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Context

• Physic results from the first round of LHC data are expected to 
guide the choice of energy for a future linear collider

• The LC community prepares a CLIC Conceptual Design Report, 
due in fall 2011, as input to strategy discussions worldwide, 
e.g. the CERN council European strategy to be updated in 2012

• The goal of the physics and detector studies for CLIC is to 
establish feasibility of experimentation in the multi-TeV range, 
and to identify and tackle critical R&D issues

• The studies cover the full energy range, with focus on 3 TeV, 
but include 0.5 TeV and a recently added 1.5-2 TeV 
intermediate stage
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CLIC CDR Phys & Det editors
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Outline

• Physics and background

• Simulation and reconstruction

• Engineering and R&D

• Thank you very much for input: 
– T.Barklow, D.Dannheim, K.Elsener, L.Linssen, 

A.Lucaci, J.Marshall, A.Muennich, J.Nardulli, S.Poss, 
A. Sailer, F.Simon, M.Stanitiski, M.Thomson

– and those whose slides I have stolen without asking
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e+e- Physics at 3 TeV

• Establish physics case
–  ≠ benchmarking

• Discovery and precision
• In view of early LHC results
• Physics groups

– Higgs 
– Susy 
– Alternatives 
– Precision 

• Example Higgs physics: 
– benefits from high 

fusion cross section
– H → µµ
– triple Higgs 
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Experimental conditions

• Physics final states are not 
that different from the ILC

• Particle flow approach shown 
to work at high energy

• ILC like detector concepts are 
an excellent starting point for 
3 TeV, too

• But: at CLIC need to tackle
– higher energies
– shorter bunch spacing 
– harsher backgrounds

6

√s #fermions  Jet energy
250 GeV 4 ~60 GeV
500 GeV  4 – 6  80 – 125 GeV

1 TeV  4 – 6   170 – 250 GeV
3 TeV  6 – 8   375 – 500 GeV

ARTICLE IN PRESS

neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.

The numbers in Table 5 can be used to obtain an semi-
empirical parameterisation of the jet energy resolution:

rms90
E

¼
21ffiffiffi
E

p " 0:7" 0:004E" 2:1
E

100

" #0:3

%

where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

For a significant range of the jet energies relevant for the ILC,
high granularity PFlow results in a jet energy resolution which is
roughly a factor two better than the best achieved at LEP
(sE=E¼ 6:8% at

ffiffi
s

p
¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420GeV.
Fig. 10 also shows a parameterisation of the jet energy

resolution ðrms90Þ obtained from a simple sum of the total

calorimetric energy deposited in the ILD detector concept. The
degradation in energy resolution for high energy jets is due to
non-containment of hadronic showers. It is worth noting that
even for the highest energies jets considered, PFlow reconstruc-
tion significantly improves the resolution compared to the purely
calorimetric approach. The performance of PFlow calorimetry also
is compared to 50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0% which is intended to give an

indication of the resolution which might be achieved using a
traditional calorimetric approach. This parameterisation effec-
tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
confusion.

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3

(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
from the confusion term only is shown (dotted). The dot-dashed curve shows a
parameterisation of the jet energy resolution obtained from the total calorimetric
energy deposition in the ILD detector. In addition, the dashed curve,
50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0%, is shown to give an indication of the resolution achievable

using a traditional calorimetric approach.

M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4034
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CLIC detector versions

• Need to cover the physics potential of the full energy range, including 
the demanding precision requirements at 500 GeV

• No full new concepts, but modifications of ILD and SiD
– VX to 2.5-3cm, HCAL 7.5 λ, W barrel, B = 4-5T, redesign FWD
– tracking and ECAL unchanged  
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Backgrounds at 3 TeV

• 6 x 108 coherent particles / bx
• 3 x 105 incoherent particles / bx

– but larger radii → detector sim

• 3.2 γγ → hadron events / bx
– calculations cross-checked

• radiation damage still no issue
– < 1010 1 MeV n equiv / y except 

beamcal

8
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e+e- pairs at 3 TeV!

Beam-induced backgrounds in the CLIC detector models!

• e+e- pairs at sqrt(s)=3 TeV  
simulated with GUINEAPIG (D. Schulte)!
• 6 x 108 coherent particles / bx!

• Spectrum falls very steeply with θ!
• Acceptance BeamCal θ<10 mRad!

• 3 x 105 incoherent particles / bx!
• Larger contribution in detector!
• Backscatters from forward region  
need particular attention!

• Only incoherent pairs fully simulated  
in Geant-4 (Mokka&SLIC) 
!

• comprehensive studies by André Sailer in 2009/2010:!
• Optimisation of forward region and beam pipe layout!
• In resulting optimised detector geometries: 
indirect hits reduced to ~10% of direct hits!
• Cf. Andrés presenation at ECFA-CLIC-ILC Joint Meeting (Oct. 2010) !

Guineapig

ALCPG March 2011! 4!

γγ!hadrons at 3 TeV"
• Two different MC generators for gg!hadrons simulation:"

• Pythia (D. Schulte): 3.2 events / bx"
• SLAC generator (T. Barklow) + Pythia for hadronization: 4.1 events / bx"

• Comprehensive comparison of the two generators performed"
• resulting detector effects very similar"
• Details in γγ!hadrons WG-6 presentations: 
http://indico.cern.ch/categoryDisplay.py?categId=3395"
• Pythia sample is default for event overlay in CDR Monte-Carlo production, 
also used for most results presented in the following"

Beam-induced backgrounds in the CLIC detector models!

|θ|>5.73o"
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Detector occupancies 

• fast sim validated with full sim
• 12-15 TeV / train in calorimeter

– mainly γγ
• 2 hits / mm2 / train in vertex

– mainly incoherent pairs
• challenge for read-out electronics 

and reconstruction
9
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NIEL and TID in BeamCal!

Beam-induced backgrounds in the CLIC detector models!

NIEL in 5th layer of BeamCal:! TID in 5th layer of BeamCal:!

•  Up to 1 MGy / yr!•  Up to 1013 1-MeV-n-equ. / cm2 / yr!

•  Full Geant-4 simulation of incoherent pairs for BeamCal in CLIC_ILD_CDR!
•  Obtained estimates for NIEL and TID per year!
•  cf. also A. Sailerʼs presentation at FCAL collab. workshop in Oct. 2010!

==================================================!
Pythia 2010 sample (D. Schulte)  3.2 events / bx!
==================================================!
Section           CLIC_ILD_CDR       CLIC_SiD_CDR!
                  Evis/bx [GeV]       Evis/bx [GeV] !
==================================================!
LUMI-CAL             101.5            120.2 !
--------------------------------------------------!
CAL-Endcap            35.4             45.3!
CAL-Barrel             3.6              4.4 !
  CAL-all             37.8             47.5!
==================================================!
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Sim & reco with background

• Overlay γγ events from 60 BX
• take sub-detector specific integration times, multi-hit 

capability and time-stamping accuracy into account
• apply pt and timing cuts on cluster level (sub-ns accuracy)

10

Z @ 1 TeV + 1.4 TeV BG (reconstructed particles)
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Sim & reco with background

• Overlay γγ events from 60 BX
• take sub-detector specific integration times, multi-hit 

capability and time-stamping accuracy into account
• apply pt and timing cuts on cluster level (sub-ns accuracy)
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Z @ 1 TeV
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Jet energy validation 

• full sim & rec chain validated
• study effect of cuts on signal
• some degradation, tuning not final
• no background included yet

– but there was not too much left
• application to physics studies 

started
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Ej 45GeV 100GeV 250GeV 500GeV

CLIC_ILD_CDR,	
  v01-­‐11,	
  new	
  config 3.74	
  ±	
  0.05 3.02	
  ±	
  0.04 3.00	
  ±	
  0.04 3.20	
  ±	
  0.06

CLICTrackSelector,	
  50ns	
  cut 3.90	
  ±	
  0.05 3.13	
  ±	
  0.04 3.03	
  ±	
  0.04 3.21	
  ±	
  0.06

CLICPfoSelection,	
  loose 4.40	
  ±	
  0.06 3.34	
  ±	
  0.04 3.12	
  ±	
  0.04 3.27	
  ±	
  0.06

CLICPfoSelection,	
  default 5.18	
  ±	
  0.07 3.65	
  ±	
  0.05 3.20	
  ±	
  0.04 3.30	
  ±	
  0.06

CLICPfoSelection,	
  tight 6.00	
  ±	
  0.08 3.99	
  ±	
  0.05 3.35	
  ±	
  0.04 3.37	
  ±	
  0.06
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Particle ID 

• use particle gun
• reconstruct PFOs and match 

with MC truth
• good efficiencies, further 

tuning possible 
• influence of backgrounds and 

jet environment to be studied

12

µ efficiency in ILD vs E

e efficiency in SiD vs θγ efficiency in SiD vs θ



MC

ALCPG 11  -  Physics and Detector at CLIC Felix Sefkow     Eugene, March 19, 2011

Detector benchmarking

• Purpose: show that the 3 TeV physics can be done
– do not confuse with physics case

• At 3 TeV: 
– light 120 GeV Higgs, H → µµ, bb 

•  p (µ), fwd trk, jets
– heavy 900 GeV Higgses H+H-, H0A0 → tbtb, bbbb: 

• b tag, multi-jet, Mjj
– squark pairs, m = 1.1 TeV

• high Ejet, missing E
– slepton pairs, m = 1 TeV

• high p reco, e, µ ID, missing E
– chargino, neutralino pairs, various masses

• Mjj at high Ej, multi-jet, missing E

• At 0.5 TeV: 
– tt production - ILC physics under CLIC conditions

• multi-jet, b tag, with background

13

Teams active for 
all 6 channels; 

data production started 
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DIRAC production

• ILCDIRAC system 
– inherited from LHCb
– ILCsoft: Mokka, Marlin, 

SLIC,...
• user-friendly GRID 

interface
– automatic job re-

submission
• SM production: 5 M ev / 

channel in about 2 weeks
– incl. background
– gen, sim, rec
– 500 fb-1 / y x4

• 1 tt-bar event at 3 TeV 
takes 2 hours...

14

includes code instabilities
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Squark production

• Right-handed . u,d,s,c,b squarks
• M = 1.12 TeV, σ = 1.7 fb at 3 TeV
• Main background: SM 4f, σ~ 10 pb

• Benchmark barrel calorimeter and 
tracking

• CLIC-ILD

15
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 missing E
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Squark mass measurement

• Edge of Ejet distribution
• distorted by 

– beamstrahlung, ISR
– background

• Selection cuts
– missing ET, cos θ
– acolanarity, event & jet shapes

• Mass extraction
– use neutralino mass, kinematics
– clean edge

• Next: add γγ background

16

squark signal

mass
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Chargino, neutralino production

• 5 par fit (masses and X-
sections) to W energy 
distribution

• study sensitivity to chargino 
mass 

• benchmark jet energies
• CLIC_SiD
• also studied with same 

technique: neutralinos:

17
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Engineering

• Push-pull experimental hall design
• Solenoid design and SC cable R&D
• Costing with ILD and SiD, agreed unit costs

18

• QD0 magnet and 
support

• tungsten structures
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QD0 stabilization

• Isolating  the QD0 magnet from ground motion is a major 
engineering challenge

• Test set-up built in order to validate calculations
– not a prototype

19
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SC cable extrusion test

• Main challenge of 5T (and a 3.5 T) solenoid: forces on the SC 
cable (100 bar pressure)

• Extrapolate ATLAS CS reinforced aluminum design
– micro-alloy increases mechanical strength without degrading 

conductivity
• Collanoration between KEK and CERN, involving Swiss industry

20

 8 

 

 

Fig. 7 – Overview of the superconductor cross-sections. 

 

 

Fig. 8– The CMS layer to layer electrical joints 

The module-to-module and layer-to-layer electrical joints shall be designed following 

the principles of the CMS magnet design: located in the low field region on the outer 

radius of the external cylinder, close to the cooling circuits, with an arc-welded link and 

with thermal stabilizer. A view of the final CMS electrical joints is given in Fig. 8. 

4.4 Temperature gradient in the coil 

Most of the temperature gradient is inside the electrical insulating material between 

the layers. To model the winding, the insulation is assumed to be a fiberglass woven mat 

reinforced epoxy. This is a usual material used for vacuum impregnated magnets. With 5 

layers, in steady state with only static heat loads, and during field ramping with both 

static and dynamic heat loads, the radial temperature gradient stays just below 0.1 K [9]. 

Co-­‐extrusion	
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Vertex detector design

• ILD and SiD vertex region re-optimized and re-designed
• similar acceptance and performance
• now material budget checked in full simulation 

21
22. November 2010! Dominik Dannheim (CERN)! 12!

Beam pipe and forward region!
CLIC_ILD!

CLIC_SiD!

Similarly optimized 
forward design for both 
concepts:!
• Closest possible distance 
to IP given the constraints 
from backgrounds and 
magnetic fields!
• Moved conical part out in 
z as far as possible, given 
the constraints from!

• direct pair- 
background hits!
• Forward-calorimeter 
acceptance 
!

• Final forward acceptance 
is very similar for both 
concepts!
• (Almost) projective 
geometry of conical part!
• Conical part used as 
shielding against 
backscatters!

X0 plots for CDR

CLIC ILD CDR CLIC SID CDR

A. Muennich CDR Material Budget Plots

X0 plots for CDR

CLIC ILD CDR CLIC SID CDR

A. Muennich CDR Material Budget Plots

CLIC_ILD

CLIC_SiD



MC

ALCPG 11  -  Physics and Detector at CLIC Felix Sefkow     Eugene, March 19, 2011

W HCAL tests

• test simulation of neutron-rich response 
and time structure 

• Test beam in 2010 with 30 W absorber 
and scint active layers

• 2011: add 10 layers and tail catcher
• analysis in progress
• T3B: tiles with picosecond electronics: 

first results
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mupi1
Entries  20997
Mean     32.6
RMS     14.44
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Frank Simon (frank.simon@universe-cluster.de)T3B - Time Structure of Showers in Tungsten
ALCPG11, Eugene, OR

Data & Simulations - First Results

• Data consistently described by QGSP_BERT_HP

• QGSP_BERT deviates strongly
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CALICE T3B Preliminary

200 ns time window
T3B data
QGSP_BERT_HP
QGSP_BERT

Compact Comparison:
Mean Time of First Hit

• calculated in a time window 
of 200 ns (-10 ns to 190 ns 
from maximum in tile 0)
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Conclusions

• CDR effort extends the LC physics and detector studies to 
the multi-TeV region

• Detector: particle flow driven, standing on ILD and SiD 
shoulders but facing some additional challenges

• Benchmarking: incorporate backgrounds in simulation and 
reconstruction → realistic assessment of the physics potential

• Engineering and R&D: focussed on some critical items and on 
issues common with ILC detectors

• Altogether: broaden the LC case and strengthen community  
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