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linear collider, e+e- collisions  

CLIC ILC 

• Based on 2-beam acceleration scheme 
• Gradient 100 MV/m 
• Energy: from few-hundred GeV upgradable 
in steps up to 3 TeV; R&D has focused on 3 
TeV 
• Detector study focuses on 3 TeV, lower √s 
energies under study 

• Based on superconducting RF cavities 
• Gradient 32 MV/m 
• Energy: from few-hundred GeV to 500 
GeV, upgradable to 1 TeV: R&D has 
focused on 500 GeV 
• Detector study focused mostly on few-
hundred GeV to 500 GeV; 1 TeV studies 
now ongoing 

Luminosities: few 1034 cm-2s-1 
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Two Beam Scheme: 
 
Drive Beam supplies RF power 
•   12 GHz bunch structure 
•   low energy (2.4 GeV - 240 MeV) 
•   high current (100A) 
 
Main beam for physics 
•   high energy (9 GeV – 1.5 TeV) 
•   current 1.2 A 
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CLIC	
  conceptual	
  design	
  report	
  (CDR):	
  
1.  Accelerator	
  	
  

text	
  nearly	
  complete	
  
2.  Physics	
  and	
  Detectors	
  =>	
  finished	
  

h]p://lcd.web.cern.ch/LCD/CDR/CDR.html	
  
3.  Strategic	
  CDR	
  volume	
  (energy	
  staging,	
  cost,	
  power...)	
  

foreseen	
  summer	
  2012	
  	
  

The	
  physics	
  &	
  detector	
  CDR	
  was	
  reviewed	
  in	
  October	
  2011:	
  
h]ps://edms.cern.ch/document/1172721	
  

The	
  main	
  purpose	
  of	
  the	
  CLIC	
  Physics	
  and	
  Detector	
  Conceptual	
  Design	
  Report:	
  
•  What	
  is	
  the	
  CLIC	
  physics	
  potenAal	
  ?	
  <=	
  talk	
  of	
  James	
  Wells	
  
•  Show	
  how	
  the	
  physics	
  can	
  be	
  measured	
  with	
  good	
  precision	
  <=	
  this	
  talk	
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CLIC	
  physics	
  &	
  detector	
  CDR	
  studies	
  were	
  carried	
  out	
  within	
  a	
  broad	
  
internaAonal	
  Linear	
  Collider	
  physics	
  and	
  detector	
  effort,	
  

drawing	
  on	
  exisAng	
  ILC	
  (etc.)	
  studies	
  

í	
  36	
  editors	
  

h]p://lcd.web.cern.ch/LCD/CDR/CDR.html	
  

In	
  CERN-­‐PH:	
  
	
  

PH-­‐LCD	
  group	
  
+	
  

members	
  from	
  
PH-­‐TH,	
  PH-­‐ESE,	
  
PH-­‐DT,	
  PH-­‐SFT,	
  

PH-­‐CMD,	
  PH-­‐LBD,	
  
PH-­‐ADP,	
  PH-­‐ADO,	
  

PH-­‐AID	
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CLIC	
  can	
  be	
  staged	
  in	
  energy	
  	
  

CDR	
  Studies:	
  
• 	
  Majority	
  performed	
  at	
  √s	
  =	
  3.0	
  TeV	
  
§ 	
  most	
  challenging	
  for	
  beam-­‐induced	
  backgrounds	
  in	
  the	
  detector	
  
§ 	
  ulAmate	
  physics	
  reach	
  

• 	
  Majority	
  based	
  on	
  full	
  Geant4	
  detector	
  simulaAons	
  including	
  background	
  

ê	
  

this	
  talk	
  
concentrates	
  
on	
  3	
  TeV	
  

although…	
  

sparticles	
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CLIC	
  machine	
  environment	
  (1)	
  

Drives	
  Aming	
  
requirements	
  
for	
  CLIC	
  detector	
  	
  

CLIC	
  at	
  3	
  TeV	
  

L	
  (cm-­‐2s-­‐1)	
   5.9×1034	
  

BX	
  separaAon	
   0.5	
  ns	
  

#BX	
  /	
  train	
   312	
  

Train	
  duraAon	
  (ns)	
   156	
  

Rep.	
  rate	
   50	
  Hz	
  

σx	
  /	
  σy	
  (nm)	
   ≈	
  45	
  /	
  1	
  

σz	
  (μm)	
   44	
  

Beam	
  related	
  background:	
  
§ 	
  Small	
  beam	
  profile	
  at	
  IP	
  leads	
  very	
  high	
  E-­‐field	
  
	
  

s 	
  Beamsstrahlung	
  
s 	
  Pair-­‐background	
  
s 	
  γγ	
  to	
  hadrons	
  

�/�� q

q�/��

very	
  small	
  beam	
  size	
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Beamstrahlung	
  è	
  important	
  energy	
  losses	
  
right	
  at	
  the	
  interacAon	
  point	
  
	
  

Full	
  luminosity:	
  	
  
	
  5.9	
  ×	
  1034	
  cm-­‐2s-­‐1	
  

Of	
  which	
  in	
  the	
  1%	
  most	
  energeAc	
  part:	
  
	
  2.0	
  ×	
  1034	
  cm-­‐2s-­‐1	
  

	
  

Most	
  physics	
  processes	
  are	
  studied	
  well	
  above	
  
producAon	
  threshold	
  =>	
  profit	
  from	
  full	
  luminosity	
  

3	
  TeV	
  
√s	
  
energy	
  spectrum	
  

Coherent	
  e+e-­‐	
  pairs	
  
s 	
  7	
  x	
  108	
  per	
  BX,	
  very	
  forward	
  

Incoherent	
  e+e-­‐	
  pairs	
  	
  	
  
s 	
  3	
  x	
  105	
  per	
  BX,	
  rather	
  forward	
  	
  

γγ→	
  hadrons	
  
s 	
  3.2	
  evts.	
  per	
  BX	
  
s 	
  main	
  background	
  in	
  calorimeters	
  

Simplified	
  view:	
  
Pair	
  background	
  
•  Design	
  issue	
  (high	
  occupancies)	
  
γγ	
  →	
  hadrons	
  
•  Impacts	
  on	
  the	
  physics	
  
•  Needs	
  suppression	
  in	
  data	
  	
  

è	
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«  impact	
  parameter	
  resoluAon:	
  
	
  	
  	
  	
  	
  	
  	
  e.g.	
  c/b-­‐tagging,	
  Higgs	
  BR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

«  jet	
  energy	
  resoluAon:	
  	
  
	
  	
  	
  	
  	
  	
  	
  e.g.	
  W/Z/h	
  di-­‐jet	
  mass	
  separaAon	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

�E

E
⇠ 3.5 � 5 %

�r� = 5 � 15/(p[GeV] sin
3
2 ✓) µm

�pT /p
2
T ⇠ 2 ⇥ 10�5 GeV�1

«  angular	
  coverage,	
  very	
  forward	
  electron	
  tagging	
  	
  

« momentum	
  resoluAon:	
  	
  
	
  e.g.	
  Smuon	
  endpoint	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Higgs	
  recoil	
  mass,	
  Higgs	
  coupling	
  to	
  muons	
  	
  

W-­‐Z	
  
jet	
  reco	
  

smuon	
  
end	
  point	
  

(for	
  high-­‐
E	
  jets)	
  



detector	
  concepts	
  

ultra	
  low-­‐mass	
  
vertex	
  detector	
  
with	
  20	
  μm	
  pixels	
  

main	
  trackers:	
  
TPC+silicon	
  (CLIC_ILD)	
  
all-­‐silicon	
  (CLIC_SiD)	
  

fine	
  grained	
  (PFA)	
  
calorimetry,	
  1	
  +	
  7.5	
  Λi,	
  

strong	
  solenoids	
  
4	
  T	
  and	
  5	
  T	
  

return	
  yoke	
  with	
  
InstrumentaAon	
  
for	
  muon	
  ID	
  

complex	
  forward	
  
region	
  with	
  final	
  
beam	
  focusing	
  

6.5	
  m	
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…	
  in	
  a	
  few	
  words	
  …	
  



CLIC_ILD	
  and	
  CLIC_SiD	
  

CLIC_ILD	
   CLIC_SiD	
  

7	
  m	
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Two	
  general-­‐purpose	
  CLIC	
  detector	
  concepts	
  
	
  Based	
  in	
  iniAal	
  ILC	
  concepts	
  (ILD	
  and	
  SiD)	
  
	
  OpAmised	
  and	
  adapted	
  to	
  CLIC	
  condiAons	
  



vertex	
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Challenging	
  R&D	
  project	
  

Vertex	
  +	
  forward	
  tracking	
  
CLIC_ILD	
  

•  20×20	
  μm	
  pixel	
  size	
  
•  0.2%	
  X0	
  material	
  par	
  layer	
  <=	
  very	
  thin	
  !	
  

•  Very	
  thin	
  materials/sensors	
  
•  Low-­‐power	
  design,	
  power	
  pulsing,	
  air	
  cooling	
  

•  Time	
  stamping	
  10	
  ns	
  
•  RadiaAon	
  level	
  <1011	
  neqcm-­‐2year-­‐1	
  <=	
  104	
  lower	
  than	
  LHC	
  



CLIC_ILD	
  í	
  and	
  CLIC_SiD	
  î	
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TPC	
  +	
  silicon	
  tracker	
  in	
  4	
  Tesla	
  field	
  

Time	
  
ProjecAon	
  
Chamber	
  
(TPC)	
  with	
  
MPGD	
  
readout	
  

1.3	
  m	
  

all-­‐silicon	
  tracker	
  in	
  5	
  Tesla	
  field	
  

chip	
  on	
  sensor	
  



calorimetry	
  and	
  PFA	
  

Lucie	
  Linssen,	
  PH	
  dept.	
  physics	
  meeAng,	
  23	
  Jan	
  2012	
   16	
  

Jet	
  energy	
  resoluIon	
  and	
  background	
  rejecIon	
  drive	
  the	
  overall	
  detector	
  design	
  
	
  

=>	
  =>	
  fine-­‐grained	
  calorimetry	
  +	
  ParAcle	
  Flow	
  Analysis	
  (PFA)	
  	
  

Typical	
  jet	
  composiAon:	
  
	
  60%	
  charged	
  parAcles	
  	
  
	
  30%	
  photons	
  
	
  10%	
  neutrons	
  

Always	
  use	
  the	
  best	
  info	
  you	
  have:	
  
	
  60%	
  =>	
  tracker	
  
	
  30%	
  =>	
  ECAL	
  
	
  10%	
  =>	
  HCAL	
  

ê	
  

What	
  is	
  PFA?	
  

Hardware	
  +	
  so{ware	
  !	
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technology	
  
ECAL:	
  
Si	
  or	
  Scint.	
  (acAve)	
  +	
  Tungsten	
  (absorber)	
  
cell	
  sizes	
  13	
  mm2	
  or	
  25	
  mm2	
  	
  
30	
  layers	
  in	
  depth	
  
	
  

HCAL:	
  
Several	
  technology	
  opAons	
  
Tungsten	
  (barrel),	
  steel	
  (endcap)	
  
cell	
  sizes	
  9	
  cm2	
  (analog)	
  or	
  1	
  cm2	
  (digital)	
  	
  
60-­‐75	
  layers	
  in	
  depth	
  
Total	
  depth	
  7.5	
  Λi	
  

jet	
  energy	
  resoluAon	
  



impact	
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•  DominaAng	
  background	
  	
  
•  For	
  enAre	
  bunch-­‐train	
  (312	
  BXs)	
  

§ 	
  5000	
  tracks	
  giving	
  total	
  track	
  momentum	
  :	
  7.3	
  TeV	
  
§ 	
  Total	
  calorimetric	
  energy	
  (ECAL	
  +	
  HCAL)	
  :	
  19	
  TeV	
  

•  Mostly	
  low	
  pT	
  parAcles	
  

20	
  BXs	
  

PT	
  spectrum	
  
parAcles	
  
γγ	
  =>	
  hadrons	
  



background	
  suppression	
  at	
  CLIC	
  

•  Full	
  event	
  reconstrucIon	
  +	
  PFA	
  analysis	
  with	
  background	
  overlaid	
  
• 	
  =>	
  physics	
  objects	
  with	
  precise	
  pT	
  and	
  cluster	
  Ame	
  informaAon	
  
• 	
  Time	
  corrected	
  for	
  shower	
  development	
  and	
  TOF	
  

•  Then	
  apply	
  cluster-­‐based	
  Iming	
  cuts	
  
• 	
  Cuts	
  depend	
  on	
  parAcle-­‐type,	
  pT	
  and	
  detector	
  region	
  
• 	
  Allows	
  to	
  protect	
  high-­‐pT	
  physics	
  objects	
  

•  Use	
  well-­‐adapted	
  jet	
  clustering	
  algorithms	
  
• 	
  Making	
  use	
  of	
  LHC	
  experience	
  (FastJet)	
  

+	
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tCluster	
  

Triggerless	
  readout	
  of	
  full	
  train	
  

ë	
  	
  t0	
  physics	
  event	
  (offline)	
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  cuts	
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e+e� ! H+H� ! tbbt! 8 jets

1.2	
  TeV	
   100	
  GeV	
  

1.2	
  TeV	
  background	
  in	
  
reconstrucAon	
  Ame	
  window	
  

100	
  GeV	
  background	
  
a{er	
  Aght	
  cuts	
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  clustering	
  (example)	
  

Lucie	
  Linssen,	
  PH	
  dept.	
  physics	
  meeAng,	
  23	
  Jan	
  2012	
   21	
  

	
  	
  	
  	
  	
  	
  e.g.	
  
§ 	
  for	
  squark	
  mass	
  ~1.1	
  TeV	
  
§ 	
  two	
  jets	
  +	
  missing	
  energy	
  

e+e� ! q̃Rq̃R ! qq �̃0
1 �̃

0
1

	
  Durham	
  kT	
  
“hadron	
  collider”	
  kT	
  with	
  ΔR=0.7	
  

TIGHT	
  
Aming	
  

All	
  parAcles	
  clustered	
  

Result	
  of	
  this	
  detector	
  benchmark	
  study:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  mq̃R : ± 6 GeV



detector	
  benchmark	
  studies	
  for	
  CDR	
  
Full	
  physics	
  simulaAon	
  and	
  reconstrucAon	
  studies	
  with	
  beam	
  background	
  overlay	
  
(γγ	
  =>	
  hadrons)	
  
	
  

Choose	
  six	
  channels,	
  with	
  emphasis	
  on	
  mapping	
  various	
  crucial	
  aspects	
  of	
  
detector	
  performance	
  (jet	
  measurement,	
  missing	
  energy,	
  isolated	
  leptons,	
  
flavour	
  tagging	
  etc.)	
  

3	
  TeV	
  

500	
  GeV	
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★	
  

★	
  

★	
  

★	
  

★	
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Slepton	
  producAon	
  at	
  CLIC	
  very	
  clean	
  
SUSY	
  “model	
  II”:	
  slepton	
  masses	
  ~	
  1	
  TeV	
  
Channels	
  studied	
  include	
  	
  

§ 	
  	
  
§ 	
  	
  	
  
§ 	
  	
  

e+e� ! µ̃+Rµ̃�R ! µ+µ� �̃0
1 �̃

0
1

e+e� ! ẽ+Rẽ�R ! e+e� �̃0
1 �̃

0
1

e+e� ! ⌫̃e⌫̃e ! e+e�W+W� �̃0
1 �̃

0
1

Leptons	
  and	
  missing	
  energy	
  	
  
Masses	
  from	
  analysis	
  of	
  endpoints	
  of	
  energy	
  spectra	
  

m(µ̃R) : ± 5.6 GeV
m(ẽR) : ± 2.8 GeV
m(⌫̃e) : ± 3.9 GeV
m( �̃0

1) : ± 3.0 GeV
m( �̃±1 ) : ± 3.7 GeV

All	
  channels	
  
	
  combined	
  

E [GeV]
0 500 1000 1500 2000

Ev
en

ts

0

20

40

60

80

100
0
1

χ
∼

+0
1

χ
∼

+-µ++µ → -
R

µ∼++
R

µ
∼

Fit:S+B(Data)-B(MC), events: 2845
  5.57 ± =   1014.29 µ∼M 

/ ndf 24.5 /452χ  6.38 , ± =    341.75 0χ
∼M 

smuon	
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e+e� ! �̃0
2 �̃

0
2 ! hh �̃0

1 �̃
0
1

e+e� ! �̃0
2 �̃

0
2 ! Zh �̃0

1 �̃
0
1

e+e� ! �̃+1 �̃�1 ! �̃0
1 �̃

0
1W+W�

SUSY	
  “model	
  II”:	
  	
   m( �̃0
1) = 340 GeV

Pair	
  producAon	
  and	
  decay:	
  	
  

82	
  %	
  

17	
  %	
  

SeparaAon	
  using	
  di-­‐jet	
  	
  
invariant	
  masses	
  (test	
  of	
  PFA)	
  

m( �̃0
2),m( �̃+1 ) ⇡ 643 GeV

m( �̃0
1) : ± 3 GeV

m( �̃±1 ) : ± 7 GeV
m( �̃0

2) : ± 10 GeV

use	
  slepton	
  study	
  result	
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•  Physics	
  studies	
  
•  CLIC	
  at	
  various	
  energies,	
  follow	
  up	
  on	
  LHC	
  results	
  

•  SimulaAon	
  studies	
  and	
  Detector	
  opAmisaAon	
  
•  General	
  detector	
  opAmisaAon,	
  incl.	
  link	
  to	
  detector	
  R&D	
  

•  Detector	
  R&D	
  and	
  engineering	
  
•  Vertex	
  detector	
  

•  Ultra-­‐thin	
  (0.2	
  X0/layer),	
  very	
  small	
  pixels	
  (20	
  μm),	
  10	
  ns	
  hit	
  Ame-­‐stamping	
  
•  Tracking	
  detectors	
  

•  Very	
  thin	
  integrated	
  designs	
  (TPC	
  and	
  Silicon)	
  
•  Calorimetry	
  

•  High-­‐grained,	
  very	
  compact	
  acAve	
  layers,	
  1	
  ns	
  hit	
  Ame	
  resoluAon	
  
•  Electronics	
  

•  High	
  readout	
  funcAonality,	
  precise	
  Aming	
  
•  Low	
  power,	
  power	
  delivery	
  and	
  power	
  pulsing	
  	
  (=>	
  air	
  cooling)	
  

•  Engineering	
  and	
  magnet	
  R&D	
  
•  Reinforced	
  superconductor,	
  moveable	
  services	
  
•  Forward	
  region	
  integraAon,	
  detector	
  movements,	
  calorimetry,	
  alignment…	
  

Challenging	
  detector	
  technologies,	
  considered	
  feasible	
  in	
  a	
  5-­‐year	
  R&D	
  program	
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Main	
  message	
  from	
  the	
  CLIC	
  physics	
  and	
  detector	
  CDR:	
  
	
  

Physics	
  at	
  a	
  3	
  TeV	
  CLIC	
  e+e-­‐	
  collider	
  can	
  be	
  measured	
  with	
  high	
  
precision,	
  despite	
  challenging	
  background	
  condiAons	
  

	
  
This	
  gives	
  CLIC	
  a	
  very	
  large	
  physics	
  potenAal,	
  that	
  can	
  be	
  exploited	
  

in	
  a	
  staged	
  √s	
  energy	
  approach.	
  	
  
The	
  CLIC	
  physics	
  potenAal	
  complements	
  LHC	
  at	
  the	
  energy	
  fronAer	
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Signatories	
  to	
  support	
  the	
  physics	
  case	
  and	
  R&D	
  towards	
  a	
  future	
  linear	
  collider	
  based	
  on	
  
CLIC	
  technology	
  are	
  currently	
  collected	
  here:	
  
	
  
h]ps://indico.cern.ch/conferenceDisplay.py?confId=136364	
  
	
  

contributors	
  

“support”	
  R&D	
  

currently	
  ~630	
  names	
  
Signatories	
  =>	
  no	
  engagement,	
  non-­‐exclusive	
  support	
  for	
  R&D	
  at	
  energy	
  fronIer	
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SPARE	
  
SLIDES	
  



comparison	
  CLIC	
  ó	
  LHC	
  detector	
  
In	
  a	
  nutshell:	
  
	
  
CLIC	
  detector:	
  
	
  
• High	
  precision:	
  

• Jet	
  energy	
  resoluAon	
  	
  
• =>	
  fine-­‐grained	
  calorimetry	
  

• Momentum	
  resoluAon	
  
• Impact	
  parameter	
  resoluAon	
  

• Overlapping	
  beam-­‐induced	
  background:	
  
• High	
  background	
  rates,	
  medium	
  energies	
  
• High	
  occupancies	
  
• Cannot	
  use	
  vertex	
  separaAon	
  
• Need	
  very	
  precise	
  Aming	
  (1ns,	
  10ns)	
  

• “No”	
  issue	
  of	
  radiaIon	
  damage	
  (10-­‐4	
  LHC)	
  

• Beam	
  crossings	
  “sporadic”	
  

• No	
  trigger,	
  read-­‐out	
  of	
  full	
  156	
  ns	
  train	
  

	
  
	
  
LHC	
  detector:	
  
	
  
• Medium-­‐high	
  precision:	
  

• Very	
  precise	
  ECAL	
  (CMS)	
  
• Very	
  precise	
  muon	
  tracking	
  (ATLAS)	
  
	
  
	
  
	
  

• Overlapping	
  minimum-­‐bias	
  events:	
  
• High	
  background	
  rates,	
  high	
  energies	
  
• High	
  occupancies	
  
• Can	
  use	
  vertex	
  separaAon	
  in	
  z	
  
• Need	
  precise	
  Ame-­‐stamping	
  (25	
  ns)	
  

• Severe	
  challenge	
  of	
  radiaIon	
  damage	
  

• ConInuous	
  beam	
  crossings	
  

• Trigger	
  has	
  to	
  achieve	
  huge	
  data	
  reducIon	
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  forward	
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two	
  experiments	
  in	
  push-­‐pull	
  

e-­‐	
  

e+	
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PFO-­‐based	
  Aming	
  cuts	
  

Example:	
  SelectedPandoraNewPFAs 
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Ame	
  window	
  /	
  Ame	
  resoluAon	
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Translates	
  in	
  precise	
  Aming	
  requirements	
  of	
  the	
  sub-­‐detectors	
  

The	
  reconstrucAon	
  so{ware	
  uses:	
  



SM	
  Higgs	
  
Standard	
  model	
  Higgs	
  (example	
  120	
  GeV)	
  

CLIC	
  √s	
  range	
  give	
  access	
  to	
  
a	
  wealth	
  of	
  Higgs	
  studies	
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σ(h	
  è	
  μ+μ-­‐)	
  è	
  ±15%	
   σ(h	
  è	
  bb)	
  è	
  ±0.2%	
  

3	
  TeV	
   3	
  TeV	
  



heavy	
  Higgs,	
  non-­‐SM	
  
Non-­‐SM	
  Higgs	
  
	
  
e.g.	
  SUSY	
  heavy	
  Higgs	
  

MSSM	
  
3	
  TeV	
  CM	
  

�	
  

mA0/H0 : ± 2.8 GeV

mH± : ± 2.4 GeV
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top	
  mass	
  at	
  √s	
  500	
  GeV	
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  Study	
  top	
  producAon	
  at	
  √s	
  =	
  500	
  GeV	
  under	
  CLIC	
  background	
  condiAons	
  
§ 	
  fully	
  hadronic	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  semi-­‐leptonic	
  	
  

mW	
  

b-­‐tag	
  

mt	
  

mW	
  

mt	
  

b-­‐tag	
  
Use:	
  
• 	
  b-­‐tagging	
  
• 	
  Invariant	
  masses	
  
• 	
  KinemaAc	
  fits	
  
	
  

100	
  �-­‐1	
  

mt : ± 60 MeV



Summary	
  of	
  benchmark	
  studies	
  (1)	
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Summary	
  of	
  benchmark	
  studies	
  (2)	
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