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It’s	
  already	
  happening	
  !	
  
q  FCC	
  studies	
  launched	
  last	
  month	
  in	
  Geneva	
  

◆  ~330	
  registered	
  participants	
  from	
  Europe,	
  Americas	
  and	
  Asia	
  

◆  Discussion	
  of	
  all	
  FCC	
  aspects,	
  towards	
  establishing	
  international	
  collaboration	
  
●  Scope,	
  schedule,	
  milestones,	
  R&D,	
  physics,	
  experiments,	
  accelerators,	
  safety,	
  …	
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Nima	
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A	
  summary	
  of	
  why,	
  when,	
  who,	
  how	
  (much),	
  and	
  what,	
  follows.	
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Why?	
  	
  The	
  big	
  picture	
  today	
  (1)	
  
q  The	
  standard	
  model	
  is	
  complete	
  and	
  has	
  become	
  the	
  Standard	
  Theory	
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Why?	
  	
  The	
  big	
  picture	
  today	
  (2)	
  
q  Is	
  is	
  the	
  end	
  ?	
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q  Certainly	
  not	
  !	
  
◆  Cosmological	
  dark	
  matter	
  (DM)	
  
◆  Baryon	
  asymmetry	
  of	
  the	
  Universe	
  (BAU)	
  
◆  Non-­‐zero,	
  but	
  small,	
  neutrino	
  masses	
  

●  are	
  experimental	
  proofs	
  that	
  there	
  is	
  more	
  
to	
  understand	
  beyond	
  the	
  standard	
  theory	
  

➨  We	
  must	
  continue	
  our	
  quest.	
  	
  

q  Higher	
  masses	
  ?	
  Smaller	
  couplings	
  ?	
  Both	
  ?	
  
◆  In	
  absence	
  of	
  definite	
  theoretical	
  guidance,	
  the	
  answers	
  to	
  these	
  questions	
  

●  Need	
  collisions	
  with	
  significantly	
  larger	
  energies	
  –	
  the	
  larger	
  the	
  better	
  
●  Require	
  measurements	
  with	
  unprecedented	
  precision	
  	
  



Patrick Janot 

Why?	
  	
  The	
  big	
  picture	
  today	
  (3)	
  
q  An	
  attractive/minimal	
  possibility	
  with	
  smaller	
  couplings	
  

◆  Three	
  pieces	
  are	
  obviously	
  missing	
  in	
  the	
  standard	
  theory	
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q  Three	
  sterile	
  right-­‐handed	
  neutrinos	
  ?	
  	
  
◆  Nearly	
  impossible	
  to	
  find,	
  but	
  could	
  perhaps	
  explain	
  it	
  all	
  !	
  

●  Very	
  small	
  couplings,	
  small	
  mν	
  (see-­‐saw),	
  DM	
  (light	
  N1),	
  and	
  B.A.U.	
  (leptogenesis)	
  
◆  Need	
  very-­‐high-­‐precision	
  experiments:	
  a	
  possibility	
  with	
  the	
  FCC	
  ?	
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Why?	
  	
  The	
  big	
  picture	
  today	
  (4)	
  
q  Others	
  lean	
  towards	
  higher-­‐energy	
  SM	
  replicas	
  

◆  Direct	
  searches	
  at	
  higher	
  energies,	
  rare	
  decays,	
  ultra-­‐precise	
  measurements,	
  needed	
  
●  Another	
  possibility	
  with	
  the	
  FCCs	
  ?	
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-­‐sions	
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A	
  first	
  step	
  with	
  the	
  LHC	
  (1)	
  

q  Clearly,	
  how	
  to	
  proceed	
  exactly	
  will	
  depend	
  on	
  the	
  first	
  LHC13	
  results	
  
◆  But	
  will	
  they	
  change	
  the	
  big	
  picture	
  in	
  a	
  significant	
  way?	
  

q  1st	
  case:	
  A	
  light	
  Higgs	
  boson	
  +	
  nothing	
  else	
  in	
  2017	
  
◆  The	
  previous	
  slides	
  statements	
  are	
  made	
  stronger	
  

●  Need	
  collisions	
  with	
  significantly	
  larger	
  energies	
  
●  Requires	
  measurements	
  with	
  unprecedented	
  precision	
  

◆  The	
  case	
  of	
  the	
  HL-­‐LHC	
  may	
  have	
  to	
  be	
  revisited	
  
●  Discovery	
  potential	
  not	
  compelling	
  ?	
  
●  Trilinear	
  Higgs	
  coupling	
  measurement	
  marginal	
  ?	
  
●  Higgs	
  coupling	
  measurements	
  ok	
  with	
  ~0.5	
  to	
  1	
  ab-­‐1	
  ?	
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laboratories! and! universities! closely! collaborating! with! CERN.! Europe' should'
preserve' this' model' in' order' to' keep' its' leading' role,' sustaining' the' success' of'
particle'physics'and'the'benefits'it'brings'to'the'wider'society.!

The leading role of Europe in particle physics, as demonstrated by the success of the LHC, 
relies heavily upon the underlying organisational model. At the root of this model is the 
existence of CERN, a robust international organisation running a world-leading laboratory, 
based on a strong community of particle physicists working towards common scientific goals in 
universities, laboratories and national institutes. This model is built upon a true spirit of 
collaboration at the international level. From a wider perspective, this also promotes the 
scientific culture across Europe and openness in society. As the scale of the frontier machines 
and experiments increases, the time span of large-scale scientific projects in accelerator-based 
particle physics, from conception to data analysis, extends over several economic and political 
cycles. Long-term planning and stability of funding, through the sustained commitment of the 
CERN Member States, the Candidate for Accession, the Associate Member States and the 
national funding agencies, are essential to maintain and strengthen the present success. 

b)! The! scale! of! the! facilities! required! by! particle! physics! is! resulting! in! the!
globalisation! of! the! field.! The' European' Strategy' takes' into' account' the'
worldwide' particle' physics' landscape' and' developments' in' related' fields' and'
should'continue'to'do'so.!

The increase in scale of the leading particle physics facilities has resulted in the decrease of 
their number worldwide and the globalisation of the field. The timely realisation of 
complementary, large-scale projects in different regions of the world, each of them unique in 
pushing further one of the well-identified frontiers of particle physics, is essential for the 
progress of the field, as well as for the development of its key technologies. The present 
Strategy update takes into account this international aspect by involving the leading particle 
physicists from all regions of the world in the discussion. By setting out planning priorities, it 
also contributes to the optimal use of the financial and human resources available worldwide, 
thereby bringing long-term benefits to particle physics. The Strategy update also discusses 
explicitly the possibility of European participation in large scale projects outside Europe. 

High1priority(large1scale(scientific(activities(
After! careful! analysis! of! many! possible! largeGscale! scientific! activities! requiring!
significant! resources,! sizeable! collaborations! and! sustained! commitment,! the!
following!four!activities!have!been!identified!as!carrying!the!highest!priority.!

c)!The!discovery!of!the!Higgs!boson!is!the!start!of!a!major!programme!of!work!to!
measure!this!particle’s!properties!with!the!highest!possible!precision!for!testing!
the!validity!of! the!Standard!Model!and!to!search!for! further!new!physics!at! the!
energy! frontier.! The! LHC! is! in! a! unique! position! to! pursue! this! programme.!
Europe’s' top'priority' should'be' the' exploitation'of' the' full' potential' of' the' LHC,'
including'the'highBluminosity'upgrade'of'the'machine'and'detectors'with'a'view'
to'collecting'ten'times'more'data'than'in'the'initial'design,'by'around'2030.'This'
upgrade'programme'will'also'provide'further'exciting'opportunities'for'the'study'
of'flavour'physics'and'the'quarkBgluon'plasma.!

d)!To!stay!at!the!forefront!of!particle!physics,!Europe!needs!to!be!in!a!position!to!
propose! an! ambitious! postGLHC! accelerator! project! at! CERN!by! the! time!of! the!
next!Strategy!update,!when!physics!results! from!the!LHC!running!at!14!TeV!will!
be!available.!CERN'should'undertake'design'studies' for'accelerator'projects' in'a'
global' context,' with' emphasis' on' protonBproton' and' electronBpositron' highB
energy' frontier'machines.' These'design' studies' should'be' coupled' to'a' vigorous'
accelerator' R&D' programme,' including' highBfield' magnets' and' highBgradient'
accelerating'structures,'in'collaboration'with'national'institutes,'laboratories'and'

       
30	
  h-­‐1	
  with	
  LHC13	
  →	
  300	
  h-­‐1	
  with	
  LHC14	
  → 3	
  ab-­‐1	
  with	
  HL-­‐LHC	
  (?)	
  

Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2012 

Search for Direct Stop Production –  
Result 

Combined 5σ discovery and 95% exclusion+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+

+
Limit on stop mass can be extended by 200 GeV  

when going from 300 fb-1 to 3000 fb-1 

!  most interesting mass range will be covered! 

  23 
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A	
  first	
  step	
  with	
  the	
  LHC	
  (2)	
  
q  2nd	
  case:	
  The	
  LHC	
  discovers	
  a	
  “relatively”	
  natural	
  spectrum	
  by	
  2017?	
  

◆  What	
  we	
  already	
  know	
  from	
  LHC	
  makes	
  it	
  implausible	
  that	
  we’ll	
  see	
  the	
  whole	
  spectrum	
  	
  

◆  It’s	
  not	
  1995:	
  “Discover	
  light	
  SUSY	
  at	
  LHC,	
  then	
  precision	
  study	
  at	
  500	
  GeV	
  ILC”	
  

q  So…	
  in	
  summary:	
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Next	
  steps	
  for	
  High-­‐Energy	
  Physics	
  (1)	
  
q  The	
  European	
  Strategy	
  (CERN	
  council	
  –	
  05/13)	
  does	
  not	
  say	
  anything	
  else	
  

	
  
	
  
◆  Worldwide	
  studies	
  clearly	
  outlined	
  

●  Towards	
  a	
  project	
  at	
  CERN	
  
◆  CLIC	
  CDR	
  has	
  already	
  been	
  delivered	
  

●  There	
  is	
  a	
  plausible	
  need	
  to	
  go	
  beyond	
  this	
  energy	
  frontier	
  
➨  Study	
  of	
  a	
  circular	
  high-­‐energy	
  pp	
  collider	
  (FCC-­‐hh)	
  required	
  
➨  Result	
  of	
  the	
  studies	
  requested	
  by	
  2018	
  (next	
  strategy	
  update)	
  

Choice	
  to	
  be	
  made	
  at	
  that	
  time	
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universities'worldwide.!

e)! There! is! a! strong! scientific! case! for! an! electronGpositron! collider,!
complementary!to!the!LHC,!that!can!study!the!properties!of!the!Higgs!boson!and!
other! particles! with! unprecedented! precision! and! whose! energy! can! be!
upgraded.!The!Technical!Design!Report!of! the! International! Linear!Collider! (ILC)!
has! been! completed,!with! large! European! participation.! The! initiative! from! the!
Japanese!particle!physics!community! to!host! the! ILC! in! Japan! is!most!welcome,!
and!European!groups!are!eager!to!participate.!Europe'looks'forward'to'a'proposal'
from'Japan'to'discuss'a'possible'participation.!

f)! Rapid! progress! in! neutrino! oscillation! physics,! with! significant! European!
involvement,!has!established!a!strong!scientific!case!for!a!longGbaseline!neutrino!
programme!exploring!CP!violation!and!the!mass!hierarchy!in!the!neutrino!sector.!
CERN' should' develop' a' neutrino' programme' to' pave' the'way' for' a' substantial'
European' role' in' future' longBbaseline' experiments.' Europe' should' explore' the'
possibility'of'major'participation'in'leading'longBbaseline'neutrino'projects'in'the'
US'and'Japan.!

The Strategy update must strike a balance between maintaining the diversity of the scientific 
programme, which is vital for the field since a breakthrough often emerges in unexpected areas, 
and setting priorities since the available resources are limited. As already described, large-scale 
particle physics activities require substantial investment of human and financial resources for an 
extended period. Although many of these activities are important for particle physics, they 
require careful planning and prioritisation in the international context. Out of the many 
motivated proposals put forward by the community and described in the Briefing Book, only 
four activities have been identified as carrying the highest priority. 

One of the key questions of particle physics that should soon receive a definitive answer was 
already identified by the 2006 Strategy, i.e. whether the Standard Model of strong and 
electroweak interactions, with its minimal realisation of the Brout-Englert-Higgs mechanism of 
electroweak gauge symmetry breaking and the modifications required to account for neutrino 
oscillations, is a valid description up to energy scales much higher than the TeV scale, or is 
modified by the presence of new particles at energies accessible to present and future high-
energy colliders. 

Today, some essential milestones along these lines have already been reached. First, and 
foremost, a new boson with a mass near 125 GeV has been discovered, compatible with the 
scalar particle of the Standard Model within the present experimental errors; secondly, many 
particles, suggested by motivated extensions of the Standard Model with or without 
supersymmetry, have been excluded well beyond the previous LEP and Tevatron limits; finally, 
several new precision tests have confirmed the Standard Model description of flavour mixing 
and CP violation in the quark sector and established additional strong indirect constraints on 
possible new physics at the TeV scale and beyond. 

On the one hand, the net result of all this is an impressive consolidation of the Standard Model 
of strong and electroweak interactions, with the technical possibility of extending its validity to 
scales much higher than the TeV scale. The simplest attempts to modify the Standard Model at 
the TeV scale, for example TeV-scale supersymmetry or partial compositeness, in order to 
correct some of its perceived theoretical weaknesses have started to be seriously challenged. On 
the other hand, there is strong evidence that the Standard Model must be modified, with the 
introduction of new particles and interactions, at some energy scale. Such evidence comes from 
studies of neutrino oscillations, dark matter, the observed baryon asymmetry of the Universe, 
the need to eventually incorporate quantum gravity and a model for cosmological inflation. 
Also, there are good indications that some of these modifications could take place in the vicinity 
of the TeV scale. Firstly, the theoretical concept of naturalness suggests that the validity of the 
Standard Model cannot extend much beyond the mass of its scalar particle. Secondly, weakly 

FCC-­‐hh	
  

CLIC	
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Next	
  steps	
  for	
  High-­‐Energy	
  Physics	
  (2)	
  

	
  
q  The	
  European	
  Strategy	
  from	
  the	
  CERN	
  council	
  (05/13)	
  concurs:	
  

	
  
◆  ILC	
  TDR	
  has	
  already	
  been	
  delivered,	
  project	
  to	
  be	
  hosted	
  by	
  Japan	
  

●  There	
  is	
  a	
  plausible	
  need	
  to	
  go	
  beyond	
  this	
  precision	
  frontier	
  
➨  A	
  circular	
  high-­‐luminosity	
  e+e-	
  collider	
  (FCC-­‐ee)	
  is	
  a	
  tool	
  of	
  choice	
  
➨  Would	
  use	
  the	
  same	
  tunnel	
  as	
  FCC-­‐hh,	
  as	
  a	
  possible	
  first	
  step	
  

Synergies	
  with	
  linear	
  collider	
  detectors	
  should	
  be	
  considered	
  
➨  Results	
  of	
  the	
  studies	
  requested	
  by	
  2018	
  (next	
  strategy	
  update)	
  

Choice	
  to	
  be	
  made	
  at	
  that	
  time	
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universities'worldwide.!

e)! There! is! a! strong! scientific! case! for! an! electronGpositron! collider,!
complementary!to!the!LHC,!that!can!study!the!properties!of!the!Higgs!boson!and!
other! particles! with! unprecedented! precision! and! whose! energy! can! be!
upgraded.!The!Technical!Design!Report!of! the! International! Linear!Collider! (ILC)!
has! been! completed,!with! large! European! participation.! The! initiative! from! the!
Japanese!particle!physics!community! to!host! the! ILC! in! Japan! is!most!welcome,!
and!European!groups!are!eager!to!participate.!Europe'looks'forward'to'a'proposal'
from'Japan'to'discuss'a'possible'participation.!

f)! Rapid! progress! in! neutrino! oscillation! physics,! with! significant! European!
involvement,!has!established!a!strong!scientific!case!for!a!longGbaseline!neutrino!
programme!exploring!CP!violation!and!the!mass!hierarchy!in!the!neutrino!sector.!
CERN' should' develop' a' neutrino' programme' to' pave' the'way' for' a' substantial'
European' role' in' future' longBbaseline' experiments.' Europe' should' explore' the'
possibility'of'major'participation'in'leading'longBbaseline'neutrino'projects'in'the'
US'and'Japan.!

The Strategy update must strike a balance between maintaining the diversity of the scientific 
programme, which is vital for the field since a breakthrough often emerges in unexpected areas, 
and setting priorities since the available resources are limited. As already described, large-scale 
particle physics activities require substantial investment of human and financial resources for an 
extended period. Although many of these activities are important for particle physics, they 
require careful planning and prioritisation in the international context. Out of the many 
motivated proposals put forward by the community and described in the Briefing Book, only 
four activities have been identified as carrying the highest priority. 

One of the key questions of particle physics that should soon receive a definitive answer was 
already identified by the 2006 Strategy, i.e. whether the Standard Model of strong and 
electroweak interactions, with its minimal realisation of the Brout-Englert-Higgs mechanism of 
electroweak gauge symmetry breaking and the modifications required to account for neutrino 
oscillations, is a valid description up to energy scales much higher than the TeV scale, or is 
modified by the presence of new particles at energies accessible to present and future high-
energy colliders. 

Today, some essential milestones along these lines have already been reached. First, and 
foremost, a new boson with a mass near 125 GeV has been discovered, compatible with the 
scalar particle of the Standard Model within the present experimental errors; secondly, many 
particles, suggested by motivated extensions of the Standard Model with or without 
supersymmetry, have been excluded well beyond the previous LEP and Tevatron limits; finally, 
several new precision tests have confirmed the Standard Model description of flavour mixing 
and CP violation in the quark sector and established additional strong indirect constraints on 
possible new physics at the TeV scale and beyond. 

On the one hand, the net result of all this is an impressive consolidation of the Standard Model 
of strong and electroweak interactions, with the technical possibility of extending its validity to 
scales much higher than the TeV scale. The simplest attempts to modify the Standard Model at 
the TeV scale, for example TeV-scale supersymmetry or partial compositeness, in order to 
correct some of its perceived theoretical weaknesses have started to be seriously challenged. On 
the other hand, there is strong evidence that the Standard Model must be modified, with the 
introduction of new particles and interactions, at some energy scale. Such evidence comes from 
studies of neutrino oscillations, dark matter, the observed baryon asymmetry of the Universe, 
the need to eventually incorporate quantum gravity and a model for cosmological inflation. 
Also, there are good indications that some of these modifications could take place in the vicinity 
of the TeV scale. Firstly, the theoretical concept of naturalness suggests that the validity of the 
Standard Model cannot extend much beyond the mass of its scalar particle. Secondly, weakly 
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ILC	
  
FCC-­‐ee	
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Next	
  steps	
  for	
  High-­‐Energy	
  Physics	
  (3)	
  
q  Grand	
  summary	
  of	
  the	
  motivation	
  for	
  the	
  FCC	
  study	
  

◆  The	
  LHC	
  physics	
  case	
  so	
  far	
  relied	
  on	
  a	
  theoretically-­‐guided	
  no-­‐lose	
  theorem	
  
●  Either	
  find	
  the	
  standard-­‐model	
  Higgs	
  boson	
  
●  Or	
  find	
  new	
  physics	
  at	
  the	
  TeV	
  scale	
  

◆  We	
  have	
  made	
  use	
  of	
  the	
  theorem:	
  it	
  is	
  now	
  gone.	
  
●  On	
  the	
  theory	
  side,	
  we	
  won’t	
  be	
  again	
  in	
  such	
  a	
  favourable	
  situation	
  for	
  a	
  long	
  time	
  	
  

➨  Observations,	
  however,	
  tell	
  us	
  that	
  new	
  physics	
  must	
  be	
  “around	
  the	
  corner”	
  

◆  But	
  where	
  is	
  the	
  corner	
  ?	
  
●  Only	
  way	
  to	
  find:	
  go	
  look	
  !	
  	
  

➨  Need	
  to	
  explore	
  all	
  options	
  towards	
  highest	
  energies	
  and	
  best	
  accuracies	
  

◆  This	
  statement	
  must	
  be	
  confirmed	
  (or	
  not)	
  by	
  a	
  dedicated	
  global	
  study	
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Beyond	
  the	
  LHC	
  Run2,	
  the	
  combination	
  of	
  FCC-­‐ee	
  and	
  FCC-­‐hh	
  offers,	
  
for	
  a	
  great	
  cost/infrastructure	
  effectiveness,	
  the	
  best	
  precision	
  and	
  the	
  
best	
  search	
  reach	
  of	
  all	
  options	
  presently	
  on	
  the	
  market.	
  

“First look at the physics case of TLEP”, arXiv:1308.6176 

So	
  far,	
  we	
  are	
  here	
  

Not	
  yet…	
  LHC	
  Run	
  2	
  ?	
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The	
  FCC	
  design	
  study:	
  Official	
  scope	
  
q  Form	
  an	
  international	
  collaboration	
  to	
  study	
  

◆  A	
  100	
  TeV	
  pp	
  collider	
  (FCC-­‐hh)	
  
●  Defining	
  infrastructure	
  requirements	
  

➨  16	
  T	
  magnets	
  require	
  100	
  km	
  
➨  20	
  T	
  magnets	
  require	
  80	
  km	
  

●  Long-­‐term	
  goal	
  of	
  the	
  FCC	
  

◆  A	
  high-­‐luminosity	
  e+e-	
  collider	
  (FCC-­‐ee)	
  
●  As	
  a	
  possible	
  first	
  step	
  
●  c.m.	
  energy	
  from	
  90	
  to	
  400	
  GeV	
  

◆  An	
  e-­‐p	
  option	
  (FCC-­‐he)	
  
●  And	
  also	
  heavy	
  ion	
  collisions	
  

◆  A	
  80-­‐100	
  km	
  infrastructure	
  	
  
●  In	
  the	
  Geneva	
  area	
  

Marseille, 27 mars 2014 
Future Circular Colliders (FCC) 

14 



Patrick Janot 

The	
  FCC	
  design	
  study:	
  a	
  long-­‐term	
  vision	
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PSB	
   PS	
  (0.6	
  km)	
  
SPS	
  (6.9	
  km)	
  

LHC	
  (26.7	
  km)	
  
HL-­‐LHC	
  	
  	
  
	
  	
  	
  

	
  

FCC-­‐ee	
  (80-­‐100	
  km,	
  
	
  	
  	
  	
  	
  	
  	
  	
  e+e-­‐,	
  90-­‐400	
  GeV	
  
	
  	
  	
  	
  	
  	
  	
  	
  First	
  step	
  

FCC-­‐hh	
  	
  
(pp,	
  up	
  to	
  	
  
100	
  TeV	
  c.m.)	
  

&	
  e±	
  (120	
  GeV)–p	
  (7,	
  16	
  &	
  50	
  TeV)	
  collisions	
  (FCC-­‐eh)	
  	
  

≥60	
  years	
  of	
  e+e-­‐,	
  pp,	
  ep/A	
  physics	
  at	
  highest	
  energies	
  

Ultimate	
  goal	
  

LEP	
  

60	
  years	
  ago,	
  CERN	
  was	
  born…	
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The	
  FCC	
  design	
  study:	
  Preparation	
  team	
  
q  Study	
  preparation	
  team	
  (since	
  October	
  2013)	
  

◆  Aims	
  at	
  defining	
  the	
  work	
  breakdown	
  structure	
  (see	
  next	
  slide)	
  
●  And	
  at	
  gathering	
  working	
  unit	
  (worldwide)	
  coordinators	
  to	
  start	
  the	
  study	
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Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

Infrastructure,,
cost,es.mates,

P.,Lebrun!

Hadron,
collider,

D.,Schulte,

Hadron,
injectors,

B.,Goddard,

e>,p,op.on,,
Integra)on!aspects!O.,Brüning,

Future,Circular,Colliders,>,Conceptual,Design,Study,
Study!coordina)on,!M.,Benedikt,,F.,Zimmermann,

e+,e>,collider,
and,injectors,
J.,Wenninger,

Technology,
!

High!Field!
Magnets!
L.,BoMura,
Supercon9
duc)ng!RF!
E.,Jensen,
Cryogenics!
L.,Tavian,
Specific!

Technologies!
JM.,Jimenez,

Physics/Exp’ts,
!

Hadrons!
A.,Ball,,,,,,,,,,,,,,,

F.,GianoU,,,
M.,Mangano,

!

e+!e9!!
A.,Blondel,,,,,,,,
J.,Ellis,,,
P.,Janot,

!

e9!p!
M.,Klein,

Opera.on,aspects,,,
energy!efficiency,!safety,!environment!P.,Collier,

Planning,(Implementa.on,roadmap,,financial,planning,,repor.ng),
F.,Sonnemann,,J.,Gutleber,

FCC Kick-Off & Study Preparation Team 



Patrick Janot 

The	
  FCC	
  design	
  study:	
  WBS	
  (top	
  level)	
  
q  Lots	
  of	
  boxes	
  (and	
  sub-­‐boxes)	
  towards	
  systematic	
  &	
  global	
  organization	
  

◆  But	
  this	
  extraordinary	
  project	
  will	
  need	
  thinking	
  out	
  of	
  the	
  box(es)	
  
●  To	
  solve	
  the	
  many	
  challenges	
  ahead,	
  by	
  2018.	
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Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

Proposal for FCC WBS top level 

preliminary 
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The	
  FCC	
  design	
  study:	
  Timeline	
  
q  Three	
  main	
  phases	
  

◆  Large	
  FCC	
  workshops	
  planned	
  in	
  Spring	
  2015,	
  Autumn	
  2016	
  and	
  Autumn	
  2017	
  
●  Deliver	
  the	
  final	
  conceptual	
  design	
  report	
  (with	
  cost	
  review)	
  in	
  Summer	
  2018	
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Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

Proposal for FCC Study Time Line 
2014 2015 2016 2017 2018 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

Kick-off, collaboration forming,  
!study plan and organisation 

Release CDR & Workshop on next steps 

Workshop & Review 
! contents of CDR 

Workshop & Review !identification  of baseline 

Ph 2: Conceptual study of 
baseline “strong interact.” 

Workshop & Review, cost model, 
LHC results ! study re-scoping? 

Ph 3: Study 
consolidation 

Report 

Prepare 

4 large FCC Workshops 
distributed over 

participating regions 

Ph 1: Explore options 
“weak interaction” 
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The	
  FCC	
  design	
  study:	
  Process	
  in	
  2014	
  	
  
q  Build	
  the	
  international	
  collaboration	
  after	
  the	
  kick-­‐off	
  meeting	
  

◆  Call	
  for	
  comments/suggestions	
  from	
  international	
  community	
  
●  Discussion	
  on	
  study	
  content,	
  organization,	
  and	
  resources	
  

◆  Invite	
  non-­‐committing	
  expression	
  of	
  interest	
  from	
  worldwide	
  institutes	
  
●  By	
  end	
  of	
  May	
  2014	
  	
  

➨  Process	
  remains	
  open:	
  further	
  joining	
  possible	
  
◆  Prepare	
  the	
  formation	
  of	
  an	
  international	
  collaboration	
  board	
  

●  Proposed	
  first	
  meeting	
  in	
  September	
  2014	
  
➨  To	
  start	
  the	
  actual	
  FCC	
  international	
  study	
  

◆  The	
  process	
  is	
  monitored	
  and	
  moderated	
  by	
  the	
  preparation	
  team	
  
●  Until	
  an	
  international	
  team	
  is	
  put	
  in	
  place	
  to	
  conduct	
  the	
  study	
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Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

International collaboration process in 2014 
Proposal for next steps: 
   

•  Suggestions and comments from international community and 
discussion on study contents, organisation and resources 

•  Invitation of non-committing expressions of interest for contributions 
from worldwide institutes by end May 2014  

•  Prepare for formation of International Collaboration Board (ICB); 
proposed date first meeting 9-11 September 2014, to start FCC study 

 
 
 
         March    April    May      June     July     August   September 2014 
   

kick-off 
event 

expressions of interest (EOI) proposed 1st 
ICB meeting discussions iterations 

Process can be moderated by preparation group (possibly extended – 
following EOI) until global collaboration is formed and an international 
team is put in place to conduct the further study 
 

Process remains open, further joining possible … 
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The	
  FCC	
  design	
  study:	
  Main	
  areas	
  of	
  work	
  
q  Integrates	
  all	
  aspects	
  of	
  machines,	
  detectors,	
  and	
  physics	
  

◆  Most	
  aspects	
  of	
  collider/detector	
  designs	
  and	
  R&D	
  are	
  not	
  site	
  specific	
  (global	
  study)	
  
●  Tunnel	
  and	
  site	
  study	
  in	
  Geneva	
  area,	
  as	
  European	
  Strategy	
  requested.	
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Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

Infrastructure 

Hadron collider 
conceptual design 

Hadron and          
lepton injectors 

Lepton collider 
conceptual design 

Safety, operation, 
energy management 

environmental aspects 

Accelerators and 
infrastructure 

conceptual designs 

High-field magnets 

Superconducting      
RF systems 

Cryogenics 

Specific technologies  

Planning 

Technologies  
R&D activities 

planning 

Hadron coll. physics         
experiments  

interface, integration 

e+ e- coll. physics      
experiments  

interface, integration 

e- - p physics, 
experiments, 

Interface, integration 

Physics    
experiments 

detectors 

Main areas of FCC design study 
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A sustained decrease in specific cost 

Ph. Lebrun FCC Study Kick-off Meeting 32 

Will FCC pass below the specific cost of 100 kCHF/GeV c.m.? 

The	
  cost	
  optimization	
  challenge	
  
q  It	
  would	
  be	
  purely	
  speculative	
  to	
  give	
  any	
  estimate	
  of	
  the	
  FCC	
  cost	
  now	
  

◆  It	
  will	
  have	
  to	
  be	
  reviewed,	
  understood,	
  optimized,	
  in	
  the	
  course	
  of	
  the	
  5-­‐year	
  study	
  
●  Can	
  learn	
  from	
  past	
  experience:	
  cost/GeV	
  steadily	
  decreases	
  

	
  
◆  	
  To	
  be	
  affordable/competitive,	
  the	
  cost	
  will	
  probably	
  need	
  to	
  be	
  reduced	
  to	
  	
  

●  Less	
  than	
  100	
  kCHF	
  /	
  GeV	
  for	
  the	
  FCC-­‐hh	
  
●  Less	
  than	
  5	
  MCHF	
  /	
  GeV	
  for	
  the	
  FCC-­‐ee	
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? 

FCC-­‐ee?	
  

FCC-­‐hh?	
  

Inventive	
  solutions	
  are	
  required	
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Tunnel geology 
Depart  from  current  wisdom  of  “staying  in  Molasse” 

Ph. Lebrun FCC Study Kick-off Meeting 11 

See forthcoming presentation by J. Osborne 

The	
  tunnel	
  /	
  infrastructure	
  challenge	
  (1)	
  
q  Getting	
  closer	
  to	
  the	
  Alps	
  …	
  

◆  Deep	
  vertical	
  shafts	
  ?	
  	
  
◆  Inclined	
  accesses	
  ?	
  
◆  A	
  second	
  campus	
  ?	
  
◆  Etc.	
  

q  Lots	
  of	
  studies	
  needed	
  
◆  In	
  a	
  short	
  time	
  (Phase	
  1)	
  

	
  
◆  Profile	
  for	
  a	
  113	
  km	
  tunnel:	
  

(2001	
  study)	
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Getting closer to the Alps 

Ph. Lebrun FCC Study Kick-off Meeting 10 
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The	
  tunnel	
  /	
  infrastructure	
  challenge	
  (2)	
  
q  One	
  or	
  several	
  tunnels	
  ?	
  

◆  Equipment	
  (electronics)	
  needs	
  to	
  be	
  radio-­‐protected	
  
●  FCC-­‐hh	
  “clean”	
  in	
  the	
  arcs,	
  but	
  not	
  in	
  the	
  experimental	
  straight	
  sections	
  
●  FCC-­‐ee	
  relatively	
  clean	
  in	
  the	
  straight	
  sections,	
  but	
  not	
  in	
  the	
  arcs	
  

➨  Might	
  need	
  a	
  service	
  tunnel	
  (or	
  a	
  large	
  split	
  tunnel)	
  for	
  the	
  equipment	
  

◆  Yet	
  another	
  tunnel	
  ?	
  
●  Safety	
  (personnel	
  evacuation)	
  
●  Transport	
  (infrastructure	
  installation)	
  
●  Access	
  over	
  100	
  km	
  (quick	
  intervention)	
  

➨  Reliability	
  is	
  the	
  key	
  here	
  

◆  Consensus	
  that	
  one	
  tunnel	
  is	
  not	
  enough	
  

q  Again,	
  lots	
  to	
  do	
  in	
  a	
  short	
  time	
  
◆  To	
  reduce	
  the	
  number	
  of	
  possible	
  options	
  and	
  start	
  optimization	
  

●  Other	
  labs	
  with	
  related	
  experience	
  are	
  welcome	
  (and	
  keen)	
  to	
  contribute	
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Tunnel cross-section 
Accelerator components & technical systems 

Ph. Lebrun FCC Study Kick-off Meeting 18 

2 m 

LEP 

ILC  “kamaboko” 

2 m 

Need for a technical service tunnel? 
Need for a safety tunnel? 

All tunnels drawn at same scale 

e.g.,	
  the	
  ILC	
  tunnel	
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Superconducting	
  magnet	
  R&D	
  targets	
  (1)	
  
q  Dipole	
  magnets	
  dictate	
  hadron	
  collider	
  cost	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  8T:	
  60%	
  of	
  the	
  cost;	
  	
  16T:	
  70%	
  of	
  the	
  cost;	
  20T:	
  80%	
  of	
  the	
  cost	
  

◆  Must	
  increase	
  magnet	
  field	
  while	
  reducing	
  magnet	
  cost	
  
●  Innovative	
  solutions,	
  if	
  not	
  breakthroughs,	
  are	
  needed	
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The next step – hadron colliders 

LHC 
27 km, 8.33 T 

14 TeV (c.o.m.) 

VHE-LHC 
80 km, 20 T 

100 TeV (c.o.m.) 

VHE-LHC 
100 km, 16 T 

100 TeV (c.o.m.) 

HE-LHC 
27 km, 20 T 

33 TeV (c.o.m.) 

Geneva 

PS 

SPS 
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Superconducting	
  magnet	
  R&D	
  targets	
  (2)	
  
q  Increasing	
  magnet	
  field	
  is	
  not	
  easy	
  	
  

◆  Fields	
  above	
  16T	
  have	
  been	
  reached	
  at	
  LBNL	
  in	
  three	
  configurations	
  with	
  Nb3Sn	
  
◆  But	
  a	
  wall	
  at	
  14T	
  is	
  hit	
  with	
  realistic	
  bores	
  are	
  incorporated	
  –	
  no	
  progress	
  in	
  20	
  years	
  

●  Probably	
  mechanical	
  limitations:	
  New	
  paradigm	
  needed	
  

◆  Going	
  to	
  20T	
  requires	
  High	
  Temperature	
  Superconducting	
  magnets	
  

q  Lots	
  of	
  R&D	
  ahead,	
  with	
  America,	
  Asia,	
  Europe	
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Superconducting	
  RF	
  R&D	
  targets	
  (1)	
  
q  SC-­‐RF	
  dictates	
  lepton	
  collider	
  cost	
  

◆  Must	
  compensate	
  for	
  the	
  energy	
  lost	
  at	
  each	
  turn	
  by	
  synchrotron	
  radiation	
  
●  About	
  7.5	
  GeV	
  lost	
  /	
  turn	
  at	
  √s	
  =	
  350	
  GeV	
  (top	
  threshold)	
  
●  <	
  40	
  MeV/turn	
  at	
  √s	
  =	
  90	
  GeV	
  

◆  For	
  a	
  given	
  SR	
  power	
  (50	
  MW/beam)	
  
	
  	
  	
  	
  	
  	
  	
  Two	
  very	
  different	
  regimes	
  

●  High	
  gradients	
  for	
  tt	
  
➨  Up	
  to	
  11	
  GV	
  

Was	
  3.6	
  GV	
  at	
  LEP2	
  
●  High	
  beam	
  loading	
  at	
  the	
  Z	
  pole	
  

➨  Up	
  to	
  1.5	
  A	
  beam	
  current	
  
Was	
  4	
  mA	
  at	
  LEP1	
  

	
  
◆  SC-­‐RF	
  cavities	
  able	
  to	
  function	
  in	
  both	
  regimes	
  do	
  not	
  exist	
  	
  

●  New	
  developments	
  and	
  ideas	
  needed	
  

◆  High	
  gradient	
  regime,	
  20	
  MV/m:	
  Total	
  RF	
  length	
  =	
  902	
  m	
  (cf.	
  LEP2:	
  812	
  m)	
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ρ

4

0
EU ∝

VRF	
  ~10-­‐11	
  GV	
  

ρ =	
  11	
  km	
  

VRF	
  ~35	
  GV	
  

ρ =	
  3.1	
  km	
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Superconducting	
  RF	
  R&D	
  targets	
  (2)	
  
q  Main	
  R&D	
  areas	
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Future Circular Collider Study
Michael Benedikt
FCC Kick-Off 2014

SC-RF main R&D areas
SC cavity R&D
• Large  at high gradient and acceptable cryogenic power

• Recent results at 4 K with Nb3Sn coating on Nb at Cornell
• 800	℃	 ÷ 1400	℃ heat treatment at JLAB 
• Beneficial effect of impurities observed at FNAL

• Relevant for many other accelerator applications

High efficiency RF power generation from grid to beam
• Power converter technology
• Klystron efficiencies beyond 65%, alternative RF sources as Solid State Power 

Amplifier or multi-beam IOT (inductive output tube), etc.
• Relevant for all high power accelerators, intensity frontier (drivers): 

J-PARC, SNS, ννννstorm, LBNE, XFEL, µcoll, ESS, MYRRHA, …

Overall RF system reliability  relevant for FCC-hh and FCC-ee

R&D Goal is optimization of overall efficiency, reliability and cost!
• Power source efficiency, low-loss high-gradient SC cavities, operation 

temperature vs. cryogenic load, total system cost and dimension.
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The	
  power	
  consumption	
  challenge	
  
q  The	
  FCC	
  will	
  be	
  greedy:	
  innovative	
  solutions	
  needed.	
  

◆  FCC-­‐hh	
  power	
  consumption	
  (LHC×4)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  FCC-­‐ee	
  power	
  consumption	
  
●  Dominated	
  by	
  cryogenics	
  (SR)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dominated	
  by	
  RF	
  (55%	
  efficiency)	
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FCC-hh Power Consumption 

System LHC FCC-hh 
Power Converters 20 80 
Machine Cryogenics 35 140 
Cooling 20 80 
Ventilation  14 56 
RF 18 72 
Other Machine 2.5 10 
Experiments 22 30? 
Total / MW 131.5 468 

To first approximation: 
 
Most will scale to FCC-hh very 
approximately according to 
length (ie x4) 
 
The Experiments are likely to be 
more than LHC but not by a 
large factor 

Beware:  This is a ball-park figure to set a rough scale!! 
 
Clearly  the Cryogenics is a key driver  
But the infrastructure itself (cooling/ventilation)  will also be a large consumer 
The RF system itself (if >60MV is needed)  is significant  
 same R&D for ee and hh machines !! 

20 February 2014 FCC Kick-Off Meeting 14 

FCC-ee Power Consumption Estimates 

Based on the 80km Machine Study – Should not be too different to a 100km 
version. Pre-injectors not included. 

TLEP (175) MW 
RF System 218 
Cryogenics 24 
Cooling & Ventilation 60 
Magnet Systems 6 
General Services 15 
Experiments 25 
Total 353 

It includes the infrastructure scaled to the need for TLEP and not that 
which would be installed to allow a future installation of a pp machine.  

The Key Driver here is the RF system:  Cavity characteristics and 
efficiency of the RF power sources (assumed 55%) 

20 February 2014 FCC Kick-Off Meeting 16 

Energy Footprint 

There are two aspects to energy efficiency both of which must be taken 
into account at the design stage of the machines & Infrastructures 

 
Reduction/Minimization of the total power required 
• Power efficiency in equipment design 
• High Efficiency RF power sources (FCC-ee) 
• Cryogenic system design and cold mass optimization (FCC-hh) 

 
 
Total (annual) Energy Consumption 
• Run less?! (not exactly an option) 
• Waste heat recovery 
• Power reduction during idle periods when beam not available 
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A	
  global	
  effort	
  (1)	
  
q  Chinese	
  activities	
  for	
  circular	
  colliders	
  

◆  CEPC	
  +	
  SppC	
  

	
  
◆  Aggressive	
  timeline:	
  2028	
  –	
  2035	
  for	
  CEPC	
  running,	
  2042	
  –	
  20xx	
  for	
  SppC	
  running	
  

●  Pre-­‐CDR	
  at	
  the	
  end	
  of	
  2014	
  !	
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Easy Access 
• 300 km from Beijing 
• 3 h by car 
• 1 h by train  

Beijing 
Qinhuangdao 

Tianjing 

Beidaihe 

Site 
• Preliminary selected: Qinhuangdao (秦皇岛） 
• Strong support by the local government 

 

Internationalization 
• This is a machine for the world and by the world: not a Chinese one 
• As a first  step,  “Center  for Future High Energy Physics  (CFHEP)”  is 

established  
– Prof. Nima Arkani-Hamed is now the director 
– Many theorists(coordinated by Nima and Tao Han) and accelerator 

physicists(coordinated by Weiren Chou) from all the world have signed to 
work here from weeks to months.  

– More are welcome  need support from the related management 
– Current work: 

• Workshops,  seminars,  public  lectures,  working  sessions,  … 
• Pre-CDR 

– Future works (with the expansion of CFHEP) 
• CDR & TDR 
• Engineer design and construction 

– A seed for an international lab   
     Organized and managed by the community 

• We hope to closely collaborate with  
     FCC@CERN 

 

CEPC+SppC 
• For about 8 years, we have been talking  about  “What  can  be  

done  after  BEPCII  in  China”   
• Thanks to the discovery of the low mass Higgs boson, and 

stimulated by ideas of Circular Higgs Factories in the world, 
CEPC+SppC configuration was proposed in Sep. 2012  

A 50-70 km tunnel is 
very affordable in China 
NOW 

Summary 
• It is difficult   
• But it is very exciting 
• Even if it is not in China, it is still very 

beneficial to our field and to the Chinese 
HEP & Science community 

• We fully support a global effort 
 

• Let’s  us work for our dream 

Summary 
• It is difficult   
• But it is very exciting 
• Even if it is not in China, it is still very 

beneficial to our field and to the Chinese 
HEP & Science community 

• We fully support a global effort 
 

• Let’s  us work for our dream 

They	
  have	
  a	
  site	
  !	
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A	
  global	
  effort	
  (2)	
  
q  US	
  activities	
  for	
  circular	
  colliders	
  

◆  Lot	
  of	
  experience	
  due	
  to	
  past	
  and	
  present	
  hadron	
  collider	
  activities	
  
●  Tevatron	
  (2	
  TeV),	
  SSC	
  (40	
  TeV),	
  V-­‐LHC	
  (200	
  TeV)	
  
●  Major	
  participation	
  to	
  LHC	
  accelerator	
  and	
  experiments	
  (+upgrades)	
  

◆  Snowmass	
  2013	
  

	
  
◆  Unique	
  technological	
  expertise	
  

●  High	
  field	
  magnet	
  for	
  HL-­‐LHC,	
  SC-­‐RF	
  developments	
  for	
  lepton	
  colliders	
  
◆  Summary	
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Snowmass  
(from the Executive Summary)  

The Snowmass study identified, in particular, the promise of 
a 100 TeV-class hadron collider (VLHC), which would 
provide a large step in energy with great potential for new 
insights into electroweak symmetry breaking and dark 
matter. The feasibility of such a machine should be clarified 
through renewed accelerator R&D and physics studies over 
the next decade. 

Feb. 12 2014 S. Henderson | FCC Kickoff Meeting 17 

Finally, regarding future U.S. involvement: my views 

• There is broad acknowledgement that any future collider will need 
to be a global enterprise, requiring resources (financial, human) 
from across the globe 

• The U.S. community wants to play a role in any future collider 
– There  are  several  “grass-roots”  activities  domestically 

• We are concentrating now on making HiLumi a success 
• …and  appreciate  that  the  next  collider  will  require  considerable  

effort in design, R&D and garnering support 
• The U.S. community has invested in the critical technologies that 

will be needed and sees R&D toward future colliders as a high 
priority 

• A collaborative focus on magnet and SCRF technologies, and the 
beam dynamics aspects of large hadron and lepton colliders aligns 
well with US expertise at the national labs and universities 

Feb. 12 2014 S. Henderson | FCC Kickoff Meeting 21 
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A	
  global	
  effort	
  (3)	
  
q  ECFA	
  and	
  ICFA	
  are	
  now	
  (back)	
  in	
  the	
  game	
  

◆  Statement	
  from	
  Rolf	
  Heuer	
  (CERN	
  DG)	
  about	
  ECFA,	
  during	
  the	
  FCC	
  kick-­‐off	
  meeting	
  

◆  From	
  the	
  minutes	
  of	
  the	
  last	
  ICFA	
  meeting	
  in	
  DESY	
  (21-­‐Feb-­‐2014)	
  
●  	
  “ICFA	
  supports	
  studies	
  of	
  energy	
  frontier	
  circular	
  colliders	
  and	
  encourages	
  global	
  

coordination.”	
  	
  
➨  ICFA	
  also	
  approved	
  the	
  55th	
  ICFA	
  Advanced	
  Beam	
  Dynamics	
  Workshop	
  on	
  

High	
  Luminosity	
  Circular	
  e+e-	
  Colliders	
  	
  
This	
  series	
  of	
  meetings	
  had	
  been	
  discontinued	
  in	
  2012	
  (!)	
  
The	
  Workshop	
  will	
  take	
  place	
  on	
  8-­‐11	
  Oct.	
  2014	
  in	
  Beijing	
  (IHEP)	
  
The	
  focus	
  will	
  be	
  on	
  Higgs	
  factory	
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5 
Future Circular Collider Study 
FCC Kick-Off 2014 

A conceptual design study of options for a future high-
energy frontier circular collider at CERN for the post-LHC 
era shall be carried out, implementing the request in the 
2013 update of the European Strategy for Particle Physics. 
  
Many results of the study will be site independent.  
 
The design study shall be organised on a world-wide 
international collaboration basis under the auspices of the 
European Committee for Future Accelerators (ECFA) and 
shall be available in time for the next update of the 
European Strategy for Particle Physics, foreseen by 2018. 
 

Scope 
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A	
  first	
  step:	
  FCC-­‐ee	
  (TLEP)	
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Precision	
  physics	
  at	
  the	
  electroweak	
  scale	
  

e+e-	


FCC-­‐ee	
  /	
  TLEP	



TeraZ,	
  OkuW,	
  MegaHiggs	
  and	
  MegaTops	
  
√s	
  =	
  91,	
  161,	
  240,	
  350	
  GeV,	
  and	
  beyond	
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An	
  unprecedented	
  precision	
  (1)	
  
q  Key	
  parameters	
  to	
  achieve	
  high	
  luminosity	
  with	
  TLEP	
  

◆  Inspired	
  from	
  the	
  progress	
  made	
  from	
  LEP	
  to	
  B	
  Factories	
  

●  Many	
  bunches	
  
●  Small	
  vertical	
  β*	
  

●  Flat	
  beams	
  

●  Several	
  IPs	
  

◆  Compensate	
  small	
  lifetime	
  (Bhabha	
  x-­‐section)	
  with	
  continuous	
  top-­‐up	
  injection	
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Parameter	
   Z	
   W	
   H	
   tt	
   LEP2	
  

Ebeam (GeV) 45 80 120 175 104 

I (mA) 1400 152 30 7 4 

No. bunches  16’700 4’490 1’330 98 4 
β*y (mm)	
   1 1 1 1 50 

εx	
  (nm) 29 3.3 1 2 30-50 

εy	
  (nm)	
   0.06 0.007 0.002 0.002 0.25 

Lifetime	
  (min)	
   213 52 21 15 300 

L (1034 cm-2s-1) 28 12 5.9 1.8 0.012 

33 

	
  At	
  the	
  Z,	
  20	
  ns	
  (or	
  smaller)	
  bunch	
  spacing	
  
Requires	
  	
  2	
  separate	
  vacuum	
  chambers	
  	
  for	
  
e+	
  and	
  e-,	
  in	
  addition	
  to	
  the	
  booster	
  !	
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An	
  unprecedented	
  precision	
  (1)	
  
q  Key	
  parameters	
  to	
  achieve	
  high	
  luminosity	
  with	
  TLEP	
  

◆  Inspired	
  from	
  the	
  progress	
  made	
  from	
  LEP	
  to	
  B	
  Factories	
  

●  Many	
  bunches	
  
●  Small	
  vertical	
  β*	
  

●  Flat	
  beams	
  

●  Several	
  IPs	
  

◆  Compensate	
  small	
  lifetime	
  (Bhabha	
  x-­‐section)	
  with	
  continuous	
  top-­‐up	
  injection	
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Parameter	
   Z	
   W	
   H	
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SuperKEKB	
  will	
  be	
  a	
  TLEP	
  demonstrator	
   Some	
  SuperKEKB	
  parameters	
  :	
  

Beam	
  Lifetime	
  :	
  5	
  minutes	
  
TLEP	
  :	
  15	
  minutes	
  

β*
y : 300 µm 

TLEP	
  :	
  1	
  mm	
  
σy : 50	
  nm	
  

TLEP	
  :	
  100	
  nm	
  
εy/εx : 0.25%	
  

TLEP	
  :	
  0.2%	
  t0	
  0.1%	
  
e+	
  production	
  rate	
  :	
  2.5	
  ×	
  1012	
  /	
  s	
  

TLEP	
  :	
  <	
  1	
  ×	
  1011	
  /	
  s	
  
Off-­‐momentum	
  acceptance	
  at	
  IP	
  :	
  ±1.5%	
  

	
  TLEP	
  :	
  ±2.0%	
  	
  to	
  ±2.5%	
  	
  To	
  be	
  commissioned	
  in	
  2015	
  

	
  At	
  the	
  Z,	
  20	
  ns	
  (or	
  smaller)	
  bunch	
  spacing	
  
Requires	
  	
  2	
  separate	
  vacuum	
  chambers	
  	
  for	
  
e+	
  and	
  e-,	
  in	
  addition	
  to	
  the	
  booster	
  !	
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An	
  unprecedented	
  precision	
  (2)	
  
q  Targeted	
  performance	
  of	
  e+e-	
  colliders	
  

◆  TLEP	
  is	
  a	
  Z,	
  W,	
  Higgs	
  and	
  top	
  factory	
  
●  10	
  to	
  1000	
  times	
  the	
  ILC	
  targeted	
  statistics	
  at	
  the	
  same	
  energies	
  

➨  Potential	
  statistical	
  accuracies	
  are	
  mind-­‐boggling	
  !	
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TLEP	
  Statistics	
  

1012	
  Z	
  decays	
  (Tera	
  Z)	
  

2×108	
  WW	
  pairs	
  (Oku	
  W)	
  

2×106	
  HZ	
  events	
  (Mega	
  Higgs)	
  

106	
  top	
  pairs	
  (Mega	
  Top)	
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  Unprecedented	
  challenges	
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FCC-ee is designed to be a Z, W, H and t factory. 
This machine has many challenges: 

o high power and high gradient RF system, 
o loads of synchrotron radiation, 
o a double ring and a booster (plus an injector chain), 
o optics with very low *, large acceptance, possibly with crab-waist, 
o low lifetime and beamstrahlung, 
o polarization, 
o 4  experiments  to  serve…  and  much  more. 

We have to build on the experience from past colliders, and soon 
from SuperKEKB. 
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bkInstitut de Physique Nucléaire de Lyon, IN2P3/CNRS, Villeurbanne, France
blCockcroft Institute, Warrington, U.K.

E-mail: TLEP3-steering-group@cern.ch

Abstract: The discovery by the ATLAS and CMS experiments of a new boson with mass

around 125GeV and with measured properties compatible with those of a Standard-Model

Higgs boson, coupled with the absence of discoveries of phenomena beyond the Standard

Model at the TeV scale, has triggered interest in ideas for future Higgs factories. A new

circular e+e− collider hosted in a 80 to 100 km tunnel, TLEP, is among the most attractive

solutions proposed so far. It has a clean experimental environment, produces high lumi-

nosity for top-quark, Higgs boson, W and Z studies, accommodates multiple detectors,

and can reach energies up to the tt̄ threshold and beyond. It will enable measurements of

the Higgs boson properties and of Electroweak Symmetry-Breaking (EWSB) parameters

with unequalled precision, offering exploration of physics beyond the Standard Model in

the multi-TeV range. Moreover, being the natural precursor of the VHE-LHC, a 100TeV

hadron machine in the same tunnel, it builds up a long-term vision for particle physics.

Altogether, the combination of TLEP and the VHE-LHC offers, for a great cost effective-

ness, the best precision and the best search reach of all options presently on the market.

This paper presents a first appraisal of the salient features of the TLEP physics potential,

to serve as a baseline for a more extensive design study.

Keywords: e+-e- Experiments

ArXiv ePrint: 1308.6176
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Best	
  of	
  FCC-­‐ee	
  /	
  TLEP:	
  Higgs	
  Factory	
  (1)	
  
q  About	
  2.5	
  ×	
  106	
  tagged	
  Higgs	
  after	
  4	
  years	
  at	
  240	
  and	
  350	
  GeV	
  

Sensitive	
  to	
  new	
  physics	
  at	
  tree	
  level	
  ~	
  5%	
  /	
  Λ2
NP	
  

Sensitive	
  to	
  new	
  physics	
  in	
  loops	
  
Sensitive	
  to	
  dark	
  matter	
  (χ, sterile	
  ν, …)	
  	
  
Better	
  done	
  at	
  hadron	
  colliders	
  (HL-­‐LHC,	
  FCC-­‐hh)	
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.
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Figure 8. Number of Higgs bosons produced at TLEP as a function of the centre-of-mass energy
(green curve), as obtained from a five-year running period with the TLEP luminosity profile of
figure 3 delivered to four interaction points, and the Higgs production cross section of figure 7. The
number of events from the Higgs-strahlung process e+e− → HZ is displayed in red, and the number
of events from WW fusion is displayed in blue.

TLEP 240 ILC 250

Total Integrated Luminosity (ab−1) 10 0.25

Number of Higgs bosons from e+e− → HZ 2,000,000 70,000

Number of Higgs bosons from boson fusion 50,000 3,000

Table 3. Integrated luminosity and number of Higgs bosons produced with TLEP at
√
s = 240GeV

(summed over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the
corresponding numbers are also shown for the baseline ILC programme [40] at

√
s = 250GeV, with

beams polarized at a level of 80% for electrons and 30% for positrons.

3.1 Measurements at
√
s = 240 GeV

At
√
s = 240GeV, the TLEP luminosity is expected to be 5× 1034 cm−2s−1 at each inter-

action point, in a configuration with four IPs. The total integrated luminosity accumulated

in five years, assuming running for 107 seconds per year, is shown in table 3, together with

the corresponding numbers of Higgs bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to

produce enough Higgs bosons in a reasonable amount of time to aim at the desired sub-

per-cent precision for Higgs boson coupling measurements. Detailed simulations and simple

analyses have been carried out in ref. [36] to ascertain the claim, with an integrated lumi-

nosity of 500 fb−1 (representing only one year of data taking at
√
s = 240GeV in one of

the TLEP detectors), fully simulated in the CMS detector. For example, the distribution

of the mass recoiling against the lepton pair in the e+e−H and µ+µ−H final states, inde-

pendently of the Higgs boson decay, is shown in figure 9, taken from ref. [36], for one year

of data taking in the CMS detector. The number of Higgs boson events obtained from a fit

– 15 –
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TLEP 240 ILC 250

σHZ 0.4% 2.5%

σHZ × BR(H → bb̄) 0.2% 1.1%

σHZ × BR(H → cc̄) 1.2% 7.4%

σHZ × BR(H → gg) 1.4% 9.1%

σHZ × BR(H → WW) 0.9% 6.4%

σHZ × BR(H → ττ) 0.7% 4.2%

σHZ × BR(H → ZZ) 3.1% 19%

σHZ × BR(H → γγ) 3.0% 35%

σHZ × BR(H → µµ) 13% 100%

Table 4. Statistical precision for Higgs measurements obtained from the proposed TLEP pro-
gramme at

√
s = 240GeV only (shown in table 3). For illustration, the baseline ILC figures at√

s = 250GeV, taken from ref. [7], are also given. The order-of-magnitude smaller accuracy ex-
pected at TLEP in the H → γγ channel is the threefold consequence of the larger luminosity, the
superior resolution of the CMS electromagnetic calorimeter, and the absence of background from
Beamstrahlung photons.

TLEP 350 ILC 350

Total Integrated Luminosity (ab−1) 2.6 0.35

Number of Higgs bosons from e+e− → HZ 340,000 65,000

Number of Higgs bosons from boson fusion 70,000 22,000

Table 5. Integrated luminosity and numbers of Higgs bosons produced with TLEP (summed over
four IPs) at

√
s = 350GeV, in the Higgs-strahlung process and in WW fusion. For illustration, the

corresponding numbers are also shown for the baseline ILC programme at the same centre-of-mass
energy, with beams polarized at a level of 80% for electrons and 30% for positrons.

with the sole 240GeV data, TLEP is able to determine the Higgs boson decay width with

a precision of the order of 3.1% from this channel. The H → bb̄νν̄ final state produced

via WW fusion can also be used for that purpose, as described in more detail in the next

section.

Finally, the %+%−H final state and the distribution of the mass recoiling against the

lepton pair can also be used to directly measure the invisible decay width of the Higgs

boson, in events where the Higgs boson decay products escape undetected. With the

TLEP data at 240GeV, the Higgs boson invisible branching fraction can be measured with

an absolute precision of 0.25%. If not observed, a 95% C.L. upper limit of 0.5% can be set

on this branching fraction.

3.2 Measurements at
√
s = 350 GeV

At
√
s = 350GeV, the TLEP luminosity is expected to amount to 1.3 × 1034 cm−2s−1

at each IP. The total integrated luminosity accumulated in five years is shown in table 5,

together with the corresponding numbers of Higgs bosons produced.

– 17 –

Meas’t	
   Precision	
  

gHZZ	
   0.05%	
  

gHWW	
   0.09%	
  

gHbb	
   0.23%	
  

gHcc	
   0.68%	
  

gHττ	

 0.49%	
  

gHµµ	

 6.2%	
  

gHγγ	

 1.4%	
  

gHgg	
   0.79%	
  

Γinv	
   0.16%	
  

Γtot	
   0.9%	
  

gHtt	
   13%	
  

gHHH	
   28%	
  

2

can constrain a linear combination of the deviations in
the self-coupling, �h, and the hZZ coupling, �Z , as

�240
� = 100 (2�Z + 0.014�h) % , (1)

but not the self-coupling alone. Thus in order to set a
constraint on �h from a single measurement it is necessary
to make assumptions on �Z . This is a general weakness
of indirect constraints with a single measurement, and
demonstrates that such a constraint can only be consid-
ered complimentary to a direct measurement at the LHC
or ILC. Furthermore, an indirect constraint cannot un-
ambiguously single out a modified Higgs self-coupling as
the cause of a deviation in the cross section. On the
other hand a direct measurement can potentially iden-
tify the cause using kinematic distributions [17]. How-
ever, the coe�cient of �h in Eq. (1) is energy depen-
dent, hence cross-section measurements at di↵erent en-
ergies constrain di↵erent linear combinations of �Z and
�h, and an ellipse in �Z � �h space may be constrained.1

CONSTRAINING THE HIGGS SELF-COUPLING

In studies aimed at measuring the Higgs self-coupling
through di-Higgs production it is often assumed that all
other Higgs couplings take SM values and the Higgs is
not coupled to any new BSM fields. This is a useful
assumption since at hadron colliders a number of di↵er-
ent Higgs couplings, and fields, enter the di-Higgs pro-
duction process, leading to some degeneracy between the
e↵ects of a modified Higgs self-coupling and other mod-
ified Higgs couplings. This ambiguity is inherently large
for the indirect constraint discussed here, and reduced in
direct measurements at the LHC and ILC. For calcula-
tional simplicity this simplifying assumption is employed
in this section and the reliability of this assumption is
discussed later. The relevant interactions are given by
the following Lagrangian

L = LSM � 1

3!
�hAh,SMh3 . (2)

Such a modification can arise from the following non-
renormalizable contribution to the Higgs potential

Vh = Vh,SM +
1

⇤2

�
v2 � |H|2�3 , (3)

where the scale ⇤ is associated with the scale of new
physics in the Higgs sector, such as the mass scale of new
fields or the scale of strong dynamics. This modification
enters the calculation of Higgs processes at LO and NLO.
Eq. (3) shows that scenarios which are purely SM-like

1
I am grateful to Jesse Thaler for suggesting this approach.

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

with the exception of non SM-like Higgs self-couplings are
in fact completely consistent with electroweak symmetry
in the UV. Thus no pathologies related to the underlying
gauge symmetry will arise with a modified self-coupling.
If processes involving the Higgs self-coupling at tree-level
are considered, such as in di-Higgs production, then the
modified coupling can be simply included in LO calcu-
lations. However if an NLO calculation encounters the
Higgs self-coupling at LO and at NLO, as in di-Higgs
production, then a suitable counter-term for the irrel-
evant operator in Eq. (3) must be calculated following
procedures for loop calculations in e↵ective field theories
[18]. In processes where the Higgs self-coupling does not
contribute at LO but does enter at NLO, as in the sin-
gle Higgs production considered here, the modified self-
coupling can be included in one-loop diagrams without
recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are cal-
culated using the FeynArts, FormCalc, and Loop-

Tools suite of packages [19, 20]. The counter-terms
for all SM-Higgs couplings are calculated automatically
following the electroweak renormalization prescription of
[21]. Gauge invariance has been checked analytically in
the general R⇠ gauges and it has also been checked that
the final result is also UV-finite.

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� =

��h 6=0

��h=0

� 1 = 1.4, 0.3,�0.2 ⇥ �h% , (4)
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000
P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0) (�0.8, 0)
�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%
g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%
W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%
Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%
⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%
c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%
b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%
t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%
BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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  couplings	
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The	
  10B$	
  ILC,	
  10	
  years	
  
1-­‐10%	
  precision	
  	
  

TLEP,	
  10	
  years	
  
0.1-­‐1%	
  precision	
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000
P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0) (�0.8, 0)
�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%
g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%
W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%
Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%
⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%
c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%
b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%
t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%
BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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Best	
  of	
  FCC-­‐ee	
  /	
  TLEP:	
  Higgs	
  Factory	
  (2)	
  
q  From	
  Snowmass	
  ’13	
  

◆  Model-­‐independent	
  fit	
  of	
  the	
  couplings	
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The	
  10B$	
  ILC,	
  10	
  years	
  
1-­‐10%	
  precision	
  	
  

TLEP,	
  10	
  years	
  
0.1-­‐1%	
  precision	
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Figure 1-3. Measurement precision on W at di↵erent facilities.
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Figure 1-4. Measurement precision on Z at di↵erent facilities.
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Figure 1-2. Measurement precision on � at di↵erent facilities.

Community Planning Study: Snowmass 2013
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Figure 1-6. Measurement precision on b at di↵erent facilities.

Community Planning Study: Snowmass 2013

ILC 

HL 
LHC 

40 

24 Higgs working group report

 L
HC

-8
Te

V

 L
HC

30
0

 H
L-

LH
C

 IL
C5

00

 IL
C5

00
-u

p

 IL
C1

00
0

IL
C1

00
0-

up

 T
LE

P

 C
LI

C1
40

0

 C
LI

C3
00

0

M
ea

su
re

m
en

t P
re

ci
si

on

-210

-110

Figure 1-5. Measurement precision on ⌧ at di↵erent facilities.
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Best	
  of	
  FCC-­‐ee	
  /	
  TLEP:	
  Higgs	
  Factory	
  (3)	
  
q  Impact	
  of	
  Higgs	
  measurements	
  

◆  Compare	
  the	
  predictions	
  of	
  the	
  current	
  best	
  
fits	
  in	
  simple	
  SUSY	
  models	
  

●  With	
  SM	
  predictions	
  and	
  current	
  
uncertainties	
  in	
  SM	
  calculations	
  (LHC	
  
Higgs	
  Working	
  Group)	
  

◆  And	
  with	
  LHC,	
  HL-­‐LHC,	
  ILC,	
  TLEP	
  
	
  

q  TLEP	
  is	
  able	
  to	
  distinguish	
  from	
  SM	
  

q  Need	
  to	
  reduce	
  theoretical	
  uncertainties	
  
to	
  match	
  experimental	
  potential	
  
◆  Essential	
  for	
  new	
  physics	
  interpretation	
  

●  Feasible	
  at	
  the	
  timescale	
  of	
  TLEP	
  
➨  Can	
  already	
  do	
  much	
  better	
  than	
  

current	
  LHCWG	
  estimates	
  (Kuhn)	
  

Marseille, 27 mars 2014 
Future Circular Colliders (FCC) 

41 



Patrick Janot 

Best	
  of	
  TLEP:	
  Precision	
  EW	
  measurements	
  (1)	
  
q  TeraZ	
  –	
  Z	
  resonance	
  scan	
  at	
  √s	
  ~	
  91	
  GeV	
  :	
  1-­‐2	
  years	
  

◆  Get	
  1012	
  Z	
  decays	
  at	
  15	
  kHz/IP.	
  Repeat	
  LEP1	
  physics	
  programme	
  every	
  15	
  minutes	
  

◆  Predicting	
  accuracies	
  with	
  250	
  times	
  smaller	
  statistical	
  precision	
  than	
  at	
  LEP	
  is	
  difficult	
  
●  Used	
  LEP	
  experience	
  for	
  systematics.	
  Will	
  be	
  revisited	
  –	
  this	
  is	
  just	
  the	
  start.	
  

q  Longitudinally	
  polarized	
  beams	
  at	
  √s	
  =	
  mZ	
  with	
  reduced	
  lumi	
  :	
  1	
  year	
  
◆  Get	
  ~1011	
  Z	
  decays,	
  and	
  measure	
  ALR,	
  AFB

pol,	
  etc.	
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Observable	
   Measurement	
   Current	
  precision	
   TLEP	
  stat.	
   Possible	
  syst.	
   Challenge	
  

mZ	
  (MeV)	
   Lineshape	
   91187.5	
  ±	
  2.1	
   0.005	
   <	
  0.1	
   QED	
  corr.	
  

ΓZ	
  (MeV)	
   Lineshape	
   2495.2	
  ±	
  2.3	
   0.008	
   <	
  0.1	
   QED	
  corr.	
  

Rl	
   Peak	
   20.767	
  ±	
  0.025	
   0.0001	
   <	
  0.001	
   Statistics	
  

Rb	
   Peak	
   0.21629	
  ±	
  0.00066	
   0.000003	
   <	
  0.00006	
   g	
  →	
  bb	
  

Nν	

 Peak	
   2.984	
  ±	
  0.008	
   0.00004	
   <	
  0.004	
   Lumi	
  meast	
  

αs(mZ)	
   Rl	
   0.1190	
  ±	
  0.0025	
   0.00001	
   0.0001	
   New	
  Physics	
  

Observable	
   Measurement	
   Current	
  precision	
   TLEP	
  stat.	
   Possible	
  syst.	
   Challenge	
  

ALR	
   Z	
  peak,	
  polarized	
   0.1514	
  ±	
  0.0022	
   0.000015	
   <	
  0.000015	
   Design	
  Expt	
  

Polarization wigglers, 
Spin rotators, etc. 
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Best	
  of	
  TLEP:	
  Precision	
  EW	
  measurements	
  (2)	
  
q  OkuW	
  –	
  WW	
  threshold	
  scan	
  at	
  √s	
  ~	
  161	
  GeV:	
  1-­‐2	
  years	
  

◆  Get	
  ~108	
  W	
  decays;	
  Measure	
  the	
  W	
  mass	
  and	
  Γz
inv;	
  Precise	
  W	
  studies.	
  

	
  
●  Caution:	
  2000	
  times	
  smaller	
  statistical	
  precision	
  than	
  at	
  LEP	
  at	
  WW	
  threshold	
  

q  MegaT0ps	
  –	
  top	
  threshold	
  scan	
  at	
  √s	
  ~	
  350	
  GeV:	
  5	
  years	
  
◆  Get	
  ~106	
  top	
  pairs;	
  Measure	
  top	
  mass,	
  width	
  and	
  Yukawa	
  coupling	
  

●  Watch	
  out	
  the	
  moon:	
  up	
  to	
  1.5	
  GeV	
  excursions	
  of	
  the	
  c.m.	
  energy!	
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Observable	
   Measurement	
   Current	
  precision	
   TLEP	
  stat.	
   Possible	
  syst.	
   Challenge	
  

mw	
  (MeV)	
   Threshold	
  scan	
   80385	
  ±	
  15	
   0.3	
   <	
  0.5	
   QED	
  Corr.	
  

Nν	


Radiative	
  returns	
  
e+e-→γZ,	
  Z→νν,	
  ll	
   2.92	
  ±	
  0.05	
   0.001	
   <	
  0.001	
   ?	
  

αs(mW)	
   Bhad	
  =	
  (Γhad/Γtot)W	
   Bhad	
  =	
  67.41	
  ±	
  0.27	
   0.00018	
   <	
  0.0001	
   CKM	
  Matrix	
  

Observable	
   Measurement	
   Current	
  precision	
   TLEP	
  stat.	
   Possible	
  syst.	
   Challenge	
  

mtop	
  (MeV)	
   Threshold	
  scan	
   173200	
  ±	
  900	
   10	
   10	
   QCD	
  (~40	
  MeV)	
  

Γtop	
  (MeV)	

 Threshold	
  scan	
   ?	
   12	
   ?	
   αs(mZ)	
  

λtop	
   Threshold	
  scan	
   µ	
  =	
  2.5	
  ±	
  1.05	
   13%	
   ?	
   αs(mZ)	
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Figure 15. The tt̄ cross section at the production threshold, for a top quark mass of 174GeV, as
a function of the centre-of-mass energy, taken from ref. [71]. (Note: the measured top quark mass
from Tevatron and LHC is approximately 1GeV smaller. The 1s peak is therefore around 346GeV
instead of 348GeV as shown here.) The black curve is the next-to-next-to-leading-order QCD-
corrected cross section. The green curve shows the effect of photon emission exclusively by initial
state radiation (ISR), as is expected in TLEP collisions. For illustration, the red curve includes in
addition the effects of the ILC beamstrahlung at

√
s = 350GeV.

±0.0007, the current uncertainty on this quantity), and from the knowledge of the beam-

energy spectrum: a 20% uncertainty of the RMS width of the main luminosity peak would

result in top mass uncertainties of approximately 75MeV, far in excess of the statistical

uncertainty [71].

The expected TLEP statistical uncertainties are summarized in table 11. In addition

to the ten-fold increase in the number of tt̄ events at TLEP, which reduces the statis-

tical uncertainties by a factor of three, the much better knowledge of the beam-energy

spectrum, and the precise measurement of the strong coupling constant with TeraZ and

OkuW are bound to reduce the main experimental systematic uncertainties by one order

of magnitude, hence below the statistical uncertainties. The starting design study plans

to demonstrate fully the TLEP potential in this respect. A specific effort to reduce the

theoretical Electroweak uncertainties on the cross section by one order of magnitude will

also be needed.

An overall experimental uncertainty of 10 to 20MeV is therefore con-

sidered to be a reasonable target for the top-quark mass measurement

at TLEP.

4.4 Reducing the theory uncertainties

The unprecedented precision in Higgs, W, Z and top measurements at TLEP will require

significant theoretical effort in a new generation of theoretical calculations in order to reap

– 33 –



Patrick Janot 

Best	
  of	
  TLEP:	
  Precision	
  EW	
  measurements	
  (3)	
  
q  Important	
  assets	
  unique	
  to	
  circular	
  e+e-	
  machines	
  

◆  Large	
  luminosity	
  
●  Statistics	
  is	
  the	
  key	
  for	
  precision	
  

➨  In	
  many	
  cases,	
  will	
  also	
  allows	
  systematic	
  uncertainties	
  to	
  be	
  reduced	
  	
  

◆  Beam	
  energy	
  calibration	
  with	
  resonant	
  depolarization	
  of	
  “single”	
  bunches	
  
●  Use	
  “single”	
  bunches	
  while	
  running:	
  no	
  interpolation	
  errors	
  due	
  to	
  tides,	
  etc.	
  

➨  Beam	
  energy	
  can	
  be	
  measured	
  continuously	
  to	
  better	
  than	
  100	
  keV	
  
Essential	
  for	
  the	
  measurement	
  of	
  ΓZ,	
  mZ	
  and	
  mW	
  

◆  Centre-­‐of-­‐mass	
  energy	
  definition	
  
●  Negligible	
  beamstrahlung	
  –	
  luminosity	
  spectrum	
  known	
  from	
  first	
  principles	
  

➨  Negligible	
  related	
  systematic	
  uncertainties	
  	
  
Important	
  for	
  the	
  measurement	
  of	
  mtop	
  

◆  Small	
  IP	
  backgrounds	
  and	
  pile-­‐up	
  
●  Negligible	
  beamstrahlung	
  (photons,	
  e+e-	
  pairs,	
  …)	
  ;	
  no	
  bunch	
  train	
  

➨  Places	
  reasonable	
  requests	
  on	
  detectors	
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Best	
  of	
  TLEP:	
  Precision	
  EW	
  measurements	
  (4)	
  
q  When	
  mW,	
  mtop	
  and	
  mH	
  are	
  known	
  with	
  precision	
  …	
  

◆  The	
  standard	
  model	
  has	
  nowhere	
  to	
  go	
  !	
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Top mass (GeV)
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Without	
  mZ@TLEP,	
  	
  the	
  SM	
  line	
  	
  
would	
  have	
  a	
  2.2	
  MeV	
  width	
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Best	
  of	
  TLEP:	
  Precision	
  EW	
  measurements	
  (4)	
  
q  When	
  mW,	
  mtop	
  and	
  mH	
  are	
  known	
  with	
  precision	
  …	
  

◆  The	
  standard	
  model	
  has	
  nowhere	
  to	
  go	
  !	
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Top mass (GeV)
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Without	
  mZ@TLEP,	
  	
  the	
  SM	
  line	
  	
  
would	
  have	
  a	
  2.2	
  MeV	
  width	
  

●  Sensitivity	
  to	
  higher-­‐dimension	
  operators	
  

Sensitivity	
  to	
  	
  
Weakly-­‐coupled	
  NP	
  Today:	
  ΛNP>	
  10	
  TeV	
   After	
  TLEP:	
  100	
  TeV	
  ?	
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q  Rare	
  decays:	
  the	
  twin	
  frontier	
  of	
  TLEP	
  beyond	
  precision	
  measurements	
  
◆  How	
  far	
  can	
  we	
  go	
  with	
  1012	
  Z	
  (hence	
  1011	
  b,	
  c,	
  τ),	
  >108	
  W,	
  >106	
  Higgs,	
  >106	
  top	
  quarks	
  ?	
  

●  FCNC,	
  LFV,	
  	
  Invisible/exotic	
  Higgs	
  decays	
  (e.g.,	
  H	
  →	
  νN,	
  χχ),	
  heavy	
  neutrinos,	
  …	
  
●  Dark	
  matter	
  search	
  through	
  e+e-	
  →	
  χχ + γ from	
  ISR,	
  down	
  to	
  minute	
  couplings	
  

q  Example	
  :	
  neutrino	
  counting	
  and	
  measurement	
  of	
  Γz
inv	
  	
  

◆  Makes	
  the	
  connection	
  with	
  the	
  neutrino	
  /	
  dark-­‐matter	
  sector	
  
●  Two	
  hints	
  of	
  sterile	
  neutrinos	
  Ni	
  ,	
  mixing	
  with	
  active	
  neutrinos	
  νi	
  

➨  Reactor	
  anomaly	
  :	
  deficit	
  at	
  short	
  distance	
  

>3σ	
  effect	
  

	
  
	
  

➨  Z	
  invisible	
  width	
  deficit	
  at	
  LEP	
  (PMNS	
  matrix	
  unitarity	
  violation?)	
  	
  
Nν	
  =	
  2.984	
  ±	
  0.008,	
  ~2σ	
  effect.	
  Would	
  become	
  16σ	
  @	
  TLEP	
  
	
  

	
  
	
  

A(4th(neutrino(?((

12/12/13# D.#Lhuillier#2#Séminaire#LPSC# 16#

Atmospheric 
Oscillation 

Solar 
Oscillation 

New prediction for no oscillation 

Reactor 
anomaly 

New Oscillation 
to sterile ν? 

θnew?#

θ12#

θ13#

Old prediction 

Best	
  of	
  TLEP:	
  Rare	
  decays	
  and	
  new	
  physics	
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q  Experimental	
  Physics	
  (coordinators	
  A.	
  Blondel,	
  P.	
  Janot)	
  
◆  Study	
  the	
  properties	
  of	
  the	
  Higgs	
  and	
  other	
  particles	
  with	
  unprecedented	
  precision	
  

◆  Develop	
  the	
  necessary	
  tools	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Understand	
  the	
  experimental	
  conditions	
  

◆  Set	
  constraints	
  on	
  the	
  possible	
  detector	
  designs	
  to	
  match	
  statistical	
  precision	
  	
  

	
  

TLEP/FCC-­‐ee	
  Design	
  Study:	
  Physics	
  WBS	
  (1)	
  

48 

Electroweak	
  Physics	
  
at	
  the	
  Z	
  pole	
  
R.	
  Tenchini	
  

Di-­‐boson	
  Physics	
  
mW	
  measurement	
  

R.	
  Tenchini	
  

H(126)	
  Properties	
  
	
  

TBA	
  

Top	
  Quark	
  Physics	
  
	
  

P.	
  Azzi	
  

QCD	
  and	
  γγ	
  Physics	
  
(Joint exp/th)	
  
D.	
  d’Enterria	
  

Flavour	
  Physics	
  
(Joint exp/th)	
  
S.	
  Monteil	
  

Exp’tal	
  signatures	
  of	
  
New	
  Physics	
  
M.	
  Pierini	
  

Detector	
  Designs	
  
	
  

G.	
  Rolandi	
  

Exp’tal	
  Environment	
  
	
  

N.	
  Bacchetta	
  

Offline	
  Software	
  
and	
  Computing	
  

TBA	
  

Online	
  Software	
  
and	
  Computing	
  

C.	
  Leonidopoulos	
  

FCC Break-Out session (14-Feb-2014) 
Lepton Collider: Physics, Experiments, Detectors 

Synergy with FCC-hh Synergy with FCC-hh 

Synergy with linear collider detectors 
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TLEP/FCC-­‐ee	
  Design	
  Study:	
  Physics	
  WBS	
  (2)	
  

q  Phenomenology/Theory	
  (coordinators	
  J.	
  Ellis,	
  C.	
  Grojean)	
  
◆  Set	
  up	
  a	
  long-­‐term	
  programme	
  to	
  match	
  theory	
  predictions	
  to	
  experimental	
  precisions	
  

	
  
◆  Understand	
  how	
  new	
  physics	
  would	
  show	
  up	
  in	
  precision	
  measurements,	
  and	
  in	
  

searches	
  for	
  rare	
  decays	
  (Z,	
  W,	
  t,	
  H,	
  b,	
  c,	
  τ,	
  …)	
  and	
  rare	
  processes	
  

◆  Set	
  up	
  the	
  framework	
  for	
  global	
  fits	
  and	
  understand	
  the	
  complementarity	
  with	
  other	
  
colliders	
  (LHC,	
  FCC-­‐hh,	
  in	
  particular)	
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Model	
  Building	
  and	
  
New	
  Physics	
  

TBA	
  

Precision	
  EW	
  
calculations	
  

S.	
  Heinemeyer	
  
	
  

Global	
  Analysis,	
  Combination,	
  
Complementarity	
  

TBA	
  

QCD	
  and	
  γγ	
  Physics	
  
(Joint	
  exp/th)	
  
P.	
  Skands	
  

Flavour	
  Physics	
  
(Joint	
  exp/th)	
  

TBA	
  

Synergy with  
FCC-hh physics 

Linear collider physics, 
LEP physics 



Patrick Janot 

TLEP/FCC-­‐ee	
  Design	
  Study:	
  Physics	
  WBS	
  (3)	
  

q  The	
  job	
  of	
  the	
  conveners	
  include	
  
◆  Define	
  work	
  areas	
  
◆  Assemble	
  collaborators	
  
◆  Find	
  co-­‐conveners	
  

●  In	
  a	
  global	
  way	
  

q  If	
  you	
  are	
  interested	
  in	
  contributing	
  
◆  Contact	
  the	
  relevant	
  coordinators	
  and	
  conveners	
  

●  And	
  subscribe	
  at	
  http://cern.ch/fcc-­‐ee	
  
➨  Already	
  ~400	
  people	
  joined	
  the	
  project	
  –	
  you	
  won’t	
  be	
  alone	
  

q  The	
  work	
  is	
  starting	
  now,	
  for	
  a	
  duration	
  of	
  five	
  years	
  
◆  Unique	
  opportunity	
  to	
  contribute	
  from	
  the	
  beginning	
  to	
  a	
  major	
  project	
  

●  With	
  significant	
  synergies	
  with	
  other	
  projects	
  (ILC,	
  CLIC,	
  FCC-­‐hh,	
  SuperKEKB,	
  …)	
  

➨  Physics	
  (phenomenology	
  and	
  analysis)	
  
➨  Software	
  
➨  Detector	
  designs	
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The	
  ultimate	
  goal:	
  FCC-­‐hh	
  (VHE-­‐LHC)	
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pp,	
  100	
  TeV	


FCC-­‐hh	



Explore,	
  Search,	
  Measure	
  
Physics	
  at	
  the	
  highest	
  energies	
  



Patrick Janot 

FCC-­‐hh	
  physics	
  case	
  
q  According	
  to	
  Chris	
  Quigg	
  and	
  Michelangelo	
  Mangano	
  

◆  Join	
  the	
  study:	
  subscribe	
  to	
  fcc-­‐experiments-­‐hadron@cern.ch	
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It is premature to develop the 
scientific case for the “100-TeV” collider,  

 
but the right time to explore possibilities.  

 
What we do for “100-TeV” 

can enhance what we achieve with LHC  
 

LHC might point to an energy landmark

!29

Explore 

Search 

Measure

!31

There is a strong motivation for a fresh look 
at the possible role of phenomena taking 

place at the 10 TeV scale

This process is starting now, a lot of work is 
required, and it premature to draw conclusions now



Patrick Janot 

FCC-­‐hh	
  physics	
  studies	
  (1)	
  
q  Working	
  Group	
  #1:	
  Measure	
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FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)

18

= +

W+ W+

W+W+

Z0 H0
(1–a2) E2 / MW2 + ...

E→∞

High-energy WW scattering

∝ E2/MW2 + ... ∝ – a2 E2/MW2 + ...

= +

W+

W–

W (b–a2) E2 / MW2 + ...  
+ threshold terms 
proportional to 
HHH coupling

E→∞

∝ b E2/MW2 + ... ∝ – a2 E2/MW2 + ...

• a=b=1 in the SM
H0

W W

= a ghvvSM = b g2h2vSM

H0 H0

W W

H0

H0

H0

H0

H0

H0

• In general, a,b≠1 and a≠b

W+
W+

W– W–

Snowmass ’13 

ILC500,	
  HL-­‐LHC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ILC1TeV,	
  HE-­‐LHC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CLIC3TeV,	
  FCC-­‐hh	
  
500 fb-1    3 ab-1              1 ab-1     3 ab-1               2 ab-1       3 ab-1 

21

Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
coupling, which contributes to gg→HH

gttHH = Δ (ytop / v) 
g3H = g3HSM

A ⇠ m2
t

v2
A ⇠ g3H

m2
t

v2

m2
H

ŝ
log

2

✓
ŝ

m2
t

◆
A ⇠ gttHH

m2
t

v2
log

2

✓
ŝ

m2
t

◆

gttHH = 0 
g3H = (1+Δ) g3HSM

Contino et al, arXiv:1205.5444

Precision	
  on	
  a	
  and	
  b	
  with	
  FCC-­‐hh	
  	
  expected	
  to	
  be	
  of	
  the	
  
order	
  of	
  1%	
  (vs	
  30%	
  @	
  CLIC	
  and	
  50%	
  @	
  LHC-­‐14)	
  



Patrick Janot 

FCC-­‐hh	
  physics	
  studies	
  (2)	
  
q  Working	
  Group	
  #2:	
  Search	
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Sets the scale 
for possible reach  

FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)
FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)
FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)

FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary) FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)

FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and 
composite H, etc)

FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and 
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios, 
e.g. address questions such as:
• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at 

100 TeV? 
• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark 

matter?
• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach, 

become accessible/worth-discussing at 100 TeV ? 

FHC: physics topics list => WG structure (preliminary)

3	
  TeV	
  
	
  
5	
  TeV	
  
	
  
20	
  TeV	
  

Well beyond any lepton collider reach 



Patrick Janot 

FCC-­‐hh	
  physics	
  studies	
  (3)	
  
q  Working	
  group	
  #3:	
  Explore	
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FHC.1.3 Continued exploration of SM particles
FHC.1.3.1 Physics of the top quark (rare decays, FCNC, anomalous couplings, ...)
FHC.1.3.2 Physics of the bottom quark (rare decays, CPV, ...)
FHC.1.3.2 Physics of the tau lepton (e.g. tau -> 3 mu, tau -> mu gamma and other LFV 
decays)
FHC.1.3.2 W/Z physics 
FHC.1.3.3 QCD dynamics

FHC.1.4 Opportunities other than pp physics:
FHC.1.4.1 Heavy Ion Collisions 
FHC.1.4.2 Fixed target experiments:
FHC.1.4.2.1 "Intensity frontier": kaon physics, mu2e conversions, beam dump experiments 
and searches for heavy photons, heavy neutrals, and other exotica...
FHC.1.4.2.2 Heavy Ion beams for fixed-target experiments

FHC.1.5 Theoretical tools for the study of 100 TeV collisions
FHC.1.5.1 PDFs
FHC.1.5.2 MC generators
FHC.1.5.3 N^nLO calculations
FHC.1.5.4 EW corrections

10 ab–1 at 100 TeV imply:

=>1012 W bosons from top decays

1010 Higgs bosons => 104 x today

1012 top quarks => 5 104 x today

Curtin (exotic H decays) BSM@100

Tasks: 

o countless list !   .... plus

o examine the possibility of detectors dedicated to final states in the 0.1 

- 1 TeV region, with focus on Higgs, DM and weakly interacting new 

particles, top, W

=>1011 t → W → taus
=> few x1011 t → W → charm hadrons

=>1012 b hadrons from top decays (particle/antiparticle tagged)

10 ab–1 at 100 TeV imply:

=>1012 W bosons from top decays

1010 Higgs bosons => 104 x today

1012 top quarks => 5 104 x today

Curtin (exotic H decays) BSM@100

Tasks: 

o countless list !   .... plus

o examine the possibility of detectors dedicated to final states in the 0.1 

- 1 TeV region, with focus on Higgs, DM and weakly interacting new 

particles, top, W

=>1011 t → W → taus
=> few x1011 t → W → charm hadrons

=>1012 b hadrons from top decays (particle/antiparticle tagged)

W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??
W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??

W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??



Patrick Janot 

FCC-­‐hh	
  experiments	
  studies	
  (1)	
  
q  Three	
  working	
  groups	
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F. Gianotti, FCC kick-off meeting, 13/2/2014 15 More in D. Fournier’s talk and Friday afternoon’s parallel session 

Performance requirements 
and experimental challenges 

Detectors layout, R&D and technologies 
!  synergies with FCC-ee, ILC and  
     CLIC being established 

Detector-machine  
interface issues 

Work outline - II  



Patrick Janot 

FCC-­‐hh	
  experiments	
  studies	
  (2)	
  
q  Detectors	
  will	
  be	
  a	
  formidable	
  challenge	
  

◆  171	
  in-­‐time	
  pile-­‐up	
  events	
  with	
  25	
  ns	
  bunch	
  spacing,	
  bunch	
  length	
  5	
  cm	
  
●  High-­‐granularity	
  calorimetry,	
  tracking	
  and	
  vertexing	
  required	
  

◆  Reduced	
  to	
  35	
  in-­‐time	
  pile-­‐up	
  events	
  with	
  5	
  ns	
  bunch	
  spacing	
  
●  Ultra	
  fast	
  detectors	
  required	
  (out-­‐of	
  time	
  pile-­‐up)	
  

◆  Large	
  longitudinal	
  event	
  boost	
  
●  Enhanced	
  coverage	
  at	
  large	
  rapidity	
  required	
  (with	
  tracking	
  and	
  calorimetry)	
  

◆  Zs,	
  Ws,	
  Higgses,	
  tops,	
  will	
  also	
  be	
  boosted	
  
●  Again,	
  high-­‐granularity	
  detectors	
  needed	
  

◆  Very	
  energetic	
  charged	
  particles	
  
●  Precise	
  momentum	
  measurement	
  up	
  to	
  10	
  TeV	
  require	
  large	
  coil	
  and	
  tracker	
  

◆  Very	
  energetic	
  jets	
  
●  Energy	
  containment	
  require	
  thicker	
  calorimeter	
  

◆  Construction	
  and	
  transport	
  of	
  large	
  detector	
  elements	
  
●  Worlwide	
  modular	
  construction	
  might	
  not	
  be	
  possible.	
  On-­‐site	
  construction	
  ?	
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FCC-­‐hh	
  experiments	
  studies	
  (2)	
  
q  Detectors	
  will	
  be	
  a	
  formidable	
  challenge	
  

◆  171	
  in-­‐time	
  pile-­‐up	
  events	
  with	
  25	
  ns	
  bunch	
  spacing,	
  bunch	
  length	
  5	
  cm	
  
●  High-­‐granularity	
  calorimetry,	
  tracking	
  and	
  vertexing	
  required	
  

◆  Reduced	
  to	
  35	
  in-­‐time	
  pile-­‐up	
  events	
  with	
  5	
  ns	
  bunch	
  spacing	
  
●  Ultra	
  fast	
  detectors	
  required	
  (out-­‐of	
  time	
  pile-­‐up)	
  

◆  Large	
  longitudinal	
  event	
  boost	
  
●  Enhanced	
  coverage	
  at	
  large	
  rapidity	
  required	
  (with	
  tracking	
  and	
  calorimetry)	
  

◆  Zs,	
  Ws,	
  Higgses,	
  tops,	
  will	
  also	
  be	
  boosted	
  
●  Again,	
  high-­‐granularity	
  detectors	
  needed	
  

◆  Very	
  energetic	
  charged	
  particles	
  
●  Precise	
  momentum	
  measurement	
  up	
  to	
  10	
  TeV	
  require	
  large	
  coil	
  and	
  tracker	
  

◆  Very	
  energetic	
  jets	
  
●  Energy	
  containment	
  require	
  thicker	
  calorimeter	
  

◆  Construction	
  and	
  transport	
  of	
  large	
  detector	
  elements	
  
●  Worlwide	
  modular	
  construction	
  might	
  not	
  be	
  possible.	
  On-­‐site	
  construction	
  ?	
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FCC-­‐hh	
  experiments	
  studies	
  (3)	
  
q  Bigger,	
  thicker,	
  faster,	
  clever	
  …	
  

◆  Example	
  :	
  long	
  solenoid	
  (6T)	
  +	
  dipoles	
  (2T)	
  +	
  return	
  yoke	
  (a	
  la	
  CMS)	
  
●  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  shield	
  coil	
  (3T)	
  to	
  avoid	
  120	
  kt	
  yoke	
  !	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Some	
  debate	
  on	
  how	
  fields	
  add	
  up…	
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FCC-kickoff      Geneva Feb13-2014 14 

50 m 

18 m 

Option 2: Twin Solenoid + Dipoles 

Twin Solenoid:  the original 6 T, 12 m x 23 m solenoid + now with a shielding coil 
      {concept proposed for the 4th detector @ILC, also an option for the LHeC in the 
        case of large solenoid; and this technique is in all modern MRI magnets!}. 

Gain? 
     + Muon tracking space: nice new space with 3 T for muon tracking in 4 layers. 

     + Very light: Ϯ�ĐŽŝůƐ�н�ƐƚƌƵĐƚƵƌĞƐ͕�у�ϱ�kt͕�ŽŶůǇ�уϰй�ŽĨ�ƚŚĞ�ŽƉƚŝŽŶ�ǁŝƚŚ�ŝƌŽŶ�ǇŽŬĞ͊� 
     + Smaller: outer diameter is less than with iron . 
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Option 2: Twin Solenoid + Dipoles 

DĂƐƐ͗�уϮ�kt inner coil, уϭ͘ϴ�kt outer coil, in total with supports  4-5 kt.   
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Conclusions	
  
q  The	
  results	
  of	
  the	
  LHC	
  Run1/2	
  will	
  be	
  a	
  precious	
  input	
  	
  to	
  the	
  strategy	
  

◆  The	
  next	
  machine	
  must	
  bring	
  order(s)	
  of	
  magnitude	
  improvement	
  wrt	
  LHC	
  
●  Both	
  in	
  precision	
  measurements	
  and	
  in	
  discovery	
  potential	
  

q  The	
  FCC	
  opens	
  a	
  unique	
  road	
  towards	
  the	
  100	
  TeV	
  energy	
  scale	
  
◆  “The	
  combination	
  of	
  TLEP	
  and	
  the	
  VHE-­‐LHC	
  offers,	
  for	
  a	
  great	
  cost	
  effectiveness,	
  the	
  

best	
  precision	
  and	
  the	
  best	
  search	
  reach	
  of	
  all	
  options	
  presently	
  on	
  the	
  market”	
  

q  The	
  many	
  challenges	
  in	
  front	
  us	
  will	
  require	
  worldwide	
  collaboration	
  	
  
◆  Using	
  all	
  expertise	
  available	
  in	
  all	
  areas	
  

●  physics,	
  experiments,	
  machines	
  and	
  infractures	
  
	
  

q  The	
  global	
  design	
  study	
  for	
  future	
  circular	
  colliders	
  has	
  begun	
  at	
  CERN	
  
◆  Funding	
  agencies	
  and	
  institutes	
  worldwide	
  will	
  shortly	
  be	
  /	
  are	
  being	
  contacted	
  

●  Mandate	
  is	
  to	
  deliver	
  a	
  full	
  design	
  study	
  for	
  e+e-	
  and	
  pp,	
  with	
  extended	
  cost	
  reviews	
  
➨  	
  by	
  the	
  next	
  European	
  Strategy	
  (2019?)	
  

◆  It	
  may	
  be	
  the	
  birth	
  of	
  another	
  50	
  grand	
  years	
  of	
  high-­‐energy	
  physics	
  !	
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