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Introduction: e+e- Physics at the Energy Frontier

• Today, physics at the highest energy scales happens at the LHC

�3

fantastic energy reach: - here ∑ET ~ 4.9 TeV

But there is a price: 

High background 
levels and particle 
multiplicities

!
Unknown initial state
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Introduction: e+e- Physics at the Energy Frontier

• Clean environment in e+e- collisions - observed final state corresponds to underlying 
fundamental interaction: allows precision measurements, “easy” identification of 
hadronic final states 
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e+e� ! ZH ! µ+µ�bb̄

350 GeV, CLIC_ILD

µ+µ- from Z

b-Jet from H

b-Jet from H
pp ! ZH +X ! e+e�bb̄+X

(candidate event)
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pp and e+e-: A perfect Match

• Particle production at LHC dominated 
by gluon and quark-gluon interactions 
via strong interaction

�5

‣ High cross-section and very high mass reach for strongly interacting states


‣ Hadronic final states often get lost in background
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pp and e+e-: A perfect Match

• Particle production at LHC dominated 
by gluon and quark-gluon interactions 
via strong interaction

�5

‣ High cross-section and very high mass reach for strongly interacting states


‣ Hadronic final states often get lost in background

• At CLIC particles are produced via 
electroweak interactions

‣ Typically smaller cross sections, comparable mass reach for ew and strong states


‣ Precision measurements also in hadronic processes
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pp and e+e-: A perfect Match

• Particle production at LHC dominated 
by gluon and quark-gluon interactions 
via strong interaction

�5

‣ High cross-section and very high mass reach for strongly interacting states


‣ Hadronic final states often get lost in background

➫ Highly complementary physics potential!

• At CLIC particles are produced via 
electroweak interactions

‣ Typically smaller cross sections, comparable mass reach for ew and strong states


‣ Precision measurements also in hadronic processes
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The CLIC Physics Landscape

• Guaranteed physics program:


• Higgs physics - mass, couplings, potential, …


• Top physics - properties (mass, width,…),  
top as a probe for New Physics


• Precision physics -  
electroweak measurements, QCD, …

�6

… a combination of certainty and speculation:
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• Discovery potential for New Physics


• Direct production of new particles -  
Mass reach up to √s/2 for  
(almost) all particles


• Spectroscopy of New Physics


• Indirect (model-dependent) search for New Physics extending far beyond √s
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A Staged Program to maximize Physics Potential

• For optimal luminosity, the energy of a collider 
based on CLIC technology can only be varied 
within a factor of ~ 3: Staged construction of 
the machine

�7

• Precise energy of the stages depends on 
physics - with considerations for technical 
constraints:


• Possible scenario:  
~375 GeV, 1.4 TeV, 3 TeV
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First stage luminosity optimised (scenario A)

Provides:

• earlier start of physics

• optimal use of physics potential



Frank Simon (fsimon@mpp.mpg.de)Physics at CLIC 
CLIC Workshop, CERN, February 2014

Experimental Conditions at CLIC

�8

• The main challenge: High energy and high luminosity leads to high rates of 
photon-induced processes:

�/�� q

q�/��

e+e- pairs drive 

crossing angle  
& vertex detector radius

γγ → hadrons interactions:  
3.2 / bunch crossing @ 3 TeV

Combined with bunch structure 
(0.5 ns between BX):

Pile-up of hadronic background:

~ 19 TeV in HCAL / bunch train

➫ Needs to be rejected by 

    reconstruction
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Experimental Conditions at CLIC

�8

• The main challenge: High energy and high luminosity leads to high rates of 
photon-induced processes:

�/�� q

q�/��

e+e- pairs drive 

crossing angle  
& vertex detector radius

γγ → hadrons interactions:  
3.2 / bunch crossing @ 3 TeV

Combined with bunch structure 
(0.5 ns between BX):

Pile-up of hadronic background:

~ 19 TeV in HCAL / bunch train

➫ Needs to be rejected by 

    reconstruction

A further consequence of radiative losses: The 
luminosity spectrum - characterized by a main 
peak and a tail to lower energies

Beamsstrahlung 
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!  Beamsstrahlung results in a distribution of centre-of-mass energies 
"  Large effect at CLIC due to small beam size, √s’ > 99 % √s   

#  77 % at 350 GeV 
#  35 % at 3 TeV 

! Impact on physics – depends on final state 
"  Reduces effective luminosity at nominal centre-of-mass energy 

•  not so important for processes well above threshold 
"  When well above threshold, boost along beam axis 

•  can distort kinematic edges, e.g. in SUSY searches 
"  Not a major issue in itself…   

Mark Thomson CERN, January 28, 2013 11 

√s’ /√s  350 GeV 3 TeV 

 > 99 %  77 % 35 % 

 > 90 %  98 % 54 % 

 > 70 %  ~100 % 76 % 

 > 50 %   100 % 88 % 

77% > 0.99 √s @ 350 GeV

35% > 0.99 √s @ 3 TeV
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Reconstruction at CLIC

�9

• Event reconstruction based on Particle 
Flow Algorithms

‣ Provides optimal jet energy 

reconstruction


‣ When combined with ns-level timing in 
the calorimeters: A powerful tool for the 
rejection of γγ → hadrons background
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Reconstruction at CLIC

�9

• Event reconstruction based on Particle 
Flow Algorithms

‣ Provides optimal jet energy 

reconstruction


‣ When combined with ns-level timing in 
the calorimeters: A powerful tool for the 
rejection of γγ → hadrons background

e+e� ! tt̄ @ 3 TeV
1.2 TeV of background

Reduction of 
background from

19 TeV to 100 GeV:

Challenging CLIC 
environment under 
control!
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The Physics Potential

�10

Based on studies using full GEANT4 simulations and reconstruction with realistic 
detector models, including machine-induced and physics backgrounds
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Higgs Physics at CLIC

�11

• Now a guaranteed physics program - Profits from the wide energy reach of CLIC
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Higgs Physics at CLIC

�11

• Now a guaranteed physics program - Profits from the wide energy reach of CLIC

Main production modes - give access to couplings and total width

~ 80k
~ 450k

~ 1 M Higgs bosons per stage (w/o polarization) 
(NB: Very high reconstruction efficiency!) 
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Higgs Physics at CLIC

�11

• Now a guaranteed physics program - Profits from the wide energy reach of CLIC

Rarer Processes - ZZ fusion, direct access to top Yukawa, self-coupling

Main production modes - give access to couplings and total width

~ 80k
~ 450k

~ 1 M Higgs bosons per stage (w/o polarization) 
(NB: Very high reconstruction efficiency!) 
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Fig. 7: The recoil mass distribution for e+e� ! ZH ! µ+µ�H events with mH = 125 GeV in the
CLIC_ILD detector concept [6]. The numbers of events correspond to 500 fb�1 at

p
s = 350 GeV,

and the error bars show the expected statistical uncertainties on the individual points.

to the W and Z bosons at the O(1%) level, providing a strong test of the Standard Model prediction for
gHWW/gHZZ = cos2

qW.

In addition, the ability for clean flavor tagging combined with the large samples of WW fusion events
allows the production rate of e+e� ! Hnene ! bbnene to be determined with a statistical precision of
much better than 1%. In general, the Higgs production cross section multiplied by the appropriate Higgs
boson decay branching ratios can be measured more precisely at high energies, as can be seen from Ta-
ble 4. The uncertainties of the Higgs boson couplings to fermions and gauge bosons can be obtained by
combining the high-energy CLIC results with those from the Higgs-strahlung process at

p
s = 350 GeV.

Furthermore, the high statistics samples from the e+e� ! Hnene alone would provide precise measure-
ments of relative Higgs branching ratios. For example, CLIC operating at 3 TeV would yield a statistical
precision of 1.5% on the ratio gHcc/gHbb, providing a direct comparison of the Standard Model coupling
predictions for up-type (charge +2/3) and down-type (charge �1/3) quarks.

Finally, CLIC operation at
p

s = 1.4 TeV and above enables a determination of the top Yukawa cou-
pling from the process e+e� ! ttH ! bW+bW�H. This process has been studied for the cases where
the Higgs boson decays to bb and W+W� decays either fully hadronically (qqqq) or semi-leptonically
(qq`n). Despite the complex final states of six or eight jets, it has been shown that the top Yukawa
coupling can be measured with a precision of 4%.

2.2.1 Impact of Beam Polarization

To date, all CLIC Higgs physics studies were performed assuming unpolarized e+ and e� beams. How-
ever, for CLIC the baseline electron polarization is ±80% and there is the possibility of positron polar-
ization at a lower level. For an electron polarization of P� and positron polarization of P+, the relative
fractions of collisions in the different polarization states are

e�Re+R : 1
4(1+P�)(1+P+) e�Re+L : 1

4(1+P�)(1�P+)

e�L e+R : 1
4(1�P�)(1+P+) and e�L e+L : 1

4(1�P�)(1�P+) .

Consequently, the s-channel e+e� ! ZH process and, in particular, the t-channel e+e� ! Hnene process
can be enhanced by beam polarization, as indicated in Table 5. The chiral nature of the weak coupling to

12

Model-Independent Measurements of Couplings

• A unique features of lepton colliders: 
model-independent measurement of  
HZZ coupling

�12

m2
rec = s+m2

Z � 2EZ
p
s

Z -> µµ

(350 GeV, 500 fb-1)

Absolute measurement of HZ cross section:  
~ 4.2% (stat) for leptonic Z decays at 350 GeV
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Model-Independent Measurements of Couplings

• A unique features of lepton colliders: 
model-independent measurement of  
HZZ coupling

�12

m2
rec = s+m2

Z � 2EZ
p
s

Z -> µµ

(350 GeV, 500 fb-1)

Absolute measurement of HZ cross section:  
~ 4.2% (stat) for leptonic Z decays at 350 GeV
Potential for substantial improvement when also using 
hadronic Z decays

• The challenge: Z->qq reconstruction and  

event identification may depend on H decay mode


‣ Ongoing study, bias seems to be very small

Including hadronic Z decays: Δσ/σ(HZ) = 2% (stat)

e.g. H→qq  

Mark Thomson 16 LCWS13, Tokyo 

!  Clear Z and H signature in 4-jet reconstruction…  
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as 4-jets as 5-jets as 6-jets 

!  For example, consider genuine ZH→qqqq decays 
!  Plot mass of “candidate Z” vs. recoil mass for 4-, 5-, 6-jet 
      hypotheses  

ZH -> qqqq as 4 jets
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Higgs Measurements at Higher Energy

• Increasing cross section of WW fusion provides  
high statistics at high energy: ~ 1M H at 3 TeV


‣ Possibility to access rare H decays

�13

σ x BR of H->µµ with ~ 15% (stat)

σ x BR of H->bb with ~ 0.2% (stat)

σ x BR of H->cc with ~ 2.7% (stat)

σ x BR of H->gg with ~ 1.8% (stat)

for 2 ab-1 at 3 TeV

σ x BR of H->ττ with ~ 3.7% (stat) for 1.5 ab-1 at 1.4 TeV
Higgs mass at the 30 MeV level from direct 
reconstruction of H->bb
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Higgs Measurements at Higher Energy

• Increasing cross section of WW fusion provides  
high statistics at high energy: ~ 1M H at 3 TeV


‣ Possibility to access rare H decays

�13

σ x BR of H->µµ with ~ 15% (stat)

σ x BR of H->bb with ~ 0.2% (stat)

σ x BR of H->cc with ~ 2.7% (stat)

σ x BR of H->gg with ~ 1.8% (stat)

for 2 ab-1 at 3 TeV

σ x BR of H->ττ with ~ 3.7% (stat) for 1.5 ab-1 at 1.4 TeV
Higgs mass at the 30 MeV level from direct 
reconstruction of H->bb

Direct access to the top Yukawa coupling

Reconstruction via H->bb:

σ x BR ~ 8% for 1.5 ab-1 at 1.4 TeV

(substantially lower precision at 3 TeV due to low cross-section)
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Measuring the Higgs Self-Coupling

• The ultimate challenge in Higgs physics: Direct access to the Higgs potential

�14

At CLIC: Measurement in WW fusion - increasing  
cross-section at high energies

0.16 fb at 1.4 TeV, 0.63 fb at 3 TeV 
(increases by 1.8 for 80% e- polarization)

Page � 10 

EXTRACTION OF λ FROM σHHνν CROSS SECTION 

� An option was added to Whizard to change the 
Higgs self-coupling parameter.  
  

� Cross section σhhνν calculated with various        
λHHH/ λSM

HHH 

– 3 TeV and 1.4 TeV CLIC beam spectrum, ISR  
   

� Cross section dependence fitted by a 2nd order 
polynomial. 

 

 
� Values  of  “uncertainty  relating  factor  R”  at              
λHHH/ λSM

HHH = 1 : 

 

3.0 TeV 
1.4 TeV 

3.0 TeV 
1.4 TeV 

νΗΗν

νΗΗν

ΗΗΗ

ΗΗΗ

σ
ΔσR

λ
Δλ

 

3.0 TeV:  -1.47 
1.4 TeV:  -1.17 
Smaller values than for previously assumed 120 GeV Higgs. 

Cross section of HHνν final state depends on  
self-coupling (with a “dilution” by other processes)
ΔλHHH ~ 28% (stat) with 1.5 ab-1 at 1.4 TeV

ΔλHHH ~ 16% (stat) with 2 ab-1 at 3 TeV 

ΔλHHH ~ 21% (stat) with 1.5 ab-1 at 1.4 TeV

ΔλHHH ~ 12% (stat) with 2 ab-1 at 3 TeV 

unpolarized

80% e- pol.

~10% accuracy of self-coupling with the full (polarized) CLIC program
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Precision Higgs Physics at CLIC: Global Picture
• From individual measurements of σ and σ x BR couplings are determined via a global 

fit using

�15

�
vis

= �
prod

(ii ! H)⇥BR(H ! f f̄) ⇠ g2Hiig
2
H↵

�H• model-independent: width as a free parameter

• model-dependent: width constrained - Assuming only SM decays, with perturbations of 

SM BRs parametrized by κ parameters (LHC-like approach)

including preliminary results of hadronic Z decays in HZ cross-section measurement
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Precision Higgs Physics at CLIC: Global Picture
• From individual measurements of σ and σ x BR couplings are determined via a global 

fit using

�15
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= �
prod

(ii ! H)⇥BR(H ! f f̄) ⇠ g2Hiig
2
H↵

�H• model-independent: width as a free parameter

• model-dependent: width constrained - Assuming only SM decays, with perturbations of 

SM BRs parametrized by κ parameters (LHC-like approach)

➫ model-independent 1% - level determination of most couplings in full program

➫ 1% to few ‰  with model-dependence

including preliminary results of hadronic Z decays in HZ cross-section measurement
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Top & Electroweak Precision Physics
• Precise and theoretically clean measurement 

of the top quark mass in a threshold scan


• Statistical uncertainty on mt: 30 MeV for 
100 fb-1


• Experimental systematics on a similar 
level, including ~ 6 MeV from the 
measurement of the luminosity spectrum

�16
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CLIC Total uncertainty ~ 100 MeV  
including theory uncertainties
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• Many other opportunities - one example: Measurement of W boson 
properties:


• Large single W cross section at high energy: 
=> 20 million Ws at 1.4 TeV, 45 million at 3 TeV


‣ Good prospects for a precise mass measurement by direct 
reconstruction - detailed studies to be done
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Beyond the Standard Model

• Two complementary approaches:


• Direct measurement of new particles


• Indirect evidence for new physics in precision observables

�17

Potential for direct measurements studied with concrete SUSY models as examples:
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“Model III” from CLIC CDR • Three models with somewhat different mass 
scales to explore the physics potential of the 
1.4 TeV and 3 TeV stages:


• lightest neutralino ~ 350 GeV


• heavier neutralinos / charginos ~ 480 - 650 GeV


• Charged sleptons ~ 550 GeV - 1.1 TeV


• Light-flavored squarks ~ 1.1 TeV


• …
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Potential for direct measurements studied with concrete SUSY models as examples:
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“Model III” from CLIC CDR • Three models with somewhat different mass 
scales to explore the physics potential of the 
1.4 TeV and 3 TeV stages:


• lightest neutralino ~ 350 GeV


• heavier neutralinos / charginos ~ 480 - 650 GeV


• Charged sleptons ~ 550 GeV - 1.1 TeV


• Light-flavored squarks ~ 1.1 TeV


• …

Studies in general serve as an illustration of capabilities 
independent of a concrete New Physics model
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Extended Higgs Sectors

• Heavy Higgs bosons - for example H0, A0 and H± in SUSY - can be reconstructed 
with high precision

�18

• For TeV-scale bosons the mass can be measured at the 3 GeV level, a direct 
measurement of the width is expected with 20% - 30% accuracy
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TeV Scale Sleptons

• A “classic” lepton collider measurement: 
electroweak particles with high mass
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Fig. 18 (a) Background subtracted signal
sample and the best fit to extract the
smuon and neutralino mass. (b) Recon-
structed masses with the luminosity spec-
tra taken from the fits to the Bhabha ob-
servables with different binnings. The dashed
lines mark the result obtained with the GUIN-
EAPIG spectrum.

with di = m+
i �m�

i , and the correlation matrix C.
Table 5 lists the smuon and neutralino masses from the

fit when the luminosity spectrum in equation (33) is directly
taken from GUINEAPIG and when the luminosity spectrum
is obtained from the reconstruction with the observables with
the scaled luminosity spectrum and detector resolutions with
a binning of 50⇥40⇥40 bins. The difference in the recon-
structed masses for these two luminosity spectra is smaller
than the statistical uncertainty. However, as the reconstructed
luminosity spectrum shows a dependence on the binning,
so do the reconstructed masses. Figure 18b shows the re-
constructed masses for the spectra reconstructed with dif-
ferent binnings. There is a dependence of the reconstructed
masses on the number of bins, but the spread of the recon-
structed masses is smaller than the statistical uncertainty (cf.
Table 5).

As the difference between the obtained masses and the
spread of masses is smaller than the statistical uncertainty,
the reconstruction of the luminosity spectrum does not in-
troduce a significant bias compared with the statistical un-
certainty. The systematic uncertainty due to the luminosity
spectrum reconstruction is also much smaller than the statis-
tical uncertainty, so that the total uncertainty on the recon-
structed mass is not increased significantly.

7 Summary, Conclusions, and Outlook

A framework has been developed for the reconstruction of
the basic luminosity spectrum at future linear colliders. The
spectrum can be reconstructed from Bhabha events mea-
sured with the tracking detectors and calorimeters. All im-
portant effects were included: the luminosity spectrum from
beam-beam simulations – including the non-Gaussian CLIC
beam-energy spread – the

p
s0-dependence of the Bhabha

cross-section, Initial and Final State Radiation, and the de-
tector resolutions.

The Model of the 3 TeV CLIC luminosity spectrum, re-
quired for the reweighting fit, has some limitations. For tech-

nical reasons the energy range to describe the tail of the
Beamstrahlung is limited to

p
s0 > 1500 GeV, and the pecu-

liar beam-energy spread cannot be modelled precisely with
few parameters. The reweighting fit itself does not impair
the reconstructed spectrum. The differences between GUIN-
EAPIG and the reconstructed spectrum do not significantly
change between the fit to the basic luminosity spectrum and
the fit to the observables with the scaled luminosity spec-
trum and including detector resolutions. With an improved
model, and increased processing power, an improved recon-
struction of the CLIC 3 TeV spectrum should be possible.

The fraction of events above 99% of the nominal centre-
of-mass energy is reconstructed within 1 percentage point.
The centre-of-mass energy distribution is reconstructed to
better than 5% between the nominal and about half the nom-
inal centre-of-mass energy, the validity limit of our Model.
These results are obtained regardless of the included level
of details, so that one can conclude that the limitations of
the Model cause most of the discrepancies to the simulated
spectrum, and if a better model is used, the discrepancies
should be reduced.

To estimate the systematic impact on other physics mea-
surements, the reconstructed spectrum was used in the study
of smuon decays, one of the CLIC 3 TeV benchmark pro-
cesses. The reconstructed spectrum does not induce a sig-
nificant bias on the measured mass, nor does it cause a sig-
nificant systematic uncertainty. The systematic uncertainty
from the spectrum reconstruction is two orders of magni-
tude smaller than the statistical uncertainty.

The spectrum is well enough reconstructed for the cho-
sen physics channel. In this case a good reconstruction of the
tail of the spectrum is tested. The reconstruction of the peak
is less important, because the process is far above threshold
and the cross-section does not change significantly over the
peak region. More work is needed to evaluate and possibly
improve the reconstruction of the peak.

msmuon = 1.01 TeV

mneutralino = 340 GeV

masses from end-points 
of muon energy distribution

• Ideal “box shape” is distorted by luminosity spectrum (and momentum resolution)


‣ Requires knowledge of luminosity spectrum - can be precisely measured by 
reconstruction of Bhabha events. Resulting systematic uncertainty from spectrum 
parameter reconstruction ~ 40 MeV, model biases < ~ 300 MeV 

With 2 ab-1 at 3 TeV:

Δmsmuon = 5.5 GeV (stat)

Δmneutralino = 6.4 GeV (stat)
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The Gaugino Sector

• A perfect test for jet energy reconstruction: 
Multi-jet final states of pairs of bosons and 
missing energy
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mass-degenerate charginos / neutralinos,

mgaugino ~ 650 GeV (3 TeV benchmark)

Mass measurement via template fit to reconstructed boson energy distribution 
(comparable in technique to slepton measurements, adapted to poorer energy 
resolution in hadronic final states)

Δmgaugino = ~ 6 - 7 GeV, ΔmLSP = 3 GeV (stat, m = 650 GeV)
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MC =
p

2(E1E2 + �p1 · �p2)

Mass measurement based on reconstructed energy 
of two final-state jets - needs neutralino mass as input

(no dependence on s)

For ms ~ 1.1 TeV: Δm ~ 6 GeV (stat)
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Indirect Sensitivity

• Model-dependent search for New Physics by deviations in precision observables
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further sensitivity boost:

70 TeV reach for compositeness scale with 2 ab-1 @ 3 TeV 
using single and double Higgs production
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Indirect Sensitivity

• Model-dependent search for New Physics by deviations in precision observables
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Sensitivity to high-mass Z’: 
Cross section and forward-backward asymmetry 
in e+e- -> µ+µ- with polarized electrons


Sensitivity up to 50 TeV with 1 ab-1 @ 3 TeV
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BSM Sensitivity - Summary

• CLIC combines a large mass reach for new particles with the capabilities for precision 
measurements:


• Mass reach close to √s/2 for strongly and electroweakly interacting particles  
(for example squarks, sleptons)


• Mass measurements on the % level or better for most particles in accessible  
SUSY scenarios

�23

• Indirect sensitivity to a large variety of new physics at high scales beyond direct 
reach:


• Higgs compositeness scale ~ 70 TeV


• Z’ (SM couplings) ~ 20 - 50 TeV


• 2 extra dimensions MD ~ 20-30 TeV


• …
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Summary and Outlook

• The CLIC physics program


• Extends and complements the LHC program


• Precision measurements & model-independence beyond the capability of 
hadron colliders


• Complementary sensitivity to New Physics - reach to high mass scales


• Maximized physics potential by a staged construction:


• ~ 350 GeV: Higgs (model-independent couplings) & Top


• ~ 1.5 TeV: BSM, Higgs - rare decays, top Yukawa, (self-coupling)


• ~ 3 TeV: BSM, Higgs - rare decays, self-coupling

!

• The physics potential and the experimental capabilities have been demonstrated with 
full simulations including machine-induced and physics backgrounds

�24
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Summary and Outlook
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• Maximized physics potential by a staged construction:


• ~ 350 GeV: Higgs (model-independent couplings) & Top


• ~ 1.5 TeV: BSM, Higgs - rare decays, top Yukawa, (self-coupling)


• ~ 3 TeV: BSM, Higgs - rare decays, self-coupling

!

• The physics potential and the experimental capabilities have been demonstrated with 
full simulations including machine-induced and physics backgrounds
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CLIC is an exciting and realistic option for a future collider at the energy frontier!
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Backup
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CLIC SUSY Benchmark Performance
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better. This is generally far more precise than what a hadron collider can do alone. The precision studies
complementary to the LHC and the stand-alone discovery and precision capacity of CLIC makes it an
ideal machine for extending our search for physics beyond the SM. Future effort in beyond the SM
physics will include

– Searches for dark matter missing energy signatures in a model-independent way;
– Searches and study of resonances associated with composite Higgs theory;
– Generalization of higher-dimensional effective operator searches at the various stages of CLIC run-

ning;
– Searches for very weakly interacting exotic particles;
– Searches for vectorlike particles charged under electroweak group;
– Responding to theory guidance for New Physics that is compatible and explains LHC data in the

future.

Table 9: Summary table of the CLIC SUSY benchmark analyses results obtained with full-detector
simulations with background overlaid. All studies are performed at a center-of-mass energy of 3 TeV
(1.4 TeV) and for an integrated luminosity of 2 ab�1 (1.5 ab�1) [24, 25, 26, 27, 28, 29, 30].
p

s Process Decay mode SUSY Measured Generator Stat.
(TeV) model quantity value (GeV) uncertainty

3.0 Sleptons

eµ+
Reµ

�
R ! µ+µ�ec0

1ec
0
1

II

˜̀ mass 1010.8 0.6%
ec0

1 mass 340.3 1.9%

ee+Ree
�
R ! e+e�ec0

1ec
0
1

˜̀ mass 1010.8 0.3%
ec0

1 mass 340.3 1.0%

eneene ! ec0
1ec

0
1e+e�W+W� ˜̀ mass 1097.2 0.4%

ec±
1 mass 643.2 0.6%

3.0 Chargino ec+
1 ec

�
1 ! ec0

1ec
0
1W+W�

II
ec±

1 mass 643.2 1.1%
Neutralino ec0

2ec
0
2 ! h/Z0 h/Z0 ec0

1ec
0
1 ec0

2 mass 643.1 1.5%

3.0 Squarks eqReqR ! qqec0
1ec

0
1 I eqR mass 1123.7 0.52%

3.0 Heavy Higgs H0A0 ! bbbb I H0/A0 mass 902.4/902.6 0.3%
H+H� ! tbbt H± mass 906.3 0.3%

1.4 Sleptons

eµ+
Reµ

�
R ! µ+µ�ec0

1ec
0
1

III

èmass 560.8 0.1%
ec0

1 mass 357.8 0.1%
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�
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1ec
0
1

˜̀ mass 558.1 0.1%
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1 mass 357.1 0.1%
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1ec

0
1e+e�W+W� ˜̀ mass 644.3 2.5%

ec±
1 mass 487.6 2.7%

1.4 Stau et+1et
�
1 ! t+t�ec0

1ec
0
1 III et1 mass 517 2.0%

1.4 Chargino ec+
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�
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1ec
0
1W+W�

III
ec±

1 mass 487 0.2%
Neutralino ec0

2ec
0
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1ec
0
1 ec0
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Mass Reconstruction Above Threshold

• Width less constrained than 
mass: substantial detector 
effects (peak width ~ 5 GeV 
compared to 1.4 GeV top 
width)
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Top as a Tool at High Energy

• The unique feature of CLIC: Collisions up to 3 TeV


‣ Excellent sensitivity to New Physics: Effects in indirect searches often scale as  
E2/Λ2 => Benefit of high energy!


• Well-demonstrated physics potential for ILC at 500 GeV: Measurement of ttbar 
asymmetries (forward-backward, left-right)


• Higher energy improves unique assignment of final-state particles to top, anti-top: 
Even higher purity in top charge ID 
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500 GeV 3 TeV

Requires reconstruction of 
top quarks as highly 
boosted objects: 
Techniques well 
established at LHC, 
Potential benefits from PFA


