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Today's Menue

● Introduction
– e+e- Linear Colliders:

● What we expect of a LC
● Some features of LCs

– LC Detectors: 
Tracking calorimeters with (almost) no material in front

● Defining the right Linear Collider - 3 Examples
– pinning down the mass of a light Higgs boson

– unraveling a SUSY scenario with small mass differences

– LC Physics Performance: Accelerator x Detector x 
Reconstruction & Analysis-Techniques

● Conclusions
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Introduction

● Standard model of particle physics 
very successful down to quantum loop 
level

● but has important omissions and open 
questions, like

– Higgs, mass hierarchy 
and fine tuning

– dark matter, dark energy, 
quantum gravity

– number of generations, 
unification? 

– ......
          => good reasons for expecting         
              new physics at the Terascale

          => LHC!
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Introduction

● understanding the discoveries:

– identify kind of new physics

– find the theory behind

– and determine its parameters

=> high energy frontier ↔ high precision frontier

● at an e+e- Linear Collider, the  initial state is

– clean

– tunable in energy 
→ threshold scans

– tunable in helicity 
→ test chiral structure

[Phys.Rept.426:47-358,2006]
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Two Linear Colliders on the market

ILCILC
● 90, 200...500 GeV, upgrade 1 TeV

● technology proven (e.g. FLASH)

● 2007: Reference Design Report (RDR)

● 2009: Letters of Intent (LoI)

● 2012: Technical Design Report (TDR)

● 2013: Project Proposal 

CLICCLIC
● up to 3 TeV

● technology under development

● 2011: Conceptual Design Report

Today: Focus here 
– more studies done

→ dedicated seminar 
in November....
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Some features of high energy e+e- colliders

● Elementary particles collide 
      → well defined collision energy ECM

        → well defined polarisation
important: 
must be able to choose ECM continuosly

● need high luminosity O(1034cm-2s-1)
 → focus to O(nm) beam size
 → Beam beam interaction:

– e+e- pair background

– tail in beam energy spectrum
“beam strahlung”

– effect on polarisation:  ~ 0.2% (ILC) .... 5% (CLIC)

● bunch spacing: ~330 ns (ILC)  .....  0.5 ns (CLIC)
=> some detector components will integrate over several bunch crossings
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ILC – still several flavours...

On the way  from the                 
RDR to the TDR:

● Are we planning the
most “cost effective” machine
which is able to reach the 
physics goals?

● half the number of bunches 
→ half the RF
→ recover lumi by stronger 
focussing

● position of e+ source 
→ P(e+) decreases with E(e-) 
→ N(e+) increases with E(e-)

=> study various scenarios of 
P(e+), luminosity, beam energy 

spectrum, backgrounds
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An ILC Detector  

● two proposals: ILD & SiD

● All-Silicon tracking with 
4Tesla B-field (SiD)

● Or: TPC + Si tracking
with 3.5T B-field (ILD)

● for issues discussed 
today, the differences 
are not substancial

=> Focus on ILD here
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Some features of an ILC detector

● almost no material  in front of 
calorimeter:

– ~ 10% X0 in barrel
– ~ 30% X0 in endcap

● momentum resolution 10x better 
than LEP → σ1/pt = 2∙10-5 GeV-1
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Some features of an ILC detector

● almost no material  in front of 
calorimeter:

– ~ 10% X0 in barrel
– ~ 30% X0 in endcap

● momentum resolution 10x better 
than LEP → σ1/pt = 2∙10-5 GeV-1

● 3%...4% jet energy resolution
● excellent flavour tag
● ....

results of geant4-based simulation 

and full re
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ction chain 
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ot ju

st re
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Defining the right Linear Collider

Astro / Cosmo
Physics  Case
● SM precision
● Higgs
● SUSY, dark matter
● ....

LHC

Tevatron

Neutrino, 
B-factories 

Theory

Machine 
● Backgrounds 
● Efficiency,  stability
Range & 
precision of:
● Beam energy
● Luminosity
● Polarisation
● ...

Detector & 
Reconstruction
● Track efficiency
● Momentum resolution
● Vertexing / flavour tag
● Jet energy resolution
● Photon energy and
  angular resolution
● Hermeticity
● Tau reconstruction
● Analysis techniques
● ...

Real life
● Technology
● Money
● Site
● ...

Running 
Scenarios
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Example 1

Model-independent Higgs mass 
measurement
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Profiling the Higgs Boson

● Reminder - the precision Higgs physics menue:
– decay-mode-independent observation
– decay-mode-independent mass (50 MeV)
– total width (model-independent)
– absolute couplings (Z,W,t,b,c,τ) (1-5%)
– spin, CP
– top Yukawa coupling (~5%)
– self coupling (~20%, 120-140 GeV)
– Γγ γ  at photon collider (2%)

=> fully establish 
Higgs mechanism 
& distinguish 
models

2HDM/MSSM
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Profiling the Higgs Boson

● Reminder - the precision Higgs physics menue:
– decay-mode-independent observation
– decay-mode-independent mass (50 MeV)
– total width (model-independent)
– absolute couplings (Z,W,t,b,c,τ) (1-5%)
– spin, CP
– top Yukawa coupling (~5%)
– self coupling (~20%, 120-140 GeV)
– Γγ γ  at photon collider (2%)

=> fully establish 
Higgs mechanism 
& distinguish 
models

2HDM/MSSM

Higgs/Radion mixing
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Astro / Cosmo
Physics  Case
● SM precision
● Higgs
● SUSY, dark matter
● ....

LHC

Tevatron

Neutrino, 
B-factories 

Theory

Machine 
● Backgrounds 
● Efficiency,  stability
Range & 
precision of:
● Beam energy
● Luminosity
● Polarisation
● ...

Detector & 
Reconstruction
● Track efficiency
● Momentum resolution
● Vertexing / flavour tag
● Jet energy resolution
● Photon energy and
  angular resolution
● Hermeticity
● Tau reconstruction
● Analysis techniques
● ...

Real life
● Technology
● Money
● Site
● ...

Running 
Scenarios

Model-independent Higgs mass measurement

Higgs: Mass 

 beam energy precision,
lumi vs beam energy,

backgrounds

Money

 momentum resolution

 
 

● which beam energy?
●  beam energy spread ?
vs detector resolution?

●  how much lumi needed?
●  how much real time 

needed?
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Higgs recoil mass

● most precise and 
model-independent technique:

● precision depends only on
– lepton momenta →  tracking 
– knowledge of s → ISR, 

Beamstrahlung
     but not on Higgs decay!
● ECM? Near threshold:

– largest cross-section 
– Z at rest → leptons "slow" 
– less ISR / beamstrahlung
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Results for an “RDR ILC” (with 250fb-1 @ 250 GeV)

dominated by what?

H. Li
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Detector resolution or accelerator?

● beam energy spread & 
beamstrahlung 
=> beam energy spectrum 

● compare Higgs recoil mass at 
generator level and after 
reconstruction

=> for MH = 120 GeV, ECM = 250 GeV:

● width of recoil peak dominated 
by beam energy spread:

Γrec ≈ 650 MeV 
       ≈ √5602|beam + 3302|det MeV

H. Li

H. Li
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What about systematic uncertainties?

● can be controlled using ZZ->μ+μ- ff:
i.e. syst. error on MH given by ZZ statistics

● Di-muon invariant mass 
controls tracking & muon ID

● Z recoil mass 
controls center of mass energy 
    and radiative effects

         

=> δMH,sys ≈ 30....35 MeV      (c.f. δMH,stat ≈ 37 MeV)    
     

H. Li

H. Li
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Higgs threshold data are 'expensive'

● data not useful for other important studies (tt, NP, …)
● luminosity decreases at lower ECM

● 250fb-1 takes with RDR ILC:
~ 1 year @ 500 GeV
~ 2.5 years @ 250 GeV 

● depending on its position, 
the positron source might 
be less efficient 

● in addition:  alternative beam parameter sets could save 
construction costs but would lower the luminosity even further - 
worst case: 250fb-1 @ 250 GeV ~ 10 years

=> can we do it at higher energy, e.g. the tt-threshold ?   
● higher luminosity
● do top physics and possibly some BSM simultaneously
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How crucial are the Higgs threshold data?

● 300fb-1 @ 350 GeV
~ 2 years with RDR ILC

● Z decays  boosted,
i.e. higher lepton momenta

=> δMH increases by factor 2 
    now dominated by 
    momentum resolution!

● add other cost saving proposals, plus systematics
=>  δMH ≈ 50 MeV (RDR, 250 GeV, 2 years)
      δMH ≈ 150 MeV (SB2009 w/o TF, 350 GeV, 2 years)
        For mass measurement, Higgs threshold data 
       cannot be replaced by higher ECM!

H. Li, M.Berggren
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"Take home message" from Higgs mass studies

● Simulating accelerator effects is important

● Make sure that luminosity is high enough at all ECM

● Only the luminosity inside the peak counts 

● Beam energy spread is finally limiting

● Discussion on best solution is ongoing now -
decisive suggestion for improvement:
Double the train repetition rate from 5 Hz to 10 Hz at 
low ECM?

● Watch it!
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Example 2

Understanding a SUSY scenario 
with small mass differences
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Astro / Cosmo
Physics  Case
● SM precision
● Higgs
● SUSY, dark matter
● ....

LHC

Tevatron

Neutrino, 
B-factories 

Theory

Machine 
● Backgrounds 
● Efficiency,  stability
Range & 
precision of:
● Beam energy
● Luminosity
● Polarisation
● ...

Detector & 
Reconstruction
● Track efficiency
● Momentum resolution
● Vertexing / flavour tag
● Jet energy resolution
● Photon energy and
  angular resolution
● Hermeticity
● Tau reconstruction
● Analysis techniques
● ...

Real life
● Technology
● Money
● Site
● ...

Running 
Scenarios

SUSY  with small mass differences

SUSY

Backgrounds, 
Polarisation

Money

Hermeticity,
τ reconstruction

 
 

● how important is polarisation?
● how much 

beam background 
can we afford?

●which beam energies
are needed?
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Sample scenario: SPS1a'

● very close to best fits to SM data
in CMSSM / MSSM18

● small ΔM(τ1,χ0
1) = 10.2 GeV

=> typical signature:
soft τ-leptons + missing momentum

=> prone to backgrounds!

Eur.Phys.J.C64:391-415,2009

SPS1a'

SPS1a'

Eur.Phys.J.C64:391415,2009

Measurement Strategies
● Continuum 500 GeV: 

– get overview
– Masses from edges, 

x-sections from rates
mixing angles, ...

– Which helicity configurations?
● Scan as many thresholds as necessary
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Detector and accelerator interplay

● Background in trackers:

– fake tracks from bkg hits

– real tracks from bkg particles

     => effect on reconstruction of τ-decays?

● Background in forward region:

     => effect on low angle electron veto 
          against gamma-gamma events?

● Beam energy spectrum:

     => deterioration of τ energy endpoint? 

● Polarisation:

– signal to background ratio

– distinguishing SUSY channels

ILD LoI

arXiv:1009.2433
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Results for 500fb-1 @ 500GeV, RDR ILC

Phys. Rev. D 82, 055016 (2010)

τ1:

τ2:

Phys. Rev. D 82, 055016 (2010)
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Intermezzo: 
Realistic reconstruction & analysis does matter

● pattern recognition and track fitting have to be able to cope

● additional soft tracks: spoils simplistic τ-finding
         => switch to a real experiment's τ-finder  (DELPHI)

=> reconstruction and analyses need to be done with a realistic level of        
                             detail to get realistic answers!

TPC hits for tt-event + beam bkg 
before and after topological cleaning

tracks found by patrec

S. Aplin
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Varying accelerator parameters

τ2, cross-section

τ1, endpoint

τ2, endpoint
τ1, cross-section

Time for reaching RDR (=case 1) precision:

● case 2:  more beam 
induced background
(a la SB2009 TF)

● case 3:  reduced positron
polarisation
(33% →  22%)

● case 4: increased 
beam energy spread 
(0.16 → 0.21 %), 
more beamstrahlung, 
i.e.reduced luminosity 
within 1% of nominal 
energy (0.83 → 0.72)

● case 5: even more beamstrahlung (SB2009 w/o TF)

M. Berggren
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Does this matter?

J.Brau

Ex: study of a similar SUSY scenario: SPS1[arXiv:hep-ex/0211002]
(N.B.: this is just mSugra... the real stuff will be more complicated!) 

● consider continuum running plus all 
necessary SUSY threshold scans
  (not counting Higgs threshold run!)
   => with an RDR ILC, after more 
        than 6 years of running: 

● need 1.5...1.8 x more running time @ 500 GeV, 
  even larger factors at lower energies......    
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Does this matter?

J.Brau

LHC / ILC comparison at SPS1a  [Phys.Rept.426:47-358,2006]

Ex: study of a similar SUSY scenario: SPS1[arXiv:hep-ex/0211002]
(N.B.: this is just mSugra... the real stuff will be more complicated!) 

● consider continuum running plus all 
necessary SUSY threshold scans
  (not counting Higgs threshold run!)
   => with an RDR ILC, after more 
        than 6 years of running: 

● need 1.5...1.8 x more running time @ 500 GeV, 
  even larger factors at lower energies......    
   => pay attention that you get the right Linear Collider!
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Next steps

● studies of many more physics examples in progress

● available soon: similar studies for CLIC

● discussion of accelerator parameters is ongoing
        => find the most cost effective design 
              which allows to reach the physics goals!

● don't forget: 
meaningful comparison of detector / machine options 
needs appropriate reconstruction & analysis techniques
 => continue with one example for recent developments 
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Example 3

Kinematic Fitting in the 
presence of Initial State 

Radiation and Beamstrahlung



21.9.2010 J.List 36

Astro / Cosmo
Physics  Case
● SM precision
● Higgs
● SUSY, dark matter
● ....

LHC

Tevatron

Neutrino, 
B-factories 

Theory

Machine 
● Backgrounds 
● Efficiency,  stability
Range & 
precision of:
● Beam energy
● Luminosity
● Polarisation
● ...

Detector & 
Reconstruction
● Track efficiency
● Momentum resolution
● Vertexing / flavour tag
● Jet energy resolution
● Photon energy and
  angular resolution
● Hermeticity
● Tau reconstruction
● Analysis techniques
● ...

Real life
● Technology
● Money
● Site
● ...

Running 
Scenarios

Kinematic fitting

Analysis technique
Jet energy resolution

Beam energy 
spectrum

Money
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Improved treatment of Beamstrahlung ?

● Beamstrahlung...

– creates e+e- pair background
– reduces the effective statistics 

(events from low energy tail don't contribute to peaks,edges, ...)
=> if amount of radiated energy could be determined with sufficient precision 
on an event-by-event basis, effective luminosity could be recovered!

● Problem: radiation dominantly along beam axis → not measured!

● Idea: use kinematic constraints: 

– perform kinematic fit of all measured particle momenta...

– ...and a “photon” || z-axis, with Eγ = 0, and δEγ according to 
the (known) probability density function of Eγ

– apply energy and momentum conservation constraints

=> can we reconstruct the correct photon energy?
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Yes, we can!     [arXiv:1006.0436, accepted by NIM A]

● tested on e+e- → 4 light jets
in full ILD simulation

● kinematic fit with 
4 jets and 1 photon

● imposing ΣE = 500 GeV; 
Σpx,y,z = 0; M12 = M34

● the complete range of photon 
energies can be reconstructed

● with a resolution of 3 GeV

=> ~ 2x better than expected 
     from ECM-ΣEjet
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Recovering luminosity

same resolution,
30% more events

● Photon consideration in kinematic fit 
recovers ~30% of luminosity

● not yet used in any physics study 
→ apply to Higgs, tt, WW, ZZ, …

● tested now on ILC samples - 
impact for CLIC?

Σ Ejet 
 for events with 
Eγ > 30 GeV 

Σ Ejet +Eγ fitted
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Conclusions

● An e+e- Linear Collider is essential to complement the LHC at the 
high precision frontier

● Physics case and conceptual designs have been established 
more than 10 years ago – maybe new input soon?

● The ILC plans a TDR and a Project Proposal in 2012/13. Its 
design is currently revisited to make sure that we really get a 
bang for every buck  

      => many machine parameters matter for physics - 
           no only highest ECM and luminosity at highest energy
      => need realistic simulation, reconstruction & analyses 
           in order not to draw false conclusions

● CLIC plans a CDR in 2011 – similar studies ongoing

● We make sure that you get the right Linear Collider!
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BACK UP
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Ghost tracks in vertex detector
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Flavour Tag with machine background
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Improved di-jet mass resolution

no improvement
in resolution

better resolution, 
but inefficient

better resolution,

same efficiency

same resolution,
better efficiency
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Defining the right Linear Collider

Astro / Cosmo
Physics  Case
● SM precision
● Higgs
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Theory
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Real life
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● Site
● ...

Running 
Scenarios
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Luminosity, Energy & Polarisation
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The key players – upstream of IP
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The key players – at the IP
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The key players – downstream of IP
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Luminosity, Beam Energy and all that
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LumiCal
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Measuring Beam Parameters
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Direct measurement of dL/d√s from physics
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Positron Polarisation
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Better keep it!
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Polarimetry at the Z pole?
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Polarimetry with annihilation data
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e+e- → W+W-
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