  105	  
both	  in	  permanent	  storage	  capacity	  and	  compuHng	  power	  with	  respect	  
to	  the	  state-‐of-‐the-‐art,	  we	  might	  achieve	  a	  factor	  102-‐103	  maybe	  

–  Need	  a	  shio	  of	  paradigm	  to	  perform	  data	  analysis	  in	  real	  Hme,	  rather	  
than	  much	  later	  offline	  

•  On	  the	  theoreHcal	  side:	  can	  such	  a	  sample	  of	  boIom	  and	  
charm	  mesons	  be	  fully	  exploited?	  
–  O(100x)	  limits,	  O(10x)	  resoluHons	  

•  E.g.:	  UT	  angles	  at	  0.1°,	  charm	  CPV	  at	  10-‐5,	  Bd/Bsàμμ	  at	  3%,	  tàµµµ	  at	  10-‐11	  
–  Can	  theoreHcal	  uncertainHes	  be	  brought	  down	  to	  the	  projected	  
experimental	  ones	  for	  a	  large	  enough	  number	  of	  interesHng	  
observables?	  
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Concept	  
•  If	  we	  could	  idenHfy	  the	  interesHng	  heavy-‐flavour	  
decays	  in	  real	  Hme	  and	  record	  only	  the	  informaHon	  
that	  is	  relevant	  to	  the	  study	  of	  each	  parHcular	  
process,	  we	  would	  achieve	  a	  large	  reducHon	  in	  the	  
amount	  of	  data	  to	  be	  transmiIed	  and	  stored	  
permanently	  

•  In	  this	  way	  we	  would	  gain	  orders	  of	  magnitude	  in	  the	  
number	  of	  decays	  collected	  per	  unit	  Hme	  with	  
respect	  to	  what	  could	  be	  done	  with	  a	  tradiHonal	  
approach	  
–  thus	  alleviaHng	  the	  size	  of	  the	  data	  storage	  and	  at	  the	  same	  
Hme	  the	  amount	  of	  compuHng	  power	  required	  for	  the	  final	  
analysis	   13	  



Requirements	  
•  Readout	  at	  40	  MHz	  

–  we	  are	  already	  there	  (e.g.	  LHCb	  upgrade),	  but	  much	  larger	  throughput	  
•  Strong	  tracking	  capabiliHes	  at	  high	  luminosity	  
•  Real	  Hme	  event	  reconstrucHon	  at	  40	  MHz	  

–  Get	  tracks	  and	  other	  complex	  primiHves	  straight	  out	  of	  the	  detector	  
•  Need	  for	  specialized	  processors?	  

•  ParHcle	  idenHficaHon	  
–  muon	  (mandatory),	  hadronic	  (very	  important),	  calorimeter	  (useful?)	  

•  Offline-‐like	  calibraHon	  in	  real	  Hme	  
•  Physics	  analysis	  in	  “real	  Hme”	  

–  Ability	  to	  do	  precision	  measurements	  from	  reduced	  data	  formats	  
–  Need	  superior	  real	  Hme	  detector	  calibraHon,	  and	  well-‐chosen	  control	  
samples	  

–  Need	  clever	  methods	  to	  control	  systemaHcs	  
•  Understanding	  of	  systemaHc	  uncertainHes	  at	  that	  required	  level	  of	  precision	  
will	  be	  yet	  another	  challenge	   14	  



Reading	  out	  the	  detector	  
•  LHCb	  upgrade	  plans	  to	  readout	  40	  Tb/s	  →	  about	  104	  serial	  
links	  
–  ~4	  Gb/s	  sustained	  by	  a	  current	  GBT	  device	  
–  EsHmated	  cost	  is	  about	  1.5	  MCHF	  

•  How	  to	  increase	  by	  a	  factor	  100?	  
•  A	  first	  obvious	  challenge	  arises	  from	  the	  required	  number	  of	  
serial	  links	  with	  present	  technology	  à	  106	  links	  
–  A	  new	  radiaHon-‐hard	  serialiser	  chip	  characterised	  by	  a	  much	  higher	  
bandwidth	  than	  the	  GBT	  would	  be	  needed	  to	  have	  a	  manageable	  
number	  of	  links	  (no	  more	  than	  few	  104)	  

•  State-‐of-‐the-‐art	  commercial	  FPGAs	  provide	  serial	  I/O	  link	  
components	  covering	  a	  range	  between	  10	  Gb/s	  to	  40	  Gb/s	  
–  However,	  they	  are	  not	  radiaHon-‐hard	  devices	  
–  Current	  radiaHon-‐hardened	  FPGAs	  are	  generally	  equipped	  with	  
transceivers	  of	  limited	  bandwidth	  (of	  the	  order	  of	  few	  Gb/s)	  

•  The	  feasibility	  of	  such	  a	  new	  generaHon	  high-‐speed	  
radiaHon-‐hard	  device	  for	  data	  transmission	  needs	  to	  be	  
invesHgated	  	   15	  



Tracking	  capabiliTes	  
•  A	  good	  tracking	  system	  is	  crucial	  to	  handle	  a	  pileup	  with	  100	  
vertexes	  

•  PaIern	  recogniHon	  is	  certainly	  challenging,	  but	  can	  be	  helped	  
in	  various	  ways	  
–  Double-‐layer	  detectors	  (a	  la	  CMS)	  

•  local	  measurement	  of	  track	  angle	  
–  Time-‐tagged	  silicon	  pixel	  detectors	  

•  e.g.	  UFSD	  project	  (R&D	  by	  N.	  CarHglia,	  INFN	  Torino),	  aim	  at	  50	  µm	  and	  10	  ps	  
from	  a	  single	  pixel	  

•  Resolving	  primary	  vertexes	  is	  an	  issue,	  but	  maybe	  not	  strictly	  
necessary	  
–  May	  measure	  decay	  lengths	  by	  intersecHng	  trajectories	  with	  the	  beam	  
line	  as	  a	  linear	  source	  of	  tracks	  

–  IdenHfy	  a	  few	  tracks	  of	  interest,	  and	  then	  analyze	  all	  remaining	  tracks	  
that	  have	  a	  value	  of	  the	  z-‐intercept	  compaHble	  with	  provenience	  from	  a	  
common	  vertex	  
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Tracking	  in	  a	  Tme-‐tagged	  detector	  

•  Timing	  constraint	  allow	  
vertex	  reconstrucHon	  even	  
from	  a	  single	  layer	  

•  Also	  strict	  constraints	  to	  hit	  
associaHon	  between	  layers	  

•  If	  feasible,	  could	  be	  of	  
great	  help	  for	  local	  data	  
reducHon	  
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Example	  of	  parallel	  low-‐latency	  tracking	  	  

•  Feasibility	  studies	  done	  in	  the	  context	  of	  the	  LHCb	  upgrade	  using	  
today's	  FPGA	  (LHCb-‐INT-‐2014-‐019)	  
–  Offline-‐quality	  tracking	  with	  sub-‐μs	  latency	  and	  40	  MHz	  rate	  at	  L=3*1033	  

•  Electronics	  progress	  +	  ASIC	  +	  specially-‐designed	  detector	  →	  L~	  1035	  
–  Hardware	  scales	  linearly	  with	  amount	  of	  input	  data	  

•  See	  talk	  by	  G.	  Punzi	  @INSTR-‐2014	  (Novosibirsk)	  +	  related	  talks	  
@WIT-‐2014	  
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Muon	  PID	  
•  Due	  to	  the	  high	  rate	  and	  to	  the	  harsh	  radiaHon	  
environment,	  the	  employment	  of	  gaseous	  detectors	  is	  
not	  straigh|orward	  
– more	  reliable,	  robust	  and	  fast	  soluHons	  are	  needed	  

•  A	  possible	  choice	  involves	  large	  area	  scinHllator	  bars	  
with	  WLS	  fibers	  and	  SiPM	  readout	  
–  Detector	  occupancies	  should	  be	  reduced	  by	  designing	  high-‐
granularity	  detectors,	  e.g.	  bars	  a	  few	  cenHmeters	  wide	  with	  each	  
acHve	  plane	  consisHng	  of	  orthogonal	  layers	  of	  scinHllator	  bars,	  
providing	  both	  coordinates	  at	  the	  same	  Hme	  

•  Given	  the	  very	  high	  luminosity	  and,	  as	  a	  consequence,	  
the	  high	  level	  of	  background	  radiaHon,	  one	  of	  the	  most	  
criHcal	  issues	  is	  to	  understand	  the	  radiaHon	  damage	  of	  
the	  sensiHve	  components	  
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Hadron	  PID	  

•  The	  ability	  to	  disHnguish	  hadrons	  is	  extremely	  
important	  to	  cover	  a	  wide	  range	  of	  measurements	  
and	  considerably	  simplify	  the	  analysis	  
–  see	  LHCb	  physics	  results	  

•  Could	  Cherenkov	  detectors	  cope	  with	  very	  high	  track	  
density?	  
–  limited	  by	  photodetector	  pixel	  density?	  
–  how	  far	  can	  we	  go?	  

•  An	  alternaHve	  possibility	  that	  has	  been	  suggested	  is	  
the	  use	  of	  a	  thick	  TRD	  
–  is	  it	  conceivable?	  
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Calorimetry?	  

•  The	  LHCb	  calorimeter	  system	  is	  perfectly	  funcHonal	  
–  it	  is	  very	  important	  in	  parHcular	  for	  the	  hadronic	  trigger	  	  

•  However,	  hard	  to	  make	  physics	  analyses	  with	  
calorimeters	  at	  LHCb	  so	  far	  
–  large	  background	  
–  lower	  mass	  resoluHon	  

•  Unclear	  whether	  calorimetry	  is	  really	  mandatory	  and	  
how	  useful	  it	  could	  be	  in	  the	  harsh	  environment	  of	  an	  
extreme	  flavour	  experiment	  
–  how	  much	  physics	  do	  we	  loose	  forge}ng	  radiaHve	  decays	  
and	  final	  states	  with	  electrons	  and	  π0s?	  
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Detector	  geometry	  
•  The	  best	  detector	  geometry	  cannot	  be	  determined	  without	  
dedicated	  studies,	  only	  some	  consideraHons	  here	  

•  The	  detector	  does	  not	  need	  to	  be	  hermeHc	  
–  The	  experiment	  will	  work	  only	  on	  a	  part	  of	  the	  collision	  data,	  it	  is	  not	  
expected	  that	  global	  event	  variables,	  like	  the	  missing	  ET,	  could	  play	  a	  
useful	  role	  

–  A	  tracking	  volume	  for	  containing	  KS	  decays	  is	  very	  desirable	  
•  Forward	  or	  central	  configuraHon?	  
•  Some	  trade-‐offs	  to	  be	  worked	  out	  

–  A	  forward	  configuraHon	  has	  the	  advantage	  of	  an	  easier	  access	  to	  the	  
data,	  easier	  cabling	  etc.	  and	  allows	  room	  for	  large	  detectors,	  like	  
those	  that	  may	  be	  required	  for	  PID	  purposes	  

–  It	  is	  likely	  to	  require	  a	  smaller	  number	  of	  channels	  and	  be	  therefore	  
less	  expensive	  

–  It	  may	  however	  suffer	  from	  larger	  radiaHon-‐resistance	  issues,	  and	  the	  
high	  track	  density	  may	  be	  an	  issue	  to	  paIern	  recogniHon	  
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Analysis	  model	  	  
•  The	  huge	  size	  of	  data	  samples	  involved	  and	  the	  required	  
precision	  level	  mean	  that	  an	  extreme	  flavor	  experiment	  
requires	  a	  different	  model	  of	  data	  analysis	  from	  the	  tradiHonal	  
paradigm	  in	  use	  in	  HEP	  
–  there	  is	  no	  way	  to	  store	  the	  enHre	  event	  informaHon	  for	  so	  many	  events	  
–  different	  methodology	  from	  the	  usual:	  "trigger,	  storage,	  calibraHon,	  
offline	  analysis”	  

–  Need	  to	  move	  towards	  “real	  Hme”	  physics	  analysis	  
•  Even	  taking	  only	  a	  specific	  piece	  of	  data	  from	  each	  interesHng	  
crossing	  may	  be	  too	  much	  for	  some	  high-‐rate	  processes	  
–  e.g.	  D	  mixing	  and	  CPV	  

•  Ability	  to	  do	  precision	  measurements	  from	  stored	  samples	  of	  
reduced	  size	  

•  Go	  beyond	  the	  “event”	  concept:	  only	  save	  staHsHcal	  
summaries	  
–  whose	  sizes	  grow	  less	  than	  linearly	  with	  the	  amount	  of	  collected	  data	  
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Real	  Tme	  calibraTon	  
•  An	  important	  aspect	  will	  be	  to	  demonstrate	  that	  a	  
system	  for	  high-‐precision	  calibraHon	  in	  real	  Hme	  is	  
possible	  
–  calibraHon	  process	  should	  have	  high	  level	  of	  reliability	  as	  there	  is	  
no	  way	  to	  perform	  a	  second	  pass	  

–  If	  the	  calibraHon	  for	  a	  certain	  chunk	  of	  data	  is	  diagnosed	  to	  be	  
defecHve,	  there	  is	  probably	  no	  way	  to	  recover	  à	  discard	  it	  

•  On-‐detector	  reconstrucHon	  system	  with	  embedded	  
calibraHon	  making	  extensive	  use	  of	  local	  informaHon	  and	  
performing	  correcHons	  on	  the	  fly	  

•  A	  substanHal	  development	  effort	  will	  be	  needed	  to	  
produce	  a	  detailed	  design	  
–  The	  availability	  of	  large	  samples	  of	  data	  from	  exisHng	  LHC	  runs	  
may	  be	  of	  great	  help	  in	  the	  process	  of	  designing	  the	  system,	  
allowing	  to	  perform	  realisHc	  tests	  
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Extreme	  theory	  
•  A	  significant	  experimental	  progress	  requires	  an	  
analogous	  improvement	  of	  theoreHcal	  accuracies	  

•  A	  crucial	  ingredient	  from	  the	  theory	  side	  is	  the	  ability	  
to	  determine	  hadronic	  matrix	  elements	  with	  
sufficient	  precision	  from	  La}ce	  QCD	  

•  La}ce	  QCD	  has	  witnessed	  a	  very	  important	  progress	  
in	  the	  last	  15	  years,	  mainly	  for	  two	  reasons	  
–  increase	  of	  the	  computaHonal	  power	  
–  improvements	  in	  the	  algorithms	  

•  The	  computaHonal	  power	  can	  be	  predicted	  with	  
rather	  good	  reliability,	  since	  it	  is	  found	  to	  follow	  a	  
simple	  scaling	  law	  
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LQCD	  extrapolaTons	  
•  Typical	  computer	  systems	  that	  are	  available	  today	  for	  
La}ce	  QCD	  simulaHons	  have	  performances	  in	  the	  
range	  0.1-‐0.5	  PFlops,	  that	  is	  within	  the	  lower	  part	  of	  the	  
top	  500	  list	  

•  By	  extrapolaHng	  the	  available	  computer	  power	  for	  
La}ce	  QCD	  simulaHons,	  in	  2025	  we	  should	  be	  in	  the	  
range	  100-‐500	  PFlops	  

sum	  of	  power	  
of	  first	  500	  
super-‐
computers	  

power	  of	  
fastest	  super-‐
computer	  

power	  of	  500th	  
super-‐computer	  

NOW	  
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ProjecTons	  to	  2025	  

•  EsHmates	  below	  1%	  are	  to	  be	  taken	  cum	  grano	  salis	  
•  At	  that	  level	  of	  precision,	  small	  effects	  that	  are	  typically	  neglected	  

have	  to	  be	  considered	  
–  E.g.	  isospin	  breaking	  and	  electromagneHc	  effects	  are	  at	  the	  1%	  level	  

•  However,	  in	  principle	  they	  can	  be	  included	  
–  First	  la}ce	  studies	  of	  isospin	  breaking	  and	  electromagneHc	  effects	  have	  been	  

performed	  in	  the	  last	  years	  leading	  to	  promising	  results	  
•  But	  remember:	  this	  is	  not	  for	  free!	  Need	  to	  be	  sustained	  with	  

appropriate	  funding	  à	  millions,	  not	  peanuts	  

0.1%	  
precision	  
does	  not	  look	  
impossible	  
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Conclusions	  

•  With	  planned	  detector	  improvements,	  we	  expect	  
marginal	  gains	  in	  flavour	  physics	  from	  2022	  onwards	  

•  The	  potenHal	  offered	  by	  the	  huge	  heavy	  flavour	  
producHon	  at	  HL-‐LHC	  needs	  something	  new	  on	  the	  
experimental	  side	  to	  be	  thoroughly	  exploited	  

•  Is	  an	  extreme	  flavour	  experiment	  conceivable?	  
–  certainly	  challenging,	  but	  might	  be	  worth	  exploring	  its	  feasibility	  

•  Lot	  of	  studies	  are	  needed	  to	  turn	  seminal	  concepts	  into	  a	  
concrete	  design	  phase,	  	  including	  studies	  of	  the	  physics	  
impact	  for	  the	  definiHon	  of	  an	  extreme	  physics	  case	  

•  Along	  with	  the	  experimental	  progress,	  improvements	  on	  
the	  theoreHcal	  side	  (including	  LQCD,	  but	  not	  only)	  are	  
extremely	  important	  
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Backup	  
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Abandon	  hope	  all	  ye	  who	  enter	  here	  
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Today:	  latest	  sensiTvity	  table	  
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Measurements	  of	  UT	  angles	  

•  Measurements	  can	  be	  affected	  by	  NP	  at	  different	  levels	  
–  γ	  from	  tree-‐level	  is	  basically	  unaffected	  
–  β	  (βs)	  can	  be	  affected	  in	  Bd	  (Bs)	  mixing	  
–  α	  can	  be	  affected	  both	  in	  mixing	  and	  decay	  (loops	  in	  penguin	  diagrams)	  	  

–  σth(γ)	  negligible	  from	  tree-‐level	  decays	  
•  Brod	  and	  Zupan,	  JHEP	  01	  (2014)	  051	  

–  σth(β)	  small	  and	  controllable	  with	  data-‐driven	  
methods	  

•  Ciuchini	  et	  al.,	  PRL	  95	  (2005)	  221804	  	  
•  Faller	  et	  al.,	  PRD	  79	  (2009)	  014030	  

–  σth(βs)	  small	  and	  controllable	  with	  data-‐driven	  
methods	  

•  Faller	  et	  al.,	  PRD	  79	  (2009)	  014005	  
–  σth(α)	  ≈	  1o	  

•  Gronau	  et	  al.,	  PRD	  60	  (1999)	  034021	  
•  Botella	  et	  al.,	  PRD	  73	  (2006)	  071501	  
•  Zupan,	  	  Nucl.	  Phys.	  Proc.	  Suppl.	  170	  (2007)	  33	  

•  InterpretaHon	  in	  terms	  of	  CKM	  matrix	  elements	  does	  not	  
depend	  on	  strong	  theory	  inputs	  
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Luminosity	  in	  LHCb	  upgrade	  
Up	  to	  LS2	  
•  running	  at	  levelled	  luminosity	  of	  

4·∙1032	  cm-‐2s-‐1	  
•  sooware	  trigger	  running	  at	  1	  MHz	  

aoer	  hardware	  trigger	  
•  record	  3-‐5	  kHz	  	  

2012	  running	  condiHons	  

LHCb	  upgrade	  

Large	  improvements	  in	  physics	  yields	  due	  to	  lower	  pT	  and	  ET	  cuts	  	  
•  x10	  in	  muonic	  B	  decays	  
•  x20	  in	  charm	  and	  hadronic	  B	  decays	  

LHCb	  upgrade	  
•  running	  at	  1-‐2·∙1033	  cm-‐2s-‐1	  
•  replace	  R/O,	  RICH	  photodetectors	  and	  tracking	  detectors	  
•  full	  sooware	  trigger,	  running	  at	  40	  MHz	  
•  record	  20	  kHz	  
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Status	  of	  Bd,s!µ+µ-‐	  
•  CMS	  and	  LHCb	  have	  now	  
performed	  a	  combined	  fit	  to	  
their	  full	  Run	  1	  data	  sets	  

•  Significance	  of	  Bs→µµ	  6.2σ:	  
first	  observaTon!	  
–  CompaHbility	  with	  the	  SM	  at	  1.2σ	  

•  Excess	  of	  events	  at	  the	  3σ	  
level	  observed	  for	  the	  B0→µµ	  
hypothesis	  with	  respect	  to	  
background-‐only	  
–  CompaHble	  with	  SM	  at	  2.2σ	  

•  ATLAS	  analysis	  is	  ongoing	  
CMS-‐BPH-‐13-‐007,	  LHCb-‐PAPER-‐2014-‐049:	  SubmiIed	  to	  Nature	   36	  
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Prospects	  with	  Bd,s!µ+µ-‐	  
•  The	  raHo	  BR(Bdàµ+µ-‐)/
BR(Bsàµ+µ-‐)	  is	  known	  
with	  beIer	  theoreHcal	  
uncertainty	  

•  Measurement	  will	  sHll	  
be	  dominated	  by	  
experimental	  
uncertainty	  by	  2030	  

•  With	  increased	  staHsHcs,	  the	  measurement	  of	  effecHve	  
Bsàµ+µ-‐	  lifeHme	  and	  possibly	  Hme-‐dependent	  CP	  violaHon	  will	  
become	  possible	  
•  New	  observables	  sensiHve	  to	  NP	  effects	  in	  very	  rare	  B	  decays	  
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39	  

Phys.	  Rev.	  LeI.	  111	  (2013)	  191801	  
•  InteresHng	  feature	  in	  one	  of	  the	  
observables	  (P’5)	  
–  No	  definiHve	  conclusion	  yet	  
–  AddiHonal	  staHsHcs	  and	  theoreHcal	  studies	  

are	  needed	  
•  LHCb	  has	  great	  potenHal	  to	  improve	  
in	  this	  sector,	  ATLAS	  and	  CMS	  (as	  well	  
as	  Belle	  II)	  are	  expected	  to	  play	  an	  
important	  role	  too	  

•  On	  the	  long	  run,	  progresses	  on	  the	  
theory	  side	  are	  needed	  for	  a	  clean	  
interpretaHon	  of	  the	  measurements	  



40	  

World	  average:	  φs	  =	  -‐15	  ±	  36	  mrad	  

•  Present	  uncertainty	  is	  dominated	  by	  LHCb	  
–  LHCb-‐only	  average:	  φs	  =	  -‐10	  ±	  39	  mrad	  

•  Not	  yet	  signs	  of	  discrepancy	  with	  SM	  expectaHon	  

Status	  of	  φs	  



PerspecTves	  for	  φs	  

•  This	  is	  the	  case	  of	  an	  
observable	  with	  an	  
asymptoHc	  experimental	  
uncertainty	  comparable	  
with	  the	  theoreHcal	  
uncertainty	  
•  σth(φφ)	  ≈	  0.02	  
•  σth(J/ψφ)	  ≈	  0.003	  

•  For	  J/ψφ	  in	  parHcular,	  the	  
uncertainty,	  due	  to	  the	  presence	  of	  subleading	  
contribuHons	  to	  the	  tree-‐level	  amplitude,	  can	  be	  
quanHfied	  with	  data-‐driven	  methods	  

•  Improvements	  from	  theory	  would	  be	  certainly	  welcome	  
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Status	  of	  γ	  
•  Measured	  by	  BaBar,	  Belle	  and	  
LHCb	  using	  ADS,	  GLW	  and	  GGSZ	  
(Dalitz)	  methods	  
– LHCb	  is	  now	  starTng	  to	  dominate	  
the	  world	  average	  

42	  

Standard	  candle	  for	  the	  SM,	  crucial	  to	  
disTnguish	  between	  genuine	  SM	  and	  BSM	  in	  
UT	  fits	  

Measurements	  from	  
tree-‐level	  decays	  are	  
assumed	  to	  be	  
almost	  insensiHve	  
to	  NP	  effects	  

BaBar	  

γ =	  (69	  	  	  	  	  	  	  )o	  

γ =	  (68	  	  	  	  	  	  	  )o	  

Belle	  

+15	  
-14	  

+17	  
-16	  

γ =	  (73	  	  	  	  	  	  	  )o	  +9	  
-10	  



Prospects	  for	  γ	


(Almost)	  vanishing	  theoreHcal	  uncertainty	  
43	  

•  Many	  analyses	  sHll	  to	  be	  
completed	  with	  Run	  1	  data	  
•  ~7°	  precision	  achievable	  by	  

exploiHng	  the	  full	  power	  of	  
current	  data	  set	  

•  Comparable	  precision	  
expected	  at	  LHCb	  and	  Belle	  
II	  
•  Sub-‐degree	  level	  by	  the	  end	  of	  

the	  experimental	  programmes	  
•  Small	  systemaHc	  uncertainHes	  

	  



ATLAS	  B-‐Physics	  Programme	  
l  The	  B-‐physics	  programme	  in	  Run	  2	  and	  beyond	  will	  follow	  the	  current	  Run	  1	  approach:	  

-  Precision	  measurements	  and	  rare	  processes	  that	  most	  
benefit	  from	  high	  integrated	  luminosity	  and/or	  are	  
inaccessible	  at	  B-‐factories.	  Focus	  on	  those	  with	  potenHal	  in	  
beyond-‐SM	  effects	  

l  Bs	  →	  J/ψφ,	  Λb	  →	  J/ψΛ,	  …,	  B(s)	  →	  µµ,	  b	  →	  sµµ	


-  Heavy	  flavour	  producHon	  at	  14TeV	  
l  B-‐hadron	  and	  D-‐meson	  producHon	  x-‐secHon,	  prompt/non-‐prompt	  quarkonia	  
producHon,	  quarkonia	  spin	  alignment	  

-  Heavy	  flavour	  producHon	  in	  associaHon	  with	  other	  physics	  
objects	  

l  Vector	  boson	  +	  J/ψ,	  double	  J/ψ	  producHon	  etc.	  

-  Searches	  for	  new/exoHc	  states	  and	  new	  decay	  modes	  
l  χb,	  Bc	  decays,	  Bc(2S),	  heavy	  baryons,	  exoHc	  quarkonia	  etc.	  
	  

l  Trigger	  sHll	  Hes	  us	  to	  muonic	  final	  states	  
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B-‐Physics	  Programme	  cont.	  

l  The	  Run	  1	  of	  LHC	  experiments	  showed:	  in	  B-‐physics	  a	  sensiHvity	  to	  potenHal	  effects	  
beyond	  SM	  is	  only	  possible	  if	  the	  measurements	  are	  accomplished	  at	  unprecedentedly	  
high	  precision	  =>	  need	  the	  future	  LHC	  Runs	  

	  
l  To	  make	  that	  possible	  and	  keep	  similar	  or	  beIer	  performance,	  we	  need:	  

-  trigger	  strategies	  and	  
-  detector	  upgrades	  (namely	  tracking)	  
able	  to	  face	  the	  harsher	  environment	  of	  the	  future	  Runs	  

	  

l  2nd	  part	  of	  the	  talk	  =>	  study	  of	  the	  impact	  of	  the	  detector	  &	  trigger	  changes	  	   	  	  on	  Bs	  →	  
J/ψφ	  measurement	  precision	  
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Relevant	  ATLAS	  Detector	  Upgrades	  
l  Inner	  Tracker	  upgrade:	  

-  Run-‐2:	  AddiHonal	  Pixel	  Layer	  (IBL),	  beIer	  d0	  and	  z0	   	   	   	   	   	   	   	   	  resoluHon,	  and	  w	  and	  
f	  resoluHon	  at	  low-‐pT	  

-  HL-‐LHC:	  Completely	  new	  Si	  based	  tracking	  (ITK),	   	   	   	   	   	   	   	   	   	   	  ~4x	  finer	  
granularity	  

	  
	  
	  
	  
	  

l  Muon	  detector	  upgrades:	  
-  Run-‐2:	  Improved	  coverage	  in	  1.0<|η|<1.3	  
-  Run-‐3:	  Installed	  New	  Small	  Wheel	  
-  HL-‐LHC:	  Upgrade	  of	  the	  muon	  systems,	  fast	  trigger	  

l  Trigger	  upgrades:	  
-  Run-‐2:	  Topological	  L1	  trigger	  (selecHon	  based	  on	  rought	  topology	  of	  combined	  objects	  at	  L1)	  
-  Run-‐2/3:	  Fast	  Tracking	  (FTK)	  –	  a	  HW-‐based	  track	  finder	  at	  “offline	  precision”;	  installed	  between	  HW	  based	  level-‐1	  

trigger	  and	  the	  next	  SW-‐based	  trigger	  levels	  
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Trigger	  Strategies	  for	  ATLAS	  B-‐physics	  
l  Triggers	  remain	  based	  on	  single/di/mulH-‐muon	  signatures,	  but	  can	  be	  combined	  with	  

other	  objects	  (e.g.	  hadronic	  tracks)	  
l  The	  rates	  of	  the	  passing	  events	  must	  fit	  the	  limits	  of	  the	  trigger	  system	  at	  each	  stage:	  

-  Run-‐1:	  the	  total	  maximum	  output	  rates	  from	  the	  L1,	  L2	  and	  EF:	  75	  kHz,	  6-‐7kHz,	  400	  Hz	  
-  Run-‐1	  limitaHons	  on	  B-‐physics	  triggers	  mainly	  from	  the	  restricHon	  on	  the	  L1	  rate	  
-  In	  upcoming	  runs,	  both	  HW-‐based	  L1	  and	  SW-‐based	  L2+EF	  will	  have	  to	  be	  Hghtened	  to	  fit	  within	  the	  allowed	  

limits	  
	  	  

l  Level	  1	  trigger	  rate	  control:	  
-  Increasing	  the	  muon	  pT	  thresholds	  or	  collecHng	  signal	  in	  the	  barrel	  detectors	  only	  	  (this	  was	  Run-‐1	  approach	  for	  

peak	  luminosity)	  →	  in	  Run-‐2	  would	  lead	  to	  significant	  signal	  loss	  
-  From	  Run-‐2	  ,	  addiHonal	  topological	  selecTons	  will	  be	  possible	  at	  HW	  level:	   	  rough	  selecHons	  based	  on	  di-‐

muon	  opening	  angle,	  invariant	  mass	  etc.	  

l  Level	  2	  trigger	  &	  Event	  Filter	  rate	  control:	  
-  The	  available	  tools	  allow	  offline-‐analysis	  like	  selecHons.	  Can	  thus	  reconstruct	  complicated	   	   	  objects	  

(whole	  B-‐decay	  trees)	  and	  make	  selecHons	  based	  on	  that	  
-  CPU	  resources	  will	  be	  saved	  by	  the	  Fast	  Tracking	  Trigger	  
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Detector	  &	  Trigger	  Upgrades	  –	  Phase	  0	  
l  Long	  Shutdown	  (LS)	  1	  almost	  over,	  LHC	  

starts	  providing	  physics	  data	  in	  Spring	  
2015	  

l  AddiHonal	  Pixel	  Layer	  (IBL)	  and	  Be	  small	  
radius	  beam	  pipe	  

l  Topological	  L1	  trigger	  
l  Improved	  coverage	  of	  Muon	  

spectrometer	  (1.0	  <	  |η|	  <	  1.3)	  
l  Diamond	  Beam	  Monitor,	  consolidaHon	  

of	  some	  parts	  of	  the	  detector	  (cooling	  
etc.)	  

l  Small radius (32-38 
mm; current B-layer at 
50.5 mm), small 
material budget 

l  4th pixel layer => more 
robust track 
reconstruction, better 
impact parameter    d0 
and z0 resolution 

l  Better θ and φ 
resolution at low  pT ~ 
1 GeV 

1x1034 

cm-2s-1 
(2-3)x1034 

cm-2s-1 
5x1034 

cm-2s-1 

CERN-LHCC-2010-013 
ATLAS-TDR-19 
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Detector	  &	  Trigger	  Upgrades	  –	  Phase	  1	  
l  Goal:	  no	  loss	  of	  performance	  when	  

going	  above	  LHC	  nominal	  luminosity	  
l  New	  small	  muon	  wheel	  
l  New	  fast-‐tracking	  (FTK)	  at	  trigger	  level	  

1.5.	  Gradually	  implemented	  already	  
during	  Run	  2	  

l  Higher	  granularity	  and	  precision	  L1	  
trigger	  for	  calorimeter	  

l  TDAQ	  improved	  performance	  

Fast tracking trigger: 

l  HW based track finder in the Inner Detector 
silicon layers at “offline precision” 

l  Provides tracks already before the L2 trigger 
(first SW based trigger layer) 

l  Two-step processing: hit pattern matching & 
subsequent linear fitting in FPGAs 

1x1034 

cm-2s-1 
(2-3)x1034 

cm-2s-1 
5x1034 

cm-2s-1 
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Detector	  &	  Trigger	  Upgrades	  –	  Phase	  2	  
l  Goal:	  maintain/improve	  performance	  

despite	  high	  lumi.	  
l  Completely	  new	  Si	  based	  tracking	  (ITK)	  
l  New	  trigger	  system	  –	  possibly	  will	  

include	  HW-‐based	  L1	  track	  trigger	  
l  Full	  granularity	  calorimetry	  informaHon	  
l  Upgrade	  part	  of	  the	  muon	  systems,	  fast	  

trigger	  

Phase 2 Inner Tracker: current ID will become inefficient due to radiation damage; too high occupancy in TRT; 
high granularity (~4x better) required to cope with high pileup (~up to 200) 

1x1034 

cm-2s-1 
(2-3)x1034 

cm-2s-1 
5x1034 

cm-2s-1 
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Future	  PotenHal	  for	  CPV	  Measurement	  
in	  Bs	  →	  J/ψφ	  Decay	  

	  
	  

ATL-‐PHYS-‐PUB-‐2013-‐010	  
(prepared	  for	  ECFA	  High	  Luminosity	  LHC	  Experiments	  Workshop	  in	  2013)	  
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PotenHal	  for	  Run	  2,3	  and	  HL-‐LHC	  
l  Key	  factors	  with	  new	  detectors	  and	  high	  luminosity:	  

-  LifeHme	  precision:	  namely	  Hme	  resoluHon	  στ	  –	  with	  new	  Inner	  Detectors	  
-  Performance	  stability	  in	  high	  pileup	  
-  StaHsHcs:	  efficiency	  decrease	  is	  unavoidable;	  higher	  trigger	  thresholds,	  stronger	  

track	  selecHons.	  CompensaHon:	  bigger	  cross-‐secHon	  at	  14	  TeV	   	  (~2	  Hmes)	  and	  
high	  integrated	  luminosity	  at	  HL-‐LHC	  

	  
	  
	  
	  
	  
-  Future	  ATLAS	  J/ψ	  trigger	  not	  finalized	  yet,	  however	  having	  reasonable	  working	  

model:	  MC	  events	  simulated	  with	  di-‐muon	  thresholds:	  

l  pT	  6+6	  GeV	  or	  11+11	  GeV	  for	  Run	  2	  
l  pT	  11+11	  GeV	  for	  Run	  3	  and	  HL-‐LHC	  	  
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Time	  ResoluHon:	  ITK,	  IBL	  w.r.t	  Run	  1	  

l  Time	  resoluHon	  is	  important	  for	  precise	  measurement	  of	  CPV	  of	  fast	  oscillaHng	  Bs	  mesons	  
-  in	  2011	  data	  taking	  the	  LHCb	  <στ>	  ~40	  fs-‐1,	  ATLAS	  <στ>	  ~100	  fs-‐1	  
-  with	  equal	  staHsHcs	  @	  2011:	  LHCb	  σ(φs)	  =	  0.10	  rad,	  ATLAS	  σ(φs)	  =	  0.25	  rad	  

l  New	  ID	  layouts	  IBL	  and	  ITK	  improve	  στ	  by	  factor	  of	  30%	  compared	  to	  Run	  1	  performance	   	  (for	  the	  same	  pT	  values)	  
l  Higher	  pT	  in	  future	  runs	  improves	  further	  στ	  and	  signal	  purity	  on	  the	  account	  of	  lower	  efficiency	  
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Time	  ResoluHon:	  Stability	  with	  #PV	  

l  Concern:	  Hme	  resoluHon	  στ	  may	  deteriorate	  with	  increasing	  number	  of	  primary	  verHces	  (#PV)	  
-  Bs	  decay	  Hme	  τ	  =	  LxyMB/pT(B)	  where	  Lxy	  is	  displacement	  in	  xy	  plane	  of	  Bs	  vertex	  from	  PV	  
-  Best	  PV	  candidates	  chosen	  by	  a	  minimal	  3D	  distance	  of	  pT(B)	  direcHon	  vector	  to	  PV	  

l  Run	  1:	  8TeV	  (2012	  data):	  high	  resoluHon	  στ	  was	  low	  ~100	  fs	  and	  dominated	  by	  material	  due	  to	  low	  pT	  →	  στ	  not	  
sensiHve	  to	  #PV	  

l  IBL	  and	  ITK:	  high	  resoluHon	  στ	  ~	  35	  fs	  and	  also	  higher	  pT	  used	  →	  στ	  slightly	  grows	  (by	  ~14%)	  between	  #PV	  10-‐40;	  
then	  with	  ITK	  layout	  στ	  becomes	  stable	  over	  all	  #PV	  range	  40-‐90	  
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Precision	  on	  CPV	  Phase	  φs	  from	  MC	  

l  *)	  2011	  Toy-‐MC	  fit	  driven	  by	  2011	  data,	  result	  is	  consistent	  with	  real	  2011	  data	  analysis	  (arXiv:1407.1796,	  W.	  
Dearnaley	  talk	  on	  Monday),	  background	  esHmates	  from	  2012	  data	  sidebands	  

l  2012	  is	  also	  a	  result	  of	  Toy-‐MC	  model,	  driven	  by	  2012	  data	  

l  Muon	  pT	  thresholds	  11+11	  GeV	  substanHally	  (7x)	  decrease	  number	  of	  signal	  events	  per	  _-‐1	  
w.r.t.	  6+6	  GeV	  thresholds	  

l  Hence	  a	  potenHal	  in	  Runs	  2	  and	  3	  would	  depend	  on	  muon	  trigger	  thresholds	  applied	  
l  Two	  given	  φs	  precision	  values	  for	  Run	  2:	  0.054	  rad	  (11+11	  GeV)	  and	  0.10	  rad	  (6+6	  GeV)	  

represent	  an	  opHmisHc	  and	  a	  rather	  conservaHve	  opHons	  

*) 
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Conclusions	  

l  ATLAS	  will	  conHnue	  its	  B-‐physics	  program	  in	  the	  Run	  2,3	  and	  the	  	   	  HL-‐LHC	  era,	  
focusing	  on	  precision	  measurements,	  rare	  decays	  and	  heavy	  flavour	  producHon	  and	  
spectroscopy	  

	  

l  Detector	  upgrades	  (namely	  in	  tracking	  and	  muon	  system)	  and	  new	  trigger	  strategies	  
and	  tools	  will	  help	  to	  cope	  with	  the	  high-‐luminosity	  environment	  and	  achieve	  precision	  
needed	  to	  examine	  possible	  	  beyond-‐SM	  effects	  in	  the	  heavy-‐flavour	  producHon	  and	  
decays	  

	  

l  Pilot	  study	  of	  Bs	  →	  J/ψφ	  CPV	  analysis:	  
-  shown	  improvements	  in	  the	  precision	  coming	  from	  the	  tracking	  detectors	  upgrade	  

(already	  those	  for	  Run	  2)	  
-  demonstrated	  strong	  dependence	  of	  the	  precision	  on	  the	  trigger	  thresholds/

configuraHons	  
-  indicated	  weak	  effect	  on	  the	  analysis	  by	  the	  expected	  pile-‐up	  condiHons	  in	  future	  

LHC	  Runs	  
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IBL	  &	  ITK	  pT	  ResoluHon	  

CERN-LHCC-2012-022 ; LHCC-I-023 
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Time	  ResoluHon:	  ITK,	  IBL	  w.r.t	  Run	  1	  

l  Improvement	  of	  an	  average	  Hme	  resoluHon	  <στ>	  in	  future	  runs	  will	  also	  be	  connected	  
with	  increased	  pT	  thresholds	  

l  On	  the	  other	  side,	  the	  increase	  of	  the	  thresholds	  will	  reduce	  efficiency	  with	  improved	  
trigger	  purity	  

LHCb-CONF-2011-006 

JHEP 1212 (2012) 072 
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Case	  study	  at	  CMS:	  B!µ+µ-‐	  

•  Benchmark	  channel	  studied	  for	  assessing	  the	  B-‐
physics	  performance	  of	  the	  CMS	  Phase-‐2	  upgraded	  
detector	  

•  Focus	  on	  two	  aspects	  of	  the	  analysis	  
–  ImplementaHon	  and	  performance	  of	  a	  L1	  track	  trigger	  
– Effect	  of	  CMS	  upgrades	  to	  the	  final	  analysis	  performance	  

•  In	  parHcular,	  two	  CMS	  upgrades	  are	  more	  relevant	  
– L1	  Trigger:	  especially	  through	  the	  new	  track	  trigger	  
machinery	  

– Tracker:	  through	  the	  reduced	  material	  budget	  and	  
increased	  resoluHon	  
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•  SimulaHon	  of	  a	  low-‐pT	  di-‐
muon	  L1	  trigger	  algorithm	  
exploiHng	  the	  upgraded	  
CMS	  tracker	  
– Mass	  resoluHon	  at	  L1	  is	  
determined	  to	  be	  70	  MeV	  

– Trigger	  rate	  in	  the	  HL-‐LHC	  
condiHons	  (average	  of	  140	  
PU	  events)	  is	  esHmated	  to	  be	  
a	  few	  hundred	  Hz	  

Case	  study	  at	  CMS:	  B!µ+µ-‐	  
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•  The	  expected	  performances	  of	  the	  upgraded	  CMS	  
L1	  trigger	  are	  found	  to	  be	  more	  than	  sufficient	  to	  
implement	  the	  trigger	  algorithm	  for	  Bàµ+µ-	




Pre	  HL-‐LHC	  at	  300	  l–1	   HL-‐LHC	  at	  3000	  l–1	  

Case	  study	  at	  CMS:	  B!µ+µ-‐	  
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•  δB/B (Bsàµµ)	  =	  13%	  
•  δB/B (Bdàµµ)	  =	  48%	  
•  δR/R =	  50%	  
•  Bdàµµ	  significance	  ≈2.2σ	


•  δB/B (Bsàµµ)	  =	  11%	  
•  δB/B (Bdàµµ)	  =	  18%	  
•  δR/R =	  21%	  
•  Bdàµµ	  significance	  ≈6.8σ	
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Ultra-‐Fast	  Silicon	  Detectors	  
•  The	  design	  of	  ultra-‐fast	  silicon	  detectors	  (UFSD)	  
exploits	  the	  effect	  of	  charge	  mulHplicaHon	  in	  
silicon	  to	  obtain	  detectors	  that	  can	  concurrently	  
measure	  with	  high	  accuracy	  Hme	  and	  space	  
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•  Main	  set	  of	  requirements	  to	  obtain	  excellent	  Hming	  resoluHon:	  (i)	  low	  noise,	  
(ii)	  large	  signals	  and	  (iii)	  a	  short	  rise	  Hme	  

•  These	  requirements	  are	  complemented	  by	  the	  addiHonal	  request	  of	  having	  
signals	  that	  are	  very	  uniform:	  if	  the	  signal	  shape	  changes	  a	  lot	  on	  an	  event-‐to	  
event	  basis,	  than	  the	  Hming	  accuracy	  is	  severely	  degraded	  

•  The	  ulHmate	  performance	  of	  UFSD	  depends	  criHcally	  on	  the	  combinaHon	  of	  
the	  sensors	  with	  the	  read-‐out	  electronics	  

•  A	  highly	  pixelated	  UFSD	  requires	  a	  full	  custom	  ASIC	  read-‐out,	  bump	  bonded	  to	  
the	  sensor	  

•  The	  design	  of	  UFSD	  requires	  the	  opHmizaHon	  of	  many	  intertwined	  parameters.	  
We	  are	  considering	  two	  disHnct	  opHons	  for	  the	  realizaHon	  of	  a	  highly	  pixelated	  
UFSD	  system,	  Figure	  39:	  (i)	  Leo:	  a	  single	  read-‐out	  chip,	  able	  to	  measure	  
posiHon	  and	  Hme,	  or	  (ii)	  Right:	  a	  split	  design,	  where	  we	  use	  double	  side	  read-‐
out	  to	  separate	  the	  posiHon	  measurement	  from	  the	  Hme	  determinaHon	  

•  This	  second	  design	  is	  mechanically	  more	  challenging,	  however	  reduces	  the	  
complexity	  of	  each	  read-‐out	  chip.	  Both	  designs	  assure	  (i)	  excellent	  Hming	  
capability,	  due	  to	  the	  enhanced	  signal	  and	  reduced	  collecHon	  Hme,	  and	  (ii)	  
accurate	  posiHon	  determinaHon,	  due	  to	  the	  pixelated	  electrodes.	  

UFSD	  requirements	  
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