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• the physics case on one slide

• the physics case on three slides

• the physics case on 24 slides

• the physics case on 850 slides

• answering tough questions

• things to do
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Mommy, why are you building the 
International Linear Collider?
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• discover the secrets of the Terascale

• shed light on dark matter

• reveal the ultimate unified theory

physics goals of the ILC
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these goals are to be accomplished in concert with a diversified 
worldwide program of accelerator and nonaccelerator 
experiments, including LHC, neutrinos, astrophysics, etc



the physics case on three slides
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• Something generates mass: either a “simple” Higgs, a 
complicated “Higgs sector”, or a “something else”.

• Precision detectors at a 500 GeV ILC are the ideal 
instruments to discover what is happening in the first 
two cases, and will be indispensable in all cases.

• Something creates the Terascale: supersymmetry, 
extra dimensions, new forces, ...

• At the ILC, observing new particles, and new 
interactions of known particles, will reveal the secrets 
of this larger universe.

discover the secrets of the Terascale
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• More than 80% of the matter in the universe is cold dark 
matter.  Probably it consists of more than one stable 
component.  Probably at least one is a thermal “WIMP” relic.

• To discover the identity of such dark matter, we must know how 
it interacted with itself and other exotics after the Big Bang.

• ILC can produce such particles and the other most relevant 
exotics.

• ILC measurements will have the precision to identify the 
fingerprints of dark matter 

shed light on dark matter
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• Discoveries at the ILC, the LHC and elsewhere will give us a 
more fundamental understanding of the laws of nature and of 
the origin of the universe. How far can we go?

• With supersymmetry, precision measurements at the Terascale 
become a telescope to the energies of ultimate unification.

• ILC measurements could reveal unification of forces, unification 
of matter, signals of extra dimensions, and other telltale clues of 
superstrings.

reveal the ultimate unified theory
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the physics case on 24 slides
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• Something generates mass: either a “simple” Higgs, a 
complicated “Higgs sector”, or a “something else”.

• Something creates the Terascale: supersymmetry, 
extra dimensions, new forces, ...

• Thus we expect LHC to break through to a new 
hidden world, with lots to discover and understand.

• And “Higgs” should be at the center of it.

discover the secrets of the Terascale
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• If it is simple, it should be light: close to 115 GeV.

• Then ILC makes more than enough precision measurements to  
tell us what Higgs really is.

• Even if the Higgs is heavier, ILC still makes critical measurements.

a “simple” Higgs
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Table 1: Summary of expected precisions on Higgs boson branching ratios from existing studies within the ECFA/DESY

workshops. (a) for 500 fb−1 at 350 GeV; (b) for 500 fb−1 at 500 GeV; (c) for 1 ab−1 at 500 GeV; (d) for 1 ab−1 at 800

GeV; (e) as for (a), but method described in [35] (see text).

Mass(GeV) 120 140 160 180 200 220 240 280 320

Decay Relative Precision (%)

bb̄ 2.4 (a) / 1.9 (e) 2.6 (a) 6.5 (a) 12.0 (d) 17.0 (d) 28.0 (d)

cc̄ 8.3 (a) / 8.1 (e) 19.0 (a)

ττ 5.0 (a) / 7.1 (e) 8.0 (a)

µµ 30. (d)

gg 5.5 (a) /4.8 (e) 14.0 (a)

WW 5.1 (a) / 3.6 (e) 2.5 (a) 2.1 (a) 3.5 (b) 5.0 (b) 7.7 (b) 8.6 (b)

ZZ 16.9 (a) 9.9 (b) 10.8 (b) 16.2 (b) 17.3 (b)

γγ 23.0 (b) / 35.0 (e)

Zγ 27.0 (c)
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Figure 8: Accuracy on the branching ratio H0 →
invisible, as a function of BR(H0 → invisible) for three
Higgs masses using 500 fb−1

at 350 GeV (full line). The

dashed and dotted lines indicate the contributions from the

measurement of the invisible rate and from the total Higgs-

strahlung cross section measurement, respectively. The

large dots are the result of the indirect method, presented

in the TDR (from [38]).

direct Yukawa coupling measurement would still be possi-

ble, a study was performed which aims at selecting H0 →
bb̄ as a rare Higgs decay [39]. Like in the case of H0 →
µ+µ−, the large number of Higgs bosons produced in the

WW-fusion channel at high energy is favorable in compar-

ison to using the Higgs-strahlung process at lower ener-

gies. For 1ab−1 of data at
√

s = 800 GeV, a 5σ sen-

sitivity to the bottom Yukawa coupling is achievable for

mH < 210 GeV. A measurement of the branching ratio

BR(H0 → bb̄) is possible with (12,17,28) % accuracy for

mH = (180,200,220) GeV.

The second question about heavier Higgs bosons is,

whether the Higgs line-shape parameters (mass, decay

width, Higgs-strahlung production cross section) can be

measured. A complete study of the mass range 200 GeV

< mH <320 GeV has been performed [40]. The final

state qq̄qq̄$+$− resulting from H0Z → ZZZ and from

H0Z → W+W−Z is selected. A kinematic fit is used to as-
sign the possible di-jet combinations to bosons (W+W− or

ZZ). The resulting di-boson mass spectrum can be fitted by
a Breit-Wigner distribution convoluted with a detector res-

olution function. A relative uncertainty on the Higgs mass

of 0.11 – 0.36 % is achievable from 500 fb−1 at 500 GeV

for masses between 200 and 320 GeV. The resolution on

the total width varies between 22 and 34% for the same

mass range. Finally, the total Higgs-strahlung cross-section

can be measured with 3.5 – 6.3% precision. Under the as-

sumption that only H0 → W+W− and H0 → ZZ decays
are relevant, their branching ratios can be extracted with

3.5–8.6% and 9.9–17.3%, respectively (see Table 2). The

expected mass spectra for mH = 200 GeV and mH = 320
GeV are shown in Fig. 9.

Table 2: Expected precision on Higgs boson line-shape

parameters for 200 < mH < 320 GeV at a LC with√
s = 500 GeV.

mH (GeV) ∆σ (%) ∆mH (%) ∆ΓH (%)

200 3.6 0.11 34

240 3.8 0.17 27

280 4.4 0.24 23

320 6.3 0.36 26

Top Yukawa Coupling

For mH < 2mt, the top quark Yukawa coupling is not

directly accessible from Higgs decays. The only relevant

tree level process to access the top quark Yukawa cou-

pling is the process e+e− → H0 t̄t [41]. Due to the large
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Figure 3.20: Expected reconstructed Higgs boson mass spectra for mH = 200 GeV and mH =
320 GeV from 500 fb−1at 500 GeV (from [97]).

mH (GeV) ∆σ (%) ∆mH (%) ∆ΓH (%)
200 3.6 0.11 34
240 3.8 0.17 27
280 4.4 0.24 23
320 6.3 0.36 26

Table 3.11: Expected precision on Higgs boson line-shape parameters for 200 < mH < 320 GeV at
the ILC with

√
s = 500 GeV.

• What can be learned about the quantum numbers and the spin of heavy (SM-like) Higgs
bosons?

• Do these additional measurements pose new requirements for the detector?

3.7 Heavy Neutral Higgs Bosons in the MSSM

Besides the light CP-even Higgs boson in the MSSM there are two other neutral Higgs bosons:
the heavier CP-even H and the CP-odd A. For MA

>∼ 150 GeV the two heavy Higgs bosons are
very similar in mass. The couplings of the Higgses to gauge bosons is either strongly suppressed
(for HV V ) or even zero at the tree-level (for AV V ). Therefore the analyses performed for a heavy
SM-like Higgs boson as outlined in the previous section cannot be taken over to the case of heavy
MSSM Higgs bosons.

Similar to the light CP-even Higgs boson, the heavy neutral CP-even Higgs boson of MSSM
can be produced in e+e− collisions via Higgs-strahlung and weak boson fusion processes. Neutral
Higgs bosons of MSSM can be also produced in pairs, e+e− → hA and e+e− → HA, and singly
through Yukawa processes, e.g., e+e− → h(A,H)bb̄; see Fig. 2.6. In the decoupling limit of the
MSSM, the Higgs-strahlung and weak boson fusion processes involving H, as well as pair production
process involving h, get strongly suppressed (see, however, Ref. [49]). Hence, in this scenario the
main production mechanisms of H and A bosons at an e+e− collider will be Yukawa processes and
e+e− → HA. The pair production of heavy neutral Higgs bosons at an e+e− collider has been
studied in Ref. [98]. The analysis is based on selection of bb̄bb̄ and bb̄τ+τ− final states, which are
expected to be dominant channels for e+e− → HA process for a large part of MSSM parameter

33
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• If SUSY, extra dimensions, Little Higgs, etc. then the 
Higgs sector is complicated.

• For SUSY, the “LEP paradox” hints at an even more 
extended Higgs sector (not just MSSM).

• If Higgs talks to radions, new light scalars, new 
heavy scalars, new sources of CP violation, etc. we 
will need ILC to discover what is happening.

complicated Higgs sector
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• measure CP phase of a light Higgs in Zh production

• at ILC, can measure CPV from tau spin correlations in Higgs decay

• experimental effects included,

example: CP violation

J. Lykken     The Physics Case for the ILC

Heinemeyer et al,  
hep-ph/0511332

where σψ is the error on ψ expected from a maximum likelihood fit of the distribution for a
sample of N events. Defined in such a way, the sensitivity measures the information per event on ψ
contained in the distribution (3.10). Anticipated sensitivities in various decay channels for different
center-of-mass energies are given in Table 3.6.

√
s (GeV) Sensitivity (Sψ)

πνπν πνρν ρνρν
230 0.92 0.88 0.83
350 0.91 0.73 0.66
500 0.88 0.64 0.55

Table 3.6: Sensitivity for the determina-
tion of CP phase ψ of the Higgs boson for
the three different channels πνπν, πνρν and
ρνρν at center-of-mass energies 230, 350 and
500 GeV.

To evaluate detector effects, a semi-realistic simulation of H → ττ → πνπν was performed. For
the charged tracks an independent Gaussian smearing is performed on the five parameters: θ, φ,
1/pT and the two components of impact parameter resolution. Assumed widths of the Gaussians
are:

σ(θ) = σ(φ) = 0.1 mrad
σ(1/pT ) = 5 × 10−5 GeV−1

σ(rφ) = σ(rz) =
(
4.2 ⊕ 4.0/(p sin3/2 θ)

)
µm.

The jet energy resolution is assumed to be 0.3/
√

Ejet. The reconstructed distributions of ∆φ after
inclusion of the detector effects are shown in Figure 3.15 for the decays of Z both into µ+µ− and
qq̄. The corresponding sensitivities are given in Table 3.7.

Figure 3.15: The distributions of ∆φ in the πνπν channel for the a) Z → µ+µ− and b) Z → qq̄
decays at center-of-mass energy 350 GeV. All experimental effects are included. The full lines
correspond to a pure scalar Higgs state (ψ = 0), the dotted to a mixed state with ψ = π/8.

√
s (GeV) Sensitivity (Sψ)

Z → µ+µ− Z → qq̄
230 0.69 0.71
350 0.60 0.61
500 0.58 0.58

Table 3.7: Sensitivity of the determination
of CP phase ψ of the Higgs boson for the
πνπν channel when all experimental effects
are included.

The analyses of other decay modes, including the study of detector effects and π0 reconstruction,
have yet to be performed; nevertheless it appears that a reasonable goal for the measurement of

27

we know there is a new source of CPV somewhere
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• for SUSY SPS1a benchmark model

•

• measure mass sum to

• gamma-gamma option can probe 
even larger masses

example: extra heavy scalars
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Figure 3.22: Distributions of the reconstructed Higgs boson mass sum, mA + mH , (left plot) and
mass difference, |mH −mA|, (right plot) in the HA → bb̄bb̄ channel for (mH ,mA) = (200,150) GeV
at

√
s = 500 GeV. Assumed integrated luminosity is 500 fb−1.

bosons can be extended by operating the linear collider at higher centre-of-mass energies. Fig. 3.23
shows as an example the signal in the HA → bb̄bb̄ channel at

√
s = 1 TeV for the Higgs boson

mass hypothesis (mH ,mA)=(394.6,394.9) GeV, which corresponds to the SPS 1a benchmark point.
With 1 ab−1 of data collected at

√
s = 1 TeV, mH and mA can be measured with an accuracy of

1.3 GeV, and the topological cross section with precision of 9% [98].
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Figure 3.23: Distribution of the
reconstructed Higgs boson mass sum,
mH + mA, for the SPS 1a benchmark
point. Higgs boson mass hypothesis
is (mH ,mA)=(394.6,394.9) GeV. Distribu-
tion corresponds to an integrated luminos-
ity of 1 ab−1 collected at

√
s = 1 TeV.

Alternatively, heavy neutral Higgs bosons can be produced resonantly in γγ collisions. The
main advantage of the photon collider with respect to the e+e− machine is its higher mass reach
for heavy neutral Higgs particles. Neutral Higgs bosons with masses up to 350 GeV can be detected
with high statistical significance at a photon collider operated at a modest center-of-mass energy
of

√
see of 420 GeV [100]. More generally, Higgs bosons can be produced with masses up to 80%

of the total e+e− energy. An example of the signal in the γγ → H,A → bb̄ channel is presented
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• many Little Higgs models have 
an extra light pseudoscalar

• it is a SM singlet but has a 
Yukawa coupling to ttbar

• a dramatic signal at ILC

example: extra light scalars

J. Lykken     The Physics Case for the ILC

e−e+ → tt̄bb̄
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• unitarity restored by new 
strong interactions, may only 
appear as VB resonances 
above 1 TeV

• but ILC sees these via form 
factors in VVV production, 
and in 6 fermion final states 
from long. VV scattering

• sensitivity to scales as high 
as 1.5 to 4.3 TeV

no Higgs
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Table II: Generated processes and cross sections of signal and background for
√

s = 1TeV, polarization 80% left for electron

and 40% right for positron beam

Channel σ[fb] Channel σ[fb]

e+e− → νeν̄eW
+W− → νeν̄eqq̄qq̄ 23.19 e−e− → νeν̄eW

−W− → νeν̄eqq̄qq̄ 27.964

e+e− → νeν̄eZZ → νeν̄eqq̄qq̄ 7.624 e−e− → e−νeW
−Z → e−νeqq̄qq̄ 80.2

e+e− → νν̄qq̄qq̄ (3V contribution) 9.344 e−e− → e−e−ZZ → e−e−qq̄qq̄ 3.16

e+e− → νeWZ → νeqq̄qq̄ 132.3 e−e− → e−e−W +W− → e−e−qq̄qq̄ 443.9

e+e− → e+e−ZZ → e+e−qq̄qq̄ 2.09 e−e− → e−e−tt̄ → e−e−X 0.774

e+e− → e+e−W +W− → e+e−qq̄qq̄ 414.6 e−e− → ZZ → qq̄qq̄ 232.875

e+e− → tt̄ → X 331.768 e−e− → e−νeW
− → e−νeqq̄ 235.283

e+e− → W +W− → qq̄qq̄ 3560.108 e−e− → e−e−Z → e−e−qq̄ 125.59

e+e− → ZZ → qq̄qq̄ 173.221

e+e− → eνW → eνqq̄ 279.588

e+e− → e+e−Z → e+e−qq̄ 134.935

e+e− → qq̄ → X 1637.405

2. VECTOR BOSON SCATTERING

2.1. General Layout

We assume a center of mass energy of 1TeV and a total luminosity of 1000fb−1 in e+e− and 350fb−1 in e−e−

mode. Beam polarization of 80% for electrons and 40% for positrons is also assumed. The six fermion processes

under study correspond to the scattering of longitudinal weak bosonos. Since triple weak boson production is also

sensitive to quartic anomalous couplings ( ZZ or W+W− with neutrinos of second and third generation as well

as a part of νeν̄eWW (ZZ), eνeWZ and e+e−W+W− final states ) there is no distinct separation of signal and

background. Signal processes in separate analysis are thus affected by all other signal processes as well as pure

background. In comparison to the previous study [2] single weak boson production was included in background

for completeness and in order to get closer to the experimental conditions initial state radiation was taken into

account when generating events. For the generation of tt̄ events Pythia [3] was used, for all other processes the full

six fermion generator WHIZARD [4] was used. No flavor summation was done since all possible quark final states

were generated. Hadronisation was done with Pythia. The SIMDET [5] program was used to producethe detector

response of a possible ILC detector. Table II contains a summary of all generated processes used for analysis and

corresponding cross sections. For pure background processes a full 1ab−1 sample was generated, all signal processes

were generated with higher statistics. Single weak boson processes and qq̄ events were generated with an additional

cut on M(qq̄)>130GeV to reduce number of generated events.

The observables sensitive to the quartic couplings are the total cross section (either reduction or increase depending

on the interference term in the amplitude and the point in parameter space), and modification of the differential

corross section distributions over polar angle as well over decay angle. This is not a full set of observables but some

sensitive event variables, for example transverse momentum, cannot be used since contribution of longitudinally

polarized weak bosons is dropping faster then for transversally polarized wak bosons with increasing transverse

momentum and a transverse momentum cut is an unavoidable tool to suppress background in analysis.

2.2. Event selection

Event selection was done using a cut based approach similar to previous analysis [2]. The general steps in the

analysis were the use of final state e−(e+) to tag background (signal in eνeWZ case), a cut on transverse momentum,

and missing mass and energy. Realistic ZVTOP b-tagging [6] was used when possible to enhance signal to background

0310
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• Is it supersymmetry?

• Which supersymmetric model is it? What other new physics?

• Can we pin it down accurately enough to telescope to the 
unification scale?

ILC and supersymmetry

J. Lykken     The Physics Case for the ILC
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Is it SUSY?
ILC can tell by 
measuring spins of 
“partners”, and testing 
coupling relations:



• even within SUSY, there are lots of look-alikes

• breaking these degeneracies means ILC has discovered, 
e.g., that SUSY-breaking involves Planck scale physics 

what kind of SUSY is it?

J. Lykken     The Physics Case for the ILC
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• ILC and LHC do it together!

J. Lykken     The Physics Case for the ILC

what kind of SUSY is it?

4 G. A. Blair , A. Freitas, H.-U. Martyn, G. Polesello, W. Porod, and P. M. Zerwas

Particle Mass “LHC” “ILC” “LHC+ILC”

h0 116.9 0.25 0.05 0.05

H0 425.0 1.5 1.5

χ̃0
1

97.7 4.8 0.05 0.05

χ̃0
2

183.9 4.7 1.2 0.08

χ̃0
4

413.9 5.1 3 − 5 2.5

χ̃±
1

183.7 0.55 0.55

ẽR 125.3 4.8 0.05 0.05

ẽL 189.9 5.0 0.18 0.18

τ̃1 107.9 5 − 8 0.24 0.24

q̃R 547.2 7 − 12 − 5 − 11

q̃L 564.7 8.7 − 4.9

t̃1 366.5 1.9 1.9

b̃1 506.3 7.5 − 5.7

g̃ 607.1 8.0 − 6.5

Table 1
Accuracies for representative mass measurements
of SUSY particles in individual LHC, ILC and
coherent “LHC+ILC” analyses for the reference
point SPS1a′ [masses in GeV]. q̃R and q̃L repre-
sent the flavors q = u, d, c, s. [Errors presently
extrapolated from SPS1a simulations.]

|M1| =
[∑

i m2
χ̃0

i

− M2
2 − µ2 − 2M2

Z

]1/2

|M3| = mg̃

tan β =

[
1 + ∆(cos 2φR − cos 2φL)

1 − ∆(cos 2φR − cos 2φL)

]1/2

(2)

where ∆ = (m2
χ̃±

2

− m2
χ̃±

1

)/(4M2
W ) and Σ =

(m2
χ̃±

2

+ m2
χ̃±

1

)/(2M2
W ) − 1. The signs of µ, M1,3

relative to M2 follow from similar relations and
from cross sections for χ̃ production and g̃ pro-
cesses.

The mass parameters of the sfermions are di-
rectly related to the physical masses if mixing ef-
fects are negligible:

m2
f̃L,R

= M2
L,R + m2

f + DL,R (3)

with DL = (T3−ef sin2 θW ) cos 2β m2
Z and DR =

ef sin2 θW cos 2β m2
Z denoting the D-terms. The

non-trivial mixing angles in the sfermion sector
of the third generation follow from the sfermion

production cross sections [21] for longitudinally
polarized e+/e− beams, which are bilinear in
cos/sin 2θf̃ . The mixing angles and the two phys-
ical sfermion masses are related to the tri-linear
couplings Af , the higgsino mass parameter µ and
tan β(cotβ) for down(up) type sfermions by:

Af −µ tan β(cotβ) =
m2

f̃1

− m2
f̃2

2mf
sin 2θf̃ (4)

Af may be determined in the f̃ sector if µ has
been measured in the chargino sector. This pro-
cedure can be applied in the stop sector. Heavy
Higgs H, A decays to stau pairs may be used to
determine the A parameter in the stau sector [22].

Refined analysis programs have been developed
which include one-loop corrections in determining
the Lagrangian parameters from masses and cross
sections [23,24] (see also [?]).

These measurements define the initial values
for the evolution of the gauge couplings and the
soft SUSY breaking parameters to the grand
unification scale. The values at the electroweak
scale are connected to the fundamental param-
eters at the GUT scale by the renormalization
group equations. To leading order,

gauge couplings : αi = Zi αU (5)

gaugino masses : Mi = Zi M1/2 (6)

scalar masses :

M2
̃ = M2

0 + cjM2
1/2 +

∑2
β=1 c′jβ∆M2

β (7)

trilinear couplings : Ak = dkA0 + d′kM1/2 (8)
The index i runs over the gauge groups

i = SU(3), SU(2), U(1). To this order, the gauge
couplings, and the gaugino and scalar mass pa-
rameters of soft–supersymmetry breaking depend
on the Z transporters

Z−1
i = 1 + bi

αU

4π
log

(
MU

MZ

)2

(9)

with b[SU3, SU2, U1] = −3, 1, 33/5; the scalar
mass parameters depend also on the Yukawa cou-
plings ht, hb, hτ of the top quark, bottom quark
and τ lepton. The coefficients cj for the slep-
ton and squark doublets/singlets, and for the two
Higgs doublets, are linear combinations of the
evolution coefficients Z; the coefficients c′jβ are of



• discover the number, shape and size of extra dimensions

what about non-SUSY discoveries?
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• discover the origin of a new force

what about non-SUSY discoveries?
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Figure 1: Resolving power (95% CL) for MZ′ = 1, 2, and 3 TeV and
√

s = 500 GeV, Lint = 1ab−1. The smallest regions

correspond to MZ′ = 1 TeV and the largest to MZ′ = 3 TeV. The left side is for leptonic couplings based on the leptonic

observables σµ
P

e
−P

e
+

, Aµ
LR, Aµ

F B. The right side is for b couplings based on the b observables σb
P

e
−P

e
+

, Ab
F B, Ab

F B(pol)

assuming that the leptonic couplings are known and a b-tagging efficiency of 70%.

Fig. 1(a) shows the resolving power of the lepton couplings assuming lepton universality and using the three

observables: σµ
P

e
−P

e
+
, Aµ

FB and Aµ
LR for MZ′ = 1, 2 and 3 TeV. As noted by Riemann there is a two-fold ambiguity

in the signs of the lepton couplings since all lepton observables are bilinear products of the couplings. The hadronic

observables can be used to resolve this ambiguity since for this case the quark and lepton couplings enter the

interference terms linearly. Fig. 1(b) shows the resolving power for b-quark couplings based on the b-quark observables

σb, Ab
FB, Ab

FB(pol) assuming that the leptonic couplings are accurately known from other measurements and a b-

tagging efficiency of 70%. One could gain additional information by studying other observables with hadron final

states such as Rhad, Ahad
LR , and observables involving the c-quark.

We next consider the importance of polarization. In Fig. 2 we show results for the cases of no polarization, only

the electron is polarized, and both the electron and positron are polarized. The results are shown for MZ′ = 2 TeV,√
s = 500 GeV and Lint = 1ab−1 using the three observables σµ

P
e
−P

e
+

, Aµ
LR, Aµ

FB . Note that the appropriate values

of Pe− and Pe+ are used in eqn. 1 and for the unpolarized case ALR does not contribute. Clearly polarization will be

important for measuring couplings and disentangling models if a Z ′ were discovered although positron polarizaton

does not appear to be an important factor for these measurements.

In Fig. 2 we assumed a Z ′ mass of 2 TeV. But the LHC has the potential of discovering a heavy neutral gauge

boson up to 5 TeV or higher. Supposing that this is the case, can the ILC still give us useful information? In Fig. 3 we

show the resolving power for Z ′’s with MZ′ = 1, 2, 3, and 4 TeV, again using only the three µ observables assuming

the e− and e+ polarizations given above. Reasonably good measurements can be made for the MZ′ = 2 TeV case.

For MZ′ = 3 TeV the resolving power deteriorates but the measurements can still distinguish between many of the

currently popular models. At MZ′ = 4 TeV it becomes quite difficult to distinguish among the models although

some models could still be ruled out.

In Fig. 4 we examine possible improvement in the resolving power by including more observables. In the previous

figures we only included three observables with final state muons. If τ leptons could be observed with reasonable

efficiency an additional five observables (στ
P

e
− P

e
+
, Aτ

LR, Aτ
FB, Pτ the τ polarization, and Aτ

FB(Pol)) can be included
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Figure 2: The effect of polarization on coupling measure-

ments. Resolving power (95% CL) for MZ′ = 2 TeV and√
s = 500 GeV, Lint = 1ab−1 for leptonic couplings based

on the leptonic observables σµ
P

e
−P

e
+

, Aµ
LR, and Aµ

F B. The

largest region corresponds to the unpolarized case while the

smallest region corresponds to electron and positron polar-

ization of of 80% and 60% respectively with the middle region

corresponding to only electron polarization.
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Figure 3: Resolving power (95% CL) for MZ′ = 1, 2, 3,

and 4 TeV, and
√

s = 500 GeV, Lint = 1ab−1 for leptonic

couplings based on the leptonic observables σµ
P

e
−P

e
+

, Aµ
LR,

and Aµ
F B.

in the χ2. Fig. 4 shows the improvement one gains by including the τ observables for MZ′ = 2 TeV (left figure)

MZ′ = 4 TeV (right figure). For lack of a better estimate we simply take the τ efficiency equal to one which is clearly

overly optimistic. For the MZ′ =2 TeV case the improvement is not so impressive but for the MZ′ =4 TeV case the

extra observables could be important for disentangling the models.

4. CONCLUSIONS

In this contribution we examined the potential of the ILC to distinguish between different models that predict Z ′

bosons. What we found is that it is an extremely powerful tool and would be crucial for disentangling this sort of

physics if a discovery were made at the LHC. In previous work that concentrated on leptonic couplings there were

ambiguities. If the ILC detectors have reasonable b and c-quark tagging efficiencies additional useful information

could be obtained. We also demonstrated the importance of polarization. In this report we touched upon the

couplings of variations of the Little Higgs models. A more detailed account of this aspect of our work will be given

elsewhere.

Acknowledgments

This work was supported in part by the Natural Sciences and Engineering Research Council of Canada.

ALCPG0108

Godfrey, Kalyniak, Tomkins  hep-ph/0511335
√

s = 500 GeV, L = 1 ab
−1

95% CL for MZ′ = 1,2,3 TeV MZ′ = 2 TeV

without polarization with polarization



•
• More than 80% of the matter in the universe is cold dark 

matter.  Probably it consists of more than one stable 
component.  Probably at least one is a thermal “WIMP” relic.

• To discover the identity of such dark matter, we must know 
how it annihilated with itself and via other exotics after the 
Big Bang.

• We can look for WIMPs by direct and indirect searches, and 
try to produce them in colliders.

• No single approach can solve the mystery of DM.

shed light on dark matter

J. Lykken     The Physics Case for the ILC



• A signal in a direct WIMP search estimates the WIMP 
mass and a product of the WIMP-nucleon cross section 
with the local WIMP flux in our solar system.

• A signal in an indirect search (after ruling out astro 
sources) estimates the annihilation cross section times the 
local WIMP density near the source.

• Producing a WIMP and associated exotics in colliders can 
give you the mass, annihilation cross section, and WIMP-
nucleon cross section. But doesn’t tell you if your WIMP is 
stable and is the same kind as out there in space.

no single approach

J. Lykken     The Physics Case for the ILC



• LHC and ILC have the right energy and sensitivity to produce 
and study WIMP dark matter and associated exotics (!!)

• WIMP could be neutralino, sneutrino or gravitino of SUSY, 
lightest KK mode of Universal Extra Dimensions, lightest 
mode of Little Higgs with T parity, etc.

• Figure of merit: can you connect DM to the larger framework 
of fundamental physics?

• Figure of merit: can you show that your WIMP is only 3/4 of 
the DM, not all of it?

• Figure of merit: can you test different scenarios of TeV 
cosmology?

the unique role of colliders

J. Lykken     The Physics Case for the ILC



• identify the model!

• improve mass measurement of 
WIMP and important exotics by an 
order of magnitude

• measure mixing angles and (with 
ILC-1000) heavy Higgs and tan beta

the unique role of the ILC

J. Lykken     The Physics Case for the ILC

Baltz, Battaglia, Peskin, Wizansky  hep-ph/0602187

LHC ILC-500 ILC-1000 LHC ILC-500 ILC-1000
Ωh2 (mean)

LCC1 0.192 7.2% 1.8% 0.24%
LCC2 0.109 82.% 14.% 7.6% 0.074
LCC3 0.101 167% 50.% 18.% 0.24
LCC4 0.114 405% 85.% 19.% 0.26 0.083 0.094

σv (mean)
LCC1 0.0121 165.% 54.% 11.% 0.0069
LCC2 0.547 143.% 32.% 8.7% 8.47
LCC3 0.109 154.% 178.% 10.% 24.2 0.311
LCC4 0.475 557.% 228.% 20.% 82.5 1.83 0.57

σ(χp) (mean)
LCC1 0.418 44.% 45.% 5.7% 0.20
LCC2 1.866 62.% 63.% 22.% 3.57 2.82 2.19
LCC3 0.925 184.% 146.% 8.6% 13.2 1.86
LCC4 1.046 150.% 190.% 7.5% 23.2 3.59

Table 11: Fractional errors in the determination of the most important microscopic WIMP
parameters derived from the MCMC scans: Ωh2, the predicted relic density, σv, the annihi-
lation cross section at threshold (in pb), and σ(χp), the spin-independent neutralino-proton
cross section (in units of 10−8 pb). The second column lists the values predicted by the
benchmark models. Columns 3–5 give the fractional error (σ/mean) from the MCMC scans.
Columns 6-8 give the mean value found from the MCMC data when this deviated by more
than 10% from the nominal value in column 2. As discussed in Appendix A, the quoted
errors are accurate to 10% or better, e.g. a 20% error is 20% ± 2%.

96

Bottom line: our figures of 
merit for understanding dark 

matter demand an ILC



• ILC precision + better model discrimination make it 
a telescope to the unification scale

• probably this requires SUSY (but who knows?)

• test many different kinds of unification:

• force unification

• matter unification (grand, extra dim assisted, etc)

• string unification

• unification with neutrino seesaw, leptogenesis

ILC and unification

J. Lykken     The Physics Case for the ILC



• With ILC, LHC, and SUSY, can ask: 
do gaugino mass parameters unify 
like the gauge couplings do?

• In such a case, will probably want 
GigaZ to check gauge couplings

force unification

J. Lykken     The Physics Case for the ILC
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• With ILC, LHC, and SUSY, can ask:  
what happens when you run the 
sfermion and Higgs mass parameters 
up to high scales?

• GUT models assisted by warped 
extra dimensions also have 
distinctive patterns

• Many possibilities, so need all the 
clues + precision that you can get

matter unification

J. Lykken     The Physics Case for the ILC

Blair, Porod, Zerwas hep-ph/0210058
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Figure 2: mSUGRA: Evolution, from low to high scales, of (a) gaugino mass parame-

ters, and (b) unification of gaugino mass parameter pairs; (c) evolution of first–generation

sfermion mass parameters and the Higgs mass parameter M2
H2

; (d) evolution of third–

generation sfermion mass parameters and the Higgs mass parameter M2
H1

. The mSUGRA

point probed is defined by the parameters M0 = 200 GeV, M1/2 = 250 GeV, A0 = -100 GeV,

tanβ = 10, and sign(µ) = (+). [The widths of the bands indicate the 1σ CL.]
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• hard to test since we 
don’t know which string 
vacuum we are in.

• but certain simple 
patterns of nonuniversal 
soft masses could be 
smoking gun of strings

• precision is essential! 

J. Lykken     The Physics Case for the ILC

Blair, Porod, Zerwas hep-ph/0210058

string unification



• suppose it is 2015 and we know that neutrinos have 
Majorana masses

• and charged lepton flavor violation has been seen 
(e.g.                ) 

• can ILC link SUSY, neutrinos, and unification into a 
compelling story for leptogenesis?

J. Lykken     The Physics Case for the ILC

unification with neutrinos, leptogenesis

τ → µγ



• LFV from superheavy 
seesaw scale leaks into 
slepton sector

• measure slepton 
induced LFV at ILC!

• and identify the SUSY 
model responsible

• and correct slepton 
running for seesaw 
effects 

J. Lykken     The Physics Case for the ILC

Predictions for Mi = MR, real R

MSUGRA benchmark models: Battaglia et al., hep-ph/0306219, http://spa.desy.de/spa
neutrino data: Maltoni et al., PRD68(2003)113010, anticipated 90% C.L. errors (scatter)

Br(µ→ eγ, τ → µγ)

SUSY point SPS1a

σ(e+e− → τµ + 2χ̃0
1),
√

s = 800 GeV

SUSY points C’,B’,G’,I’,SPS1a

Br(τ → µγ) < 6.8 · 10−8 (90 % C.L., BABAR 2005)
Br(µ→ eγ) < 1.2 · 10−11 (90 % C.L., PDG 2004)

R. Rückl Supersymmetric Lepton Flavour Violation and Leptogenesis Moriond 2006, 7
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• having fixed the model, 
extract the seesaw 
scale

• if our neutrino 
colleagues can get their 
hands on the CPV 
phases, we might 
understand leptogenesis

• this is a big challenge 
for everybody!

J. Lykken     The Physics Case for the ILC
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• The physics case for the ILC is a program of discovery 
aimed at many of the deepest mysteries in science.

• In discovery science we don’t make guarantees.        
We are aiming high, and Nature may not be kind.

• But ILC has unique qualities that make it essential for 
pursuing this science.

• Equally important, ILC is aligned and complementary to 
a broader program addressing the same big questions.

the big picture

J. Lykken     The Physics Case for the ILC



• what if there is no Higgs? (answered on slide 16)

• what if there is SUSY but it is heavy?

• what if Higgs but no SUSY and no other new 
particles kinematically accessible?

• what if all the new physics is at 10 TeV?

• (add your own)

tough questions

J. Lykken     The Physics Case for the ILC



• for this SUSY benchmark ILC-500 only produces charginos

• note sfermions are ~ 2 TeV

what if there is SUSY but it is heavy?

J. Lykken     The Physics Case for the ILC

3 Case study with heavy sfermions

3.1 Parameters of the chosen scenario

The following cMSSM parameters, taken at the GUT scale except for tan β, define the MSSM
scenario:

m1/2 = 144 GeV, m0 = 2 TeV, A0 = 0 GeV, tanβ = 20, sgn(µ) = +1. (22)

However, our analysis is performed entirely within the general MSSM framework, without any
reference to the underlying SUSY-breaking mechanism. The parameters at the EW scale are
obtained with the help of the SPheno code [20]; furthermore it has been checked with the
code micrOMEGA [21] that the lightest neutralino provides a relic cold-dark-matter density
consistent with cosmological data. The low-scale gaugino/higgsino/gluino masses as well as the
derived masses of SUSY particles are listed in Tables 1 and 2. As can be seen, the charginos
and neutralinos as well as the gluino are rather light, whereas the scalar SUSY particles have
masses about 2 TeV.

M1 M2 M3 µ tanβ mχ̃±
1

mχ̃±
2

mχ̃0
1

mχ̃0
2

mχ̃0
3

mχ̃0
4

mg̃

60 121 322 540 20 117 552 59 117 545 550 416

Table 1: Low-scale gaugino/higgsino/tanβ MSSM parameters, and the resulting chargino, neu-
tralino and gluino masses (all masses are given in GeV).

mh mH,A mH± mν̃ mẽR
mẽL

mτ̃1 mτ̃2 mq̃R
mq̃L

mt̃1 mt̃2

119 1934 1935 1994 1996 1998 1930 1963 2002 2008 1093 1584

Table 2: Masses of the SUSY Higgs particles and scalar SUSY particles (all masses are given
in GeV).

3.2 Input from the LHC

As can be seen from Tables 1 and 2, all squarks are kinematically accessible at the LHC. The
largest squark production cross section is for t̃1,2. However, with stops decaying mainly to g̃t
(with BR(t̃1,2 → g̃t) ∼ 66%), where background from top production will be large, no new
interesting channels are open in their decays. The other squarks decay mainly via g̃q, but
since the squarks are very heavy, mq̃L,R

∼ 2 TeV, precise mass reconstruction will be difficult.
Therefore we conservatively assume that the squark masses can be measured with an error of 50
GeV. Our results do not depend sensitively on this assumption since the mere indication that
the scalar quarks are very heavy will be sufficient for narrowing the experimental uncertainty
on the slepton sector from the ILC measurements.
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• chargino production and decay are sensitive to the heavy sfermions

• measure FB asymmetry with polarized beams, combine data from 350 GeV,  
500 GeV

• measure heavy slepton mass to 5%

J. Lykken     The Physics Case for the ILC
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Figure 1: Feynman diagrams for production and for leptonic and hadronic decays of charginos.

the selectron and sneutrino masses using the available information on the squark masses from
the LHC and the forward–backward asymmetry measured at the ILC in hadronic decay modes
is also discussed. Section 5 summarizes the results.

2 Strategy overview

2.1 Chargino and neutralino sector

We study chargino production
e− + e+ → χ̃+

1 + χ̃−

1 , (1)

with subsequent leptonic and hadronic decays

χ̃+
1 → χ̃0

1 + $+ + ν and χ̃0
1 + q̄d + qu, (2)

χ̃−

1 → χ̃0
1 + $− + ν̄ and χ̃0

1 + qd + q̄u, (3)

where $ = e, µ, qu = u, c, qd = d, s. The corresponding Feynman diagrams are shown in Fig. 1.
The production process contains contributions from γ- and Z0-exchange in the s-channel and
from ν̃-exchange in the t-channel. The decay processes are mediated by W±, $̃L, ν̃ or by q̃dL, q̃uL

exchange; contributions from Higgs boson exchanges to the production and decay are negligibly
small for the first and second generation fermions.

From the interaction Lagrangian of the MSSM (in our notation and convention, we follow

3

4.2 Parameter fit including the leptonic forward–backward

asymmetry

We now extend the fit by using as additional observable the leptonic forward–backward asymme-
try for polarized beams (−90%, +60%). We include final-state electrons and muons, assuming
equal masses of selectrons and smuons, and we include decays of both charginos. The SU(2)
relation between selectron and sneutrino masses has been assumed, see Eq. (29). The param-
eter ranges found in the previous step are scanned and accepted if χ2

AFB
≤ 1 after inclusion of

forward–backward asymmetry according to

χ2
AFB

= χ2 +
∑

i

(AFB(i) − AFB(i)th

∆AFB(i)

)2

, (34)

where χ2 is defined as in Eq. (32), and the sum over i includes AFB measured for both electrons
and muons at c.m. energies of 350 and 500 GeV. The terms AFB(i) and ∆AFB(i) are the cor-
responding experimental forward–backward asymmetries and their uncertainties; see Table 4.
For the forward–backward asymmetries the errors due to the uncertainty of beam polarization,
although very small with respect to the statistical one, are also included in the χ2 test. The
results of the scan are as follows:

59.7 ≤ M1 ≤ 60.35 GeV, 119.9 ≤ M2 ≤ 122.0 GeV, 500 ≤ µ ≤ 610 GeV,

1900 ≤ mν̃e ≤ 2100 GeV, 14 ≤ tanβ ≤ 31. (35)

Including the forward–backward asymmetries in the multiparameter fit strongly improves the
results. Note that no assumption on tan β has to be made. Since for small tanβ the wrong
value of AFB is predicted, tan β is constrained from below rather well. The constraints for the
mass mν̃e are improved by a factor of about 2 and for gaugino mass parameters M1 and M2 by
a factor of about 5, as compared to the results of Section 4.1 with unconstrained tan β. The
error for the higgsino mass parameter µ also decreases significantly. It is clear that in order to
considerably improve the constraints for the parameters µ and tan β, the measurement of the
heavy higgsino-like chargino and/or neutralino masses will be necessary at the second phase of
the ILC with

√
s ∼ 1000 GeV.

4.3 Parameter fit including the hadronic and leptonic

forward–backward asymmetries: test of SU(2)

4.3.1 Parameter fit including the leptonic AFB

In principle the SU(2) relation can be tested by employing the forward–backward asymmetries
measured in hadronic and leptonic decay modes of produced chargino. With the constraints for
the squark masses from the LHC, the hadronic forward–backward asymmetry could be used to
control the sneutrino mass and the leptonic forward–backward asymmetry to derive constraints
on the selectron mass. However, with the foreseen experimental accuracies, testing the SU(2)
relation turns out to be very challenging. First, we find that the five-parameter fit for M1, M2,
µ, mν̃e and mẽL

with fixed tanβ does not converge. Upper limits cannot be established for µ and
mẽL

, since a change of these parameters for high values can be compensated by small changes of
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• Test case: Little Higgs with T parity

• heavy partner of top may be out of reach to ILC-1000

• but affects ttZ coupling through mixing

J. Lykken     The Physics Case for the ILC

C.Berger, Perelstein, Petriello 
hep-ph/0512053

FIG. 2: The corrections to the tt̄Z coupling (left panel) and the top quark width (right panel) in the SU(5)/SO(5) Littlest

Higgs model with T parity. The regions in which the ILC would observe no deviation from the SM are shaded.

III. LITTLEST HIGGS WITH T PARITY

The LH model can be extended to include a discrete symmetry, T parity [6], which greatly reduces the contributions

to precision electroweak observables [9]. The main new feature in this model is the absence of the gauge boson mixing,

since light and heavy gauge bosons have opposite charges under T parity. The top-heavy top mixing is still present,

however. The resulting corrections to the tt̄Z and tb̄W vertices are identical to the corresponding shifts in the model

without T parity, δgZt
L and δgW t

L , given in Eqs. (1) and (2). The shift in the axial tt̄Z coupling is plotted in the left

panel of Fig. 2. (The shift in the vector coupling is identical up to a sign.) The correction to the top width is shown

in the right panel of Fig. 2. Again, both effects should be observable at the ILC.
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• add ILC measurements of single top production

• ILC discovers the underlying theory, even though you 
can’t produce the partners of top
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Figure 5: Expected bounds on SM-like couplings, axial Z-t-t̄ and left-handed W -t-b, from direct
LHC and ILC measurements. LHC bounds are shown in olive, ILC bounds in red. Superimposed
are predicted deviations from representative models described in the text.

bound on gWtb coming from the threshold measurement of the top-width, though the direct bound
we present does not depend on a detailed understanding of all top decay modes and branching
fractions, and thus is complementary to the measurement of the top width.

Figure 5 shows the new expected bounds on the SM-like top axial Z-t-t̄ and left-handed W -t-b
interactions and the discriminating power the new bounds can place on new physics models. We
include our results with the 1σ constraints on the independently varied axial Z-t-t̄ coupling from
the LHC [17] and ILC [18], and the direct constraints on the left-handed W -t-b coupling from the
LHC [10]. Predicted deviations from a few representative models are also superimposed: a Little
Higgs model with T-parity, a model of topflavor, and a model with a sequential fourth generation
whose quarks mix substantially with the third family. The Little Higgs T -parity model has a heavy
top-partner, T , with mass 500 GeV (the numbers on the plot indicate the strength of the h-T -t
interaction) [19]; the topflavor model has a mixing angle sinφ = .9 (numbers indicate the mass of
the heavy Z ′) [7]. Top-seesaw models have the same mixing effect as the Little Higgs model, and
thus trace out the same line in the plane of deviations in the Z-t-t̄ and W -t-b as the seesaw model
parameters are varied.

Many improvements on our approximate results are possible. In particular, higher order QCD
and EW corrections to the signal will be essential to include in a realistic analysis in order to obtain
the desired accuracy in gWtb, particularly effects from initial state radiation and beamstrahlung,
which will likely require stronger θ dependent cuts to cut down the resultant backgrounds. How-
ever, a consideration of the 4jbb̄ final state could add a comparable amount of statistics to the
semileptonic sample we’ve considered. Further, one could avoid the need for a large set of data at
a single energy by performing several measurements of smaller integrated luminosities at a range
of energies. This could allow one to use the energy dependent shape of the cross section as well as
the normalization, and could potentially allow one to achieve comparable accuracy with much less
integrated luminosity. We leave such refinements for future work.

8

Batra, Tait
 hep-ph/0606068



• ILC-500 with polarized beams is very sensitive to generic 4-
fermion operators, and to virtual effects from various extra 
dimensions models

• sensitivity to scales 10 to 100 TeV

J. Lykken     The Physics Case for the ILC

Table 3: Discovery reach (in TeV) on the mass scale parameters (95% C.L.) from the
lepton pair production processes at

√
s = 0.5 TeV. For the e+e− mode the three entries

refer to Lint(e+e−) = 100 fb−1 and the polarizations configurations (|P−|, |P+|)=(0,0);
(0.8,0); (0.8,0.6). For the e−e− mode the configurations are (|P−

1 |, |P−
2 |)=(0,0); (0.8,0);

(0.8,0.8) and Lint(e−e−) ≈ 1
3
Lint(e+e−).

process
model e+e− → e+e− e−e− → e−e− e+e− → µ+µ− e+e− → l+l−

ADD± (ΛH) 4.1; 4.2; 4.3 3.8; 4.0; 4.1 2.8; 2.8; 2.9 3.0; 3.0; 3.2
VV (Λ) 76.2; 80.8; 86.4 64.0; 68.8; 71.5 75.5; 76.4; 83.7 89.7; 90.7; 99.4
AA (Λ) 47.4; 49.1; 69.1 58.0; 62.0; 64.9 67.3; 68.2; 74.8 80.1; 81.1; 88.9
LL (Λ) 37.3; 45.5; 52.5 43.9; 52.4; 55.2 45.0; 51.0; 57.5 53.4; 60.5; 68.3
RR (Λ) 36.0; 44.7; 52.2 42.3; 52.3; 55.4 43.2; 50.6; 57.5 51.3; 60.0; 68.3
LR (Λ) 59.3; 61.6; 69.1 20.1; 22.1; 31.5 40.6; 46.0; 52.6 48.5; 55.0; 62.8
RL (Λ) ΛRL = ΛLR ΛRL = ΛLR 40.8; 46.7; 53.4 48.7; 55.6; 63.6
TeV (MC) 12.0; 12.8; 13.8 11.7; 12.5; 12.9 16.8; 17.1; 18.7 20.0; 20.3; 22.2

one of the four-fermion effective contact interactions listed in Table 2. To that purpose, we
can introduce relative deviations of the differential cross sections from the ADD predictions
in each angular bin, arising from the CI models, analogous to Eq. (10):

∆̃(O) =
O(CI) −O(ADD)

O(ADD)
. (13)

Correspondingly, a χ̃2 function analogous to Eq. (11) can be introduced, with δ̃(O) defined
in the same way as δ(O) but, in this case, the statistical uncertainty is referred to the ADD
model and therefore depends on the particular value of ΛH . Since there can be “confusion”
regions of ΛH and Λαβ values where also some CI model can be consistent to the ADD
predictions, on the basis of such χ̃2 we can study whether these “tested” models can be
excluded or not to a given confidence level, that we always assume 95%, once the ADD
model has been assumed as “true”. Then, we scan all values of ΛH up to the discovery
reach.

Thus, let us choose anyone of the “tested” CI models in (13), for definiteness the
VV one defined in Table 2, so that the χ̃2 mentioned above will be a function of the
two parameters εCI ≡ η/Λ2

αβ and εH ≡ λ/Λ4
H defined in Eqs. (9) and (8), respectively.

In Fig. 4, the four gray areas in the (εCI, εH) plane, corresponding to the sign choices
(η, λ) = (1, 1); (−1,−1); (1,−1); (−1, 1), represent values of the parameters for which
both the ADD and the VV models can give observable effects in unpolarized Bhabha
scattering at the ILC, with 95% C.L. Also, the horizontal and vertical bands correspond to
the discovery reaches on the ADD and VV models at the 95% C.L., derived in the previous
section in the unpolarized case. The “confusion region” is the area where the χ̃2 is smaller
than χ2

CL =3.84 and the two models cannot be distinguished at the 95% C.L.
As indicated in Fig. 4, one can find a maximal absolute value of the scale parameter εH

for which the “tested” VV model hypothesis is expected to be excluded at the 95% C.L.
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what if all the new physics is at 10 TeV?



• warped extra dimensions 
with top and gauge 
bosons in the bulk

• very heavy KK top affects 
the ttZ coupling

• ILC sensitivity estimated 
in the range .003 - .006

• Corresponds to KK 
modes with mass 10 TeV

J. Lykken     The Physics Case for the ILC

!

!"!#

!"!$

!"!%

!"!&

!"!'

!"# !"#' !"$ !"$' !"% !"%' !"& !"&' !"'

(
#
)
!
"(
#
*

+
,

-
-

./'012)

./#!012)

./$!012)

De Pree and Sher hep-ph/0603105



• answer more tough questions

• add realism

• DCR physics chapter! see talk by Klaus Moenig 
Thurs. 4 pm

things to do
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