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Machines	  
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Civil	  Engineering:	  93	  km	  racetrack	  	  

3	  



Tunnel	  layout	  
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•  The	  High	  Energy	  Physics	  fronIer	  	  
•  The	  only	  way	  (currently	  conceivable)	  to	  exceed	  the	  scale	  

probed	  by	  LHC	  is	  to	  build	  a	  “LHC++”	  
–  Larger	  radius,	  higher	  field	  

•  PracIcal	  approach:	  scale	  the	  LHC	  technology	  to	  higher	  
energies	  

•  Luminosity	  performances	  to	  scale	  as	  well	  from	  HL-‐LHC	  
•  That’s	  why	  CERN	  is	  currently	  considered	  the	  only	  lab	  where	  

this	  can	  be	  achieved	  	  
	  
	  

FCC-‐hh	  in	  a	  nutshell	  
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FCC-‐hh	  parameters	  
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MAGNETIC	  FIELD	  
•  Unprecedented	  dipole	  field	  required	  =>	  R&D,	  money	  
•  Final	  focus	  (already	  challenging	  at	  LHC)	  

FCC-‐hh	  challenges	  
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SYNCHROTRON	  RADIATION	  
•  High	  heat	  load	  =>	  shielding	  for	  SC	  magnets	  
•  hard	  SR	  photons	  =>	  issues	  with	  vacuum	  	  

BEAM	  ENERGY	  
•  Machine	  protecIon	  
•  Dump	  system	  

EXPERIMENTS	  
•  High	  pileup=>	  high	  energy	  flow	  =>	  high	  dose	  
•  Magnet	  system	  for	  momentum	  resoluIon	  
•  DAQ&Trigger	  



•  World-‐wide	  effort	  aiming	  at	  producing	  prototypes	  capable	  of	  
reaching	  15	  Tesla	  

•  Materials:	  
–  Nb3Sn	  alloy	  
–  High	  temperature	  ceramic	  superconductors	  

•  Short	  prototypes	  already	  built,	  tested	  up	  to	  ~13T	  	  

High	  Field	  Magnets	  
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!



SR	  Photons	  
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•  Do	  not	  forget	  Sept	  19th	  2008	  (>1km	  of	  the	  LHC	  fully	  damaged)	  
•  Crazy	  energies	  involved:	  

–  MagneIc	  energy	  scale	  as	  √s2	  

–  Beam	  energy:	  16	  GJ	  total	  (A380	  @850	  km/h	  
	  

Machine	  protecIon	  
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•  Two	  stage	  approach	  (pp	  case):	  
–  phase	  1	  (baseline):	  L=5x1034	  cm-‐2s-‐1(peak),	  average	  250	  o-‐1/year	  è	  

same	  as	  HL-‐LHC	  
–  phase	  2	  (ulImate):	  L=2.5x1035	  cm-‐2s-‐1	  (peak),	  average	  1000	  o-‐1/year	  	  	  	  	  

•  L=15ab-‐1	  within	  15	  years	  (~6x	  HL-‐LHC	  total	  luminosity)	  

FCC-‐hh	  lumi	  performance	  
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•  Can’t	  get	  where	  ILC	  could	  go	  in	  terms	  of	  √s,	  but	  unbeatable	  
lumi	  performance	  
–  √s<350,	  all	  SM	  physics	  is	  there	  (but	  di-‐Higgs	  producIon)	  is	  there!	  	  	  

•  A	  LEP++	  (a.k.a.	  TLEP),	  scale	  LEP	  technology	  to	  reach	  Higgs	  scale	  
–  SuperKEKB	  as	  a	  demonstrator	  

•  General	  goal:	  ulImate	  precision	  on	  SM	  physics:	  
–  Up	  to	  √s=350	  GeV,	  top-‐anItop	  producIon	  	  
–  Higgs	  factory	  at	  Z+H	  threshold	  √s=250	  GeV	  	  
–  GigaZ	  at	  √s=GeV,	  repeat	  LEP1	  program	  in	  <1	  min	  	  

•  Possibility	  for	  several	  interacIon	  points	  è	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
mulIply	  L,	  experimental	  redundancy	  

•  Challenging	  but	  well	  established	  technology	  
	  

FCC-‐ee	  in	  a	  nutshell	  
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BEAM	  LIFETIME	  
•  Beam	  burn-‐off	  =>	  2	  rings	  soluIon,	  top-‐up	  
•  Beamstrahlung	  =>	  high	  momentum	  acceptance	  

FCC-‐ee	  challenges	  
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SYNCHROTRON	  RADIATION	  
•  ~200	  MW	  to	  recover	  the	  energy	  loss	  (money!)	  	  
•  Very	  hard	  SR	  photons	  =>	  issues	  with	  vacuum	  	  
•  Large	  heat	  load	  =>	  powerful	  cooling	  plant	  	  

INTEGRATION	  WITH	  THE	  EXPERIMENTS	  
•  SR	  photons	  background	  
•  Where	  does	  the	  accelerator	  beam	  pipe	  pass	  through?	  



Top-‐up	  cycle	  
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10 s 

energy of accelerator ring 
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injection into collider 

injection into  
accelerator 

beam current in collider (15 min. beam lifetime) 
100% 

99% 
almost constant current  



•  Strong	  EM	  forces	  between	  the	  beams	  when	  they	  cross	  
•  A	  fracIon	  of	  the	  electrons	  loose	  enough	  energy	  to	  be	  kicked	  

out	  of	  the	  orbit	  
•  High	  momentum	  acceptance	  required	  (beyond	  what	  achieved	  

in	  the	  past)	  
•  Limited	  BS	  however	  grants	  other	  good	  features	  	  

Beamstrahlung	  
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BS	  γ	  spectrum Energy	  spread 

M.Z. 



Background	  di	  macchina	  
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H. Burkhardt, M. Boscolo, N. Bacchetta

Photon energy ~350 keV very similar to LEP2 
where this was acceptable with IRs designed for 
low synrad & ~100 collimators and local masks,  



FCC-‐ee	  lumi	  performance	  

17	  
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FCC-ee baseline w 2 IPs 

ILC upgrades CepC w 2 IPs 
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Experiments	  
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•  Real	  challenge	  stands	  on	  the	  FCC-‐hh	  detectors,	  FCC-‐ee	  can	  
well	  profit	  from	  ILC	  R&D	  

•  It’s	  plenty	  of	  Ime	  before	  any	  conceivable	  date	  for	  FCC-‐hh	  
running	  	  	  	  

•  This	  is	  the	  Ime	  when	  “crazy”	  ideas	  on	  technology	  soluIons	  
and	  detector	  R&D	  should	  be	  pursued	  
–  Plenty	  of	  room	  for	  detector	  development	  studies!	  

•  Currently	  3	  main	  approaches	  are	  envisaged:	  
–  Maxi	  version	  of	  a	  current	  LHC	  experiment	  (e.g.	  giant	  CMS)	  
–  Same	  size	  as	  a	  LHC	  experiment,	  but	  with	  improved	  versions	  of	  the	  

devices	  with	  visionary	  performances	  (resoluIon,	  Iming,	  etc.)	  
–  Something	  completely	  different	  (not	  well	  defined	  yet..)	  	  	  

My	  take	  

19	  



•  Bending	  power.	  If	  tracking	  resoluIon	  is	  kept	  the	  same	  
between	  14	  and	  100	  TeV,	  BL2	  needs	  to	  scale	  by	  factor	  7	  
–  B	  up	  to	  6	  T	  

•  A	  lot	  of	  physics	  very	  boosted	  longitudinally	  è	  tracking	  up	  to	  
high	  pseudorapidity	  (disambiguate	  PU)	  	  
–  Longer	  solenoid/tracking	  systems	  
–  Add	  a	  dipole	  in	  the	  forward	  region	  	  

•  HCAL	  from	  10	  to	  12	  λ	  
–  E.g.	  bore	  of	  big	  solenoid	  

•  ECAL	  up	  to	  high	  η	  as	  well:	  
–  Longer	  detector,	  high	  flux	  resistant	  

•  Everything	  to	  be	  compaIble	  with	  chose	  L*	  
•  Here	  more	  info	  can	  be	  found	  	  

	  
	  

Driving	  principles	  
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14/02/2014	   W.	  Riegler,	  CERN	  



14/02/2014	   W.	  Riegler,	  CERN	  



•  Much	  less	  demanding	  as	  the	  FCC-‐hh	  case	  
–  Possibly	  with	  a	  few	  excepIons	  (DAQ&Trigger	  @Z,	  TPC,	  extreme	  vertexing	  

for	  c-‐tagging,	  etc.)	  
•  A	  lot	  of	  R&D	  studies	  for	  the	  ILC	  detector:	  same	  design	  can	  be	  used	  

for	  circular	  machine	  as	  well	  (0th	  order)	  
•  Power	  pulsing	  not	  possible	  (too	  high	  collision	  rate):	  

–  Either	  more	  cooling	  (higher	  material	  budget)	  
–  Or	  less	  channels	  

•  Most	  likely	  much	  less	  sophisIcated	  can	  do	  as	  well	  
–  Current	  physics	  results	  based	  on	  CMS	  full	  simulaIon	  

Experiments	  at	  FCC-‐ee	  
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If	  what	  you	  have	  done	  yesterday	  
sIll	  looks	  big	  to	  you,	  you	  haven't	  

done	  much	  today.	  
	  

Mikhail	  Gorbachev	  
	  

Conclusions	  
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BACKUP	  
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(very)	  TentaIve	  (CERN-‐centric)	  Imeline	  
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80-km Tunnel Cost Estimate 
(preliminary!)•  Costs

–  Only the minimum civil requirements (tunnel, shafts and caverns) are 
included 

–  5.5% for external expert assistance 
    (underground works only)

•  Excluded from costing
–  Other services like cooling/ventilation/
     electricity etc
–  service caverns
–  beam dumps
–  radiological protection
–  Surface structures
–  Access roads
–  In-house engineering etc etc

•  Cost uncertainty = 50% 
•  Next stage should include costing based on technical drawings

21	  February	  2013	  John	  Osborne	  &	  Caroline	  Waaijer	  (CERN)	  	  

CE works Costs [BCHF]

Underground

Main tunnel (5.6m)
Bypass tunnel & inclined 

tunnel access 

Dewatering tunnel
Small caverns

Detector caverns
Shafts (9m)

Shafts (18m)
Consultancy (5.5%)

TOTAL ~3.1?  (unofficial)	  

(→raw	  tunnel	  cost	  could	  be	  4.5	  BCHF)	  



Luminosity	  is	  the	  key	  
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FHC	  and	  TLEP	  together?	  
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mulIpurpose	  	  
tunnel	  

FHC (20 T) 

HE-‐LHC-‐LER	  (0.17→1.5	  T)	  
TLEP	  collider	  (0.07	  or	  0.05T)	  	  
TLEP	  injector	  (0.007→0.05/7	  T)	  

20	  mm	  thick	  
shield	  around	  
cable	  
Gaps:	  2	  x	  
V30xH60	  mm	  

transmission	  line	  magnet	  
(B.	  Foster,	  H.	  Piekarz)	  

super-‐resisIve	  cable	  

based	  on	  MgB2	  SC	  
only	  12	  MEuro/100	  km!	  



Tunnel	  Cross	  secIon	  studies	  
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6m tunnel : Escape Passageway 4.5m tunnel : Rescue stub tunnels 

7.5m tunnel : Transversal Ventilation 2x 4.5m double tunnel solution 



FCC-‐hh	  parameters	  
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FCC-‐ee	  parameters	  
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•  2x50	  MW	  supplied	  to	  the	  beams	  need	  to	  be	  cooled	  away,	  
heat	  load	  non	  negligible	  

•  Previous	  machines	  (e.g.	  PEP-‐II	  and	  SPEAR)	  	  coped	  with	  much	  
higher	  heat	  load	  per	  meter	  

•  Need	  to	  manage	  higher	  max	  photon	  energy	  though	  

Synchrotron	  radiaIon	  
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N. Kurita, U. Wienands, SLAC 



•  pp	  

Synchrotron	  radiaIon	  
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A. Fasso 

original 
LEP design 



•  Fixing	  energy,	  beam-‐beam	  limit	  and	  beamstrahlung	  
condiIons:	  =>	  power	  is	  linearly	  proporIonal	  to	  luminosity	  

•  For	  TLEP	  self	  imposed	  limit	  on	  power	  to	  beams	  ~200MW,	  
assuming	  50%	  wall	  to	  beam	  efficiency	  

•  Complete	  accounIng	  of	  power	  consumers	  brings	  the	  total	  to	  
beyond	  300	  MW	  for	  TLEP	  at	  top	  energy	  
–  To	  be	  compared	  with	  current	  max	  CERN	  site	  consumpIon	  of	  <200MW	  

•  SIll	  margin	  thanks	  to	  possibility	  of	  several	  IPs	  
–  Number	  of	  IPs	  affecIng	  BS	  lifeIme	  

Power	  consumpIon	  
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•  Vertexing:	  	  
–  c-‐tagging	  (Higgs)	  
–  CompaIble	  with	  2nd	  beam	  pipe?	  

•  Tracking:	  	  
–  recoil	  analysis	  	  
–  H-‐>µµ	  

•  Calorimetry	  
–  ParIcle	  flow	  based,	  do	  not	  need	  high	  

granularity	  

•  Very	  forward	  detectors	  for	  e+e-‐?	  
–  E.g.	  for	  yy	  collisions	  tagging	  

•  No	  issue	  for	  triggering,	  even	  at	  the	  GigaZ	  
rate	  

Experiments	  at	  FCC-‐ee	  
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Physics	  performances:	  Higgs	  
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•  More	  than	  linear	  increase	  for	  the	  Higgs	  producIon	  processes	  
•  Factor	  40x	  for	  di-‐Higgs	  producIon,	  percent	  level	  quarIc	  

coupling	  should	  be	  at	  reach	  (modulo	  syst.	  errors,	  to	  be	  
studied)	  	  	  	  

Higgs	  Physics	  
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•  Unprecedented	  precision	  on	  EW	  observables:	  
–  σ(mW)~0.2	  MeV,	  predict	  top	  mass	  at	  100	  MeV	  

•  Probe	  the	  loop	  structure,	  ulImate	  closure	  test	  of	  SM	  
•  Beam	  energy	  assessed	  by	  means	  of	  resonant	  depolarizaIon	  

–  Dedicate	  one	  bunch	  during	  physics	  operaIon,	  no	  extrapolaIon	  
needed	  

	  	  

Physics	  performances:	  low	  √s	  	  
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•  Pros:	  
–  Highest	  instantaneous	  lumi	  
–  High	  duty	  cycle	  
–  Several	  IPs	  	  
–  Well	  established	  technology	  
–  Reduced	  beamstrahlung	  
–  Upgradable	  to	  ~100	  TeV	  pp	  	  	  

•  Cons:	  
–  High	  power	  consumpIon	  
–  Limited	  in	  √s	  (for	  e+e-‐)	  
–  No	  polarizaIon	  at	  high	  √s	  
–  Cost	  &	  Timescale	  

Comparison	  with	  ILC	  
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•  Pros	  
–  Mature	  project,	  large	  community	  

and	  studies	  devoted	  to	  it	  
–  Ugradable	  to	  O(1)TeV	  
–  PolarizaIon	  of	  the	  beams	  

•  Cons	  
–  No	  “successful”	  predecessors,	  big	  

leap	  in	  performances	  
–  Not	  opImal	  Ill	  √s~350	  GeV	  
–  No	  reach	  to	  energy	  fronIer,	  what	  if	  

a	  desert	  below	  O(1)TeV?	  
–  Only	  1	  experiment	  
–  Cost,	  Timescale,	  Power	  	  

Circular	   Linear	  



•  Electrons	  are	  lost	  if	  they	  emit	  a	  photon	  with	  E>ηE0	  (η	  
momentum	  acceptance)	  

•  Defining:	  

•  The	  number	  of	  photons	  with	  	  E>ηE0	  (i.e.	  impacIng	  lifeIme):	  

	  
•  η	  can	  be	  traded	  off	  with	  Nb/σxσz	  

•  High	  lumi	  and	  decent	  lifeIme	  requires	  either	  high	  momentum	  
acceptance	  or	  aspect	  raIo	  	  

Beamstrahlung	  
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Momentum	  acceptance	  
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FNAL site filler 

±1.6% 

±2.0% 

SLAC/LBNL design KEK design 

±1.3% 

T. Sen, E. Gianfelice-Wendt, Y. Alexahin Y. Cai 

K. Oide 
•  Very	  preliminary	  IR	  designs	  aimed	  at	  
high	  momentum	  acceptance	  
•  2.5-‐3%	  feasible? 



•  Huge	  energy	  (2x4.2	  GJ,	  8.5x	  
LHC)	  to	  be	  extracted	  and	  
dumped	  

•  Dump	  block	  has	  to	  deal	  
with	  ~200kW	  average	  
power..	  

•  Beam	  rigidity:	  167	  T.km	  =>	  
need	  a	  looong	  way	  to	  dilute	  
the	  beam,	  ~3km!	  

Beam	  dump	  system	  
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Dump cavern 



•  QCD	  not	  much	  harder	  than	  at	  the	  LHC!	  
–  Cross	  secIon	  ~100mb	  (vs	  80	  @√s=14	  TeV)	  	  
–  MulIplicity	  1.5x	  
–  Average	  transverse	  momentum	  1.3x	  

•  è	  Pileup	  will	  not	  be	  more	  of	  an	  issue	  than	  at	  theLHC	  
•  Integrated	  dose	  only	  ~2x	  HL-‐LHC	  

Pileup	  and	  Minimum	  Bias	  
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•  LuminosiIes	  for	  small	  x,	  high	  M	  are	  of	  course	  order	  of	  
magnitude	  larger	  than	  LHC!	  

•  Top	  is	  also	  ~massless	  at	  high	  √s	  =>	  need	  to	  include	  it	  in	  the	  
PDF	  (~1/2	  of	  the	  other	  quarks)	  	  

PDF	  luminosiIes	  

45	  



SM	  cross	  secIons	  

46	  
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