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DESY Summer Program 2009                             Gudrid Moortgat-Pick
g.a.moortgat-pick@durham.ac.uk

1

• Achievements with LEP, SLC

• Physics beyond the Standard Model: supersymmetry

• Techniques at the high-energy e+e- collider

• ILC physics potential in view of LHC expectations

• Summary and some literature for further studies



Few words before …Few words before …Few words before …Few words before …

• You heard already a lot about
– how e+e- colliders work
– how they are limited
– how the physics is detected
– how we describe the physics theoretically
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– summary on physics issues
I do not want to repeat the things, therefore I will focus on only a few

physics topics (top, Higgs, SUSY, ED) and a few technical tools

(threshold scans, continuums measurements, beam polarization)

– Discussion: calculate problems together + all your questions…. 



IntroductionIntroductionIntroductionIntroduction

Characteristics of pp collider
composite particles collide
E(CM) < 2 E(beam)
strong interactio n in initial state
superposition with spectator jets
LHC: √s = 14TeV, 

and of the e +e-( γe, γ γ) collider
Pointlike particles collide
E(CM) = 2 E(beam)
well defined initial state
clean final state
ILC: √s = 500 GeV -- 1 TeV
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LHC: √s = 14TeV, 
used ŝ = x1x2s few TeV
small fraction of events analyzed
multiple triggers
`no' polarization applicable

Large potential for 
direct discovery

ILC: √s = 500 GeV -- 1 TeV

most events in detector analyzed
no triggers required
polarized initial beams possible

Large potential for discovery 
via high precision



Discoveries at e+eDiscoveries at e+eDiscoveries at e+eDiscoveries at e+e---- colliderscolliderscolliderscolliders

• Of course, also direct discoveries happened at e+e- colliders:
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J/ Ѱ at SPEAR at SLAC (1974)

Gluons at PETRA at DESY (1979)

• famous ‘3 jet events’



The unique advantage of e+eThe unique advantage of e+eThe unique advantage of e+eThe unique advantage of e+e----

• Their clean signatures allow precision 
measurements

• Sensitive to the theory at quantum level (i.e. 
contributions of virtual particles, ‘higher orders’)!

DESY Summer Program 2009                             Gudrid Moortgat-Pick                                                               
g.a.moortgat-pick@durham.ac.uk

5

• Such measurements allow predictions for 
further, still undiscovered particles, but whose 
properties are defined by theory at quantum 
level

t



Predictions of top massPredictions of top massPredictions of top massPredictions of top mass
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• Predicted discovery of the top quark at the Tevatron 1995:
• The history of physics is full of predicted discoveries:
• e+, n, π, q, g,W, Z, c, b, t

• Future examples: Higgs, SUSY ???  -- see later



Interplay: hadron and e+eInterplay: hadron and e+eInterplay: hadron and e+eInterplay: hadron and e+e---- colliderscolliderscolliderscolliders

• The interplay between electron
and hadron machines has a long
and fruitful tradition

• J/ψ at SPEAR (e+e−) and
AGS (proton fixed target)

• ϓdiscovery at E288 (p fixed
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• ϓdiscovery at E288 (p fixed
target), precision B studies at
the e+e− B factories

• top quark at LEP and Tevatron

•To be continued in the form of
LHC and ILC    -- see examples later



History from LEP: results, techniquesHistory from LEP: results, techniquesHistory from LEP: results, techniquesHistory from LEP: results, techniques
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‘LEP Tunnel’ = now ‘LHC tunnel’



Some LEP dataSome LEP dataSome LEP dataSome LEP data

• Circumference 27 km
• √s 91.2 GeV (LEP1) to 209 GeV(LEP2)
• Accelerating Gradient Up to 7MV/m (Superconducting 

cavities)

• Number of Bunches 4 × 4
• Current per Bunch ≈ 750 μA
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• Current per Bunch ≈ 750 μA
• Luminosity at LEP1 24 × 1030 cm−2 s−1 (≈ 1 Z0/s)

• Luminosity at LEP2 50 × 1030 cm−2 s−1

(≈ 3 W+W−/h)

• Interaction regions 4 (ALEPH,DELPHI,L3,OPAL)
• Energy calibration < 1MeV (at Z0)



LEP dataLEP dataLEP dataLEP data

1990 – ≈ 91 GeV
1995 5 Million Z0/exp.
1995 Test phase for
LEP2 130GeV
1996 161 − 172 GeV
WW-Threshold
1997 183 − 209 GeV
2000 10 000 WW-pairs/exp.
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2000 10 000 WW-pairs/exp.
Searches for
new physics
0 (?) Higgs bosons
LEP was shut down and dismantled to 
make room for LHC in Nov. 2000

Integrated Luminosities

LEP was dismantled to make room for LHC in November 2000 … now first injection



The Basic Process at LEP1The Basic Process at LEP1The Basic Process at LEP1The Basic Process at LEP1
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• Z0 lineshape: Z0 mass, Z0/γ-interference 
• Number of neutrinos, etc.
• Precision tests of the QFD: forward-backward asymmetries
• Precision tests of QCD: Confirmation of SU(3)
• Together with mW: Prediction of the top quark mass
• Many other precision tests of the SM
• Very successful: more than 2400 publications from 4  collaborations !



First Z First Z First Z First Z ---- eventeventeventevent

• e+e- -> Z -> q q           (13.8.89 !)
– Tracking chambers not yet fully operational, 

therefore only ECAL
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Total cross sectionTotal cross sectionTotal cross sectionTotal cross section
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• Z0 gives a dramatic resonance

• cross section well described (at quantum level, not only at tree level!)



Differential cross section (tree level)Differential cross section (tree level)Differential cross section (tree level)Differential cross section (tree level)
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ZZZZ0 0 0 0 Mass MeasurementMass MeasurementMass MeasurementMass Measurement

• Very important input to SM fits !

• Uncertainty is only ∆mZ~2.1MeV

• Important to understand systematics of the beam energy 

measurement!
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Systematics: Beam Energy MeasurementSystematics: Beam Energy MeasurementSystematics: Beam Energy MeasurementSystematics: Beam Energy Measurement
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• Uncertainty is only 1MeV !
• Further systematics have been: water level, tides, TGV
• Remark: polarization not used for physics, but for calibration!



ZZZZ0000 branching ratios: neutrinosbranching ratios: neutrinosbranching ratios: neutrinosbranching ratios: neutrinos
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– measure ‘invisible’ events ! (also important for SUSY, see later)



Counting neutrinos via photons!Counting neutrinos via photons!Counting neutrinos via photons!Counting neutrinos via photons!

• Using radiative neutrino production:

– leads to signal only in ECAL
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Fitting the cross section:Fitting the cross section:Fitting the cross section:Fitting the cross section:

• Fit prefers 3 families

• but rather large error

Some theory assumptions
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• Some theory assumptions

• but better than nothing…



Other method for counting neutrinos

• Measuring the total width of the Z-boson
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Exploiting further observables:Exploiting further observables:Exploiting further observables:Exploiting further observables:
angular distributions!angular distributions!angular distributions!angular distributions!

• As shown in tree-level formulae before: linear 
dependence on scattering angle cosθ
– n
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– n



Measuring ZMeasuring ZMeasuring ZMeasuring Z0000 couplingscouplingscouplingscouplings

• Vector- and axial-vector couplings:

– gVl=T3l-2esin2θW

– gAl=T3l
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– gAl=T3l

T3l=weak isospin
=-1/2 for e



Measuring the ew mixing angleMeasuring the ew mixing angleMeasuring the ew mixing angleMeasuring the ew mixing angle

• Measuring the AFB 
can be interpreted 
as measuring sin2θW

• Result (only LEP):
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• Result (only LEP):
sin2θW=0.23221±0.00029

– Result improved by inclusion
of other experiments, e.g.
SLD (see later)



Top mass predictionTop mass predictionTop mass predictionTop mass prediction
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So far we have done …So far we have done …So far we have done …So far we have done …

• Discussion of LEP1 results, only as an example
• Because of time: not mentioned details from 

other e+e- experiments
– SLD: very important also for sin2θW (used polarized 

beams, see tomorrow)
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– LEP2: but also very rich program, as e.g. precision W 
mass measurement, searches for the Higgs boson, 
but also for new physics ….negative, so far

• But why do we need physics beyond the SM and 
what are the experimental challenges?



Shortcomings of the Standard ModelShortcomings of the Standard ModelShortcomings of the Standard ModelShortcomings of the Standard Model

•doesn't contain gravity

•doesn't explain neutrino masses

•doesn't have candidate for dark
matter

23% of universe is cold dark matter!
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23% of universe is cold dark matter!

•no unification of gauge couplings 
possible

•further problem: `hierachy problem'
Higgs mass unstable w.r.t. large
quantum corrections:



The Hierarchy ProblemThe Hierarchy ProblemThe Hierarchy ProblemThe Hierarchy Problem
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Hierarchy Problem 2
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Hierarchy Problem 3Hierarchy Problem 3Hierarchy Problem 3Hierarchy Problem 3
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Hierarchy Problem 4Hierarchy Problem 4Hierarchy Problem 4Hierarchy Problem 4
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Supersymmetry Supersymmetry Supersymmetry Supersymmetry –––– intro 1intro 1intro 1intro 1
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Supersymmetry Supersymmetry Supersymmetry Supersymmetry –––– intro 2intro 2intro 2intro 2
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Supersymmetry Supersymmetry Supersymmetry Supersymmetry –––– intro 3intro 3intro 3intro 3
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Supersymmetry Supersymmetry Supersymmetry Supersymmetry –––– intro 4intro 4intro 4intro 4
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Supersymmetry Supersymmetry Supersymmetry Supersymmetry –––– intro 5intro 5intro 5intro 5
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Supersymmetry Supersymmetry Supersymmetry Supersymmetry –––– intro 6intro 6intro 6intro 6
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Soft SUSY BreakingSoft SUSY BreakingSoft SUSY BreakingSoft SUSY Breaking

DESY Summer Program 2009                             Gudrid Moortgat-Pick                                                       
g.a.moortgat-pick@durham.ac.uk

37



Free parameters in the MSSMFree parameters in the MSSMFree parameters in the MSSMFree parameters in the MSSM
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Unconstrained MSSMUnconstrained MSSMUnconstrained MSSMUnconstrained MSSM
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Particle content in the MSSMParticle content in the MSSMParticle content in the MSSMParticle content in the MSSM
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SUSY breaking schemesSUSY breaking schemesSUSY breaking schemesSUSY breaking schemes
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GravityGravityGravityGravity----mediated SUSY breakingmediated SUSY breakingmediated SUSY breakingmediated SUSY breaking
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GravityGravityGravityGravity----mediated SUSYmediated SUSYmediated SUSYmediated SUSY

DESY Summer Program 2009                             Gudrid Moortgat-Pick                                                       
g.a.moortgat-pick@durham.ac.uk

43



Properties of SUSY Properties of SUSY Properties of SUSY Properties of SUSY ---- UnificationUnificationUnificationUnification
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New quantum number RNew quantum number RNew quantum number RNew quantum number R----parityparityparityparity
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Relations between SUSY parametersRelations between SUSY parametersRelations between SUSY parametersRelations between SUSY parameters
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Prospects of SUSY at future collidersProspects of SUSY at future collidersProspects of SUSY at future collidersProspects of SUSY at future colliders
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Goals of physics at the Linear ColliderGoals of physics at the Linear ColliderGoals of physics at the Linear ColliderGoals of physics at the Linear Collider

• Discovery of New Physics (NP)
– complementary to the LHC
– large potential for direct searches
– impressive potential also for indirect searches via precision

• Unraveling the structure of NP
– precise determination of underlying dynamics and 

parameters
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parameters
– model distinction through model independent searches

• High precision measurements
– test of the Standard Model (SM) with unprecedented 

precision
– even smallest hints of NP could be observed

• Discovery of new phenomena via high energy and 
high precision!



Needed  ILC tools for all searchesNeeded  ILC tools for all searchesNeeded  ILC tools for all searchesNeeded  ILC tools for all searches
• High statistics needed

– L = 2 x 1034 cm-2 s-1

• Clean experimental environment
– low beamstrahlung (ϓave=0.048)
– precise luminosity (∆L<10-3) and 

energy (∆sqrt(s)<200 ppm) measurement
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energy (∆sqrt(s)<200 ppm) measurement

• Excellent detector resolution
– b-, c-tagging , even the charge!
– τ-polarization 
– 4π – ε angle coverage
– exloitation of angular distributions



ILC features, cont.ILC features, cont.ILC features, cont.ILC features, cont.

• Threshold scans
– Tuneable energy allows to vary energy around the 

mass threshold of new particles
– Cost luminosity
– Optimization of required energy steps a priori possible 

via rather accurate continuums measurements
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• Beam polarization
– Polarized e- with P(e-)~90% expected
– Polarized e+ with P(e+)~60% (even in baseline ~40% 

expected !)
– Enable to reveal underlying structure of new physics
– Enhance statistics



Beam polarization at collidersBeam polarization at collidersBeam polarization at collidersBeam polarization at colliders
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e+ polarization is an absolute novelty! Expected P(e+) ~ 60% 



Electron polarization Electron polarization Electron polarization Electron polarization 
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Polarized positronsPolarized positronsPolarized positronsPolarized positrons
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How to describe the spin?How to describe the spin?How to describe the spin?How to describe the spin?
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Remarks about couplings structureRemarks about couplings structureRemarks about couplings structureRemarks about couplings structure
Definition: Helicity λ=s * p/|p|       ‘projection of spin’

Chirality = handedness is equal to helicity only of m=0!
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General remarks, cont.General remarks, cont.General remarks, cont.General remarks, cont.
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Statistical arguments for P(e+)Statistical arguments for P(e+)Statistical arguments for P(e+)Statistical arguments for P(e+)

Polarized cross sections can be subdivided in:

σRR, σLL, σRL, σLR are contributions with fully polarized L, R beams.

In case of a vector particle only (LR) and (RL) configurations contribute:
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In case of a vector particle only (LR) and (RL) configurations contribute:



Statistics 2Statistics 2Statistics 2Statistics 2

• Polarized cross section reads: 
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• With effective luminosity 



Statistics 3Statistics 3Statistics 3Statistics 3

Effective polarization:
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Statistics 4Statistics 4Statistics 4Statistics 4
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Statistics 5Statistics 5Statistics 5Statistics 5
How are Peff and ALR related?

That means:  
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With pure error propagation (and errors uncorrelated), one obtains:

With  



Statistics 6Statistics 6Statistics 6Statistics 6
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Background suppressionBackground suppressionBackground suppressionBackground suppression
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Back to the ILC physics caseBack to the ILC physics caseBack to the ILC physics caseBack to the ILC physics case…
• But since the ILC can not start before 2015+, all physics 

issues have to be seen in view of expected LHC results

• In the following we discuss several physics topics, starting 

at 500 GeV, 1TeV, multi-TeV
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• Applying the mentioned tools, threshold scans, beam 

polarization, precision measurements

• But only a personal selection of examples …… 



Physics up to sqrt(s)=500 GeV: topPhysics up to sqrt(s)=500 GeV: topPhysics up to sqrt(s)=500 GeV: topPhysics up to sqrt(s)=500 GeV: top
mtop= 172.4 +- 1.2 GeV
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Top mass, 2Top mass, 2Top mass, 2Top mass, 2

1.2 GeV
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Top mass 3Top mass 3Top mass 3Top mass 3
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We expect at the LC:



Importance of  ‘top’ mass Importance of  ‘top’ mass Importance of  ‘top’ mass Importance of  ‘top’ mass 
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Electroweak symmetry breaking / HiggsElectroweak symmetry breaking / HiggsElectroweak symmetry breaking / HiggsElectroweak symmetry breaking / Higgs

Mh<186 GeV
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Determination of Higgs propertiesDetermination of Higgs propertiesDetermination of Higgs propertiesDetermination of Higgs properties
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LHC input for optimal choices of running scenarios  ! 



Higgs mass at ILCHiggs mass at ILCHiggs mass at ILCHiggs mass at ILC
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Higgs mass, 2Higgs mass, 2Higgs mass, 2Higgs mass, 2

• Use Higgsstrahlung: due to well-known initial 
state and well-observed Z-decays
– Derive Higgs mass independently from decay
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– Only possible at a LC!



Higgs propertiesHiggs propertiesHiggs propertiesHiggs properties
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Technical requirements Technical requirements Technical requirements Technical requirements –––– Higgs sectorHiggs sectorHiggs sectorHiggs sector
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New Physics New Physics New Physics New Physics -------- SupersymmetrySupersymmetrySupersymmetrySupersymmetry
Remember: free parameters in the MSSM: 
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DisneyWorld  of  SUSY scenariosDisneyWorld  of  SUSY scenariosDisneyWorld  of  SUSY scenariosDisneyWorld  of  SUSY scenarios
• Often (ab)used: Manhattan plots

• 13 SUSY ‘benchmarks’  scenarios out of millions …
really a true representative choice ?
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really a true representative choice ?
• heavy masses often mass degenerated: no resolution 

(beamstrahlung!) has been taken into account… 
really a reliable ‘counting’ ?

• experimental verification of properties not studied  …
really a useful basis for future decisions? 

Physics or just propaganda?



SUSY scale expectationsSUSY scale expectationsSUSY scale expectationsSUSY scale expectations
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Discovery of SUSYDiscovery of SUSYDiscovery of SUSYDiscovery of SUSY
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SUSY mass determinations at the LHCSUSY mass determinations at the LHCSUSY mass determinations at the LHCSUSY mass determinations at the LHC
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SUSY mass measurement im continuumSUSY mass measurement im continuumSUSY mass measurement im continuumSUSY mass measurement im continuum
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Mass measurement of the LSP massMass measurement of the LSP massMass measurement of the LSP massMass measurement of the LSP mass
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Test off spin quantum number at ILCTest off spin quantum number at ILCTest off spin quantum number at ILCTest off spin quantum number at ILC

• Clean signatures, known initial state, tunable ener gy:
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One more SUSY Test at the ILCOne more SUSY Test at the ILCOne more SUSY Test at the ILCOne more SUSY Test at the ILC
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Chiral quantum numbers, 2Chiral quantum numbers, 2Chiral quantum numbers, 2Chiral quantum numbers, 2
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LHC/ILC interplayLHC/ILC interplayLHC/ILC interplayLHC/ILC interplay
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Dark matter analysis at LCDark matter analysis at LCDark matter analysis at LCDark matter analysis at LC

• High precision in parameter determination 
required for reliable DM prediction
– Parameter ranges where abrupt changes of

neutralino character happen
V. Morton-Thurtle

– Precise determination of M 1,M2….required
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SUSY model distinctionSUSY model distinctionSUSY model distinctionSUSY model distinction
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Indirect searches: extra dimensionsIndirect searches: extra dimensionsIndirect searches: extra dimensionsIndirect searches: extra dimensions
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Extra dimensionsExtra dimensionsExtra dimensionsExtra dimensions
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EW precision measurementsEW precision measurementsEW precision measurementsEW precision measurements

• GigaZ option at the ILC: 

– high-lumi running on Z-pole/WW

– 109 Z in 50-100 days of running

– Needs machine changes (bypass in the current outline)
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• High precision needs polarized beams

• Provides measurement of sin2θW with unprecedented 

precision!



Electroweak precision testsElectroweak precision testsElectroweak precision testsElectroweak precision tests

DESY Summer Program 2009                             Gudrid Moortgat-Pick                                                       
g.a.moortgat-pick@durham.ac.uk

92



Electroweak precision test 2Electroweak precision test 2Electroweak precision test 2Electroweak precision test 2
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Blondel scheme for GigaZBlondel scheme for GigaZBlondel scheme for GigaZBlondel scheme for GigaZ
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SUSY Constraints from GigaZ SUSY Constraints from GigaZ SUSY Constraints from GigaZ SUSY Constraints from GigaZ 
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Physics up to 1 TeV Physics up to 1 TeV Physics up to 1 TeV Physics up to 1 TeV 
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•Direct search for extra dimensions



Direct search for extra dimensionsDirect search for extra dimensionsDirect search for extra dimensionsDirect search for extra dimensions
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MultiMultiMultiMulti----TeV option at CLIC TeV option at CLIC TeV option at CLIC TeV option at CLIC ---- HiggsHiggsHiggsHiggs
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SummarySummarySummarySummary

• e+e- physics has been the core of high precision 
physics over the last decade

• Results from LEP, SLD, B-factories provide tests 
of the SM at quantum level!

• We expect a fascinating future in the next years: 
LHC will shed first light on the mysteries of EW 
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LHC will shed first light on the mysteries of EW 
symmetry breacking

• Rich program and high physics potential of the 
ILC will unravel the new physics and enter a new 
precision frontier!

Stay tuned for the LHC and ILC!



Some literatureSome literatureSome literatureSome literature

• ILC physics: TESLA TDR, physics part hep-ph/0106315
ILC RDR, arXiv:0712.1950

• LHC/ILC interplay: 
G. Weiglein, Phys. Rept. 426, 47 (2006), hep-ph/0410364
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• Supersymmetry: introduction 

M. Drees, hep-ph/9611409, S. Martin, hep-ph/9709356

• Polarization+Spin: 
GMP, POWER report, Phys. Rept. 460,131 (2008), hep-ph/0507011

webpage: www.ippp.dur.ac.uk/LCsources



Ex: Harmonic oscillator in SUSYEx: Harmonic oscillator in SUSYEx: Harmonic oscillator in SUSYEx: Harmonic oscillator in SUSY
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Harmonic Oscillator IIHarmonic Oscillator IIHarmonic Oscillator IIHarmonic Oscillator II
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