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Asking the right question

In accessing the potential of a future collider in searching 
for new physics, we often ask: 
What NP particle can ... collider discover? 
Or, can ... collider discover X? (X≈SUSY...)
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Asking the right question

In accessing the potential of a future collider in searching 
for new physics, we often ask: 
What NP particle can ... collider discover? 
Or, can ... collider discover X? (X≈SUSY...)

Translation: 
Can we guarantee to discover new physics at ... collider?

Answer:
No.  We have a model which can be valid up to MPlanck. 
No “no-lose” theorem. 

However, I think this is the wrong question to ask.
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Science is about exploring the unknown in nature. We want 
our future colliders to lead the way, to expand our horizon.
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Asking the right question

The right question should be:
Can ... collider break new ground, and allow us to learn more 
about nature?  

Science is about exploring the unknown in nature. We want 
our future colliders to lead the way, to expand our horizon.

Moreover, the Standard Model left open a lot of open 
questions. There have been many ideas proposed to address 
them. We want our future colliders to help us test these ideas, 
and find new ones.  

Answer to this question may not be as “easy to communicate” 
as discovering new particles.  But the right question is a good 
start. 

This talk:  lepton
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Figure 1-2. Overlap between the questions and ideas discussed in the text.

equivalent (or ‘dual’) to composite theories. This has led to a deeper understanding of both extra
dimensions and compositeness, and led to many interesting and detailed proposals for new phyics
based on these ideas.

• Unification of forces. The idea that all elementary interactions have a unified origin goes back to
Einstein, and has its modern form in grand unification and string theory. There is experimental
evidence for the unification of gauge couplings at short distances, and string theory generally predicts
additional interactions that may exist at the TeV scale.

• Hidden Sectors. Additional particle sectors that interact very weakly with standard model particles
are a generic feature of string theory, and may play an important role in cosmology, for example dark
matter.

• ‘Smoking Gun’ Particles. Some kinds of new particles give especially important clues about the big
questions and ideas discussed here. Top partners are required in most solutions to the naturalness
problem; additional Higgs bosons are present in many models of electroweak symmetry breaking;
contact interactions of dark matter with standard model particles are the minimal realization of WIMP
dark matter; and unified theories often predict new gauge bosons (W 0/Z 0) that mix with the electroweak
gauge bosons.

• The Multiverse. String theory apparently predicts a ‘landscape’ of vacua, and eternal inflation gives
a plausible mechanism for populating them in the universe. The implications of this for particle
physics and cosmology are far from clear, but it has the potential to account for apparently unnatural
phenomena, such as fine-tuning.

These questions and ideas are summarized in Fig. 1-2, along with the connections between them.

Community Planning Study: Snowmass 2013
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Key words for lepton colliders

- Solid coverage, essentially loophole free.

- Much better measurement, thorough understanding.

The rest of the talk

- Some (familiar) examples to highlight these points. 

Most of the material:
Snowmass energy frontier studies
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Summary figure from Snowmass

- However, just looking at the length of the bars 
could be misleading. 

- More details needed to understand what lepton 
collider can do. 

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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WIMP Dark Matter
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“standard” story.

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- Model dependent! The reach is correlated with the rest of the particle 
spectrum. 

DM

Monday, May 12, 14



“standard” story.

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- Model dependent! The reach is correlated with the rest of the particle 
spectrum. 

DM

No discovery
 yet

Monday, May 12, 14



“standard” story.

DM

No discovery
 yet

Of course, will keep looking at LHC 14

Monday, May 12, 14



“standard” story.

DM

No discovery
 yet

Of course, will keep looking at LHC 14

If found, we need to measure its properties, make sure it is dark matter

Monday, May 12, 14



“standard” story.

DM

No discovery
 yet

Of course, will keep looking at LHC 14

If found, we need to measure its properties, make sure it is dark matter

If not found, we need to make sure we didn’t miss it at the LHC

Monday, May 12, 14



“standard” story.

DM

No discovery
 yet

Of course, will keep looking at LHC 14

If found, we need to measure its properties, make sure it is dark matter

If not found, we need to make sure we didn’t miss it at the LHC

Lepton collider will be essential in both of these cases!
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The model independent channel
- pair production + additional radiation.

- Mono-X: mono-jet, mono-photon, mono-...

- Have become “Standard” LHC searches.
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Mono-X 

- Very challenging. Systematics dominated
No limit from the 8 TeV run. 

Very weak discovery reach at 14 TeV, 3 ab-1 .

- Reach at lepton collider, about 1/2 ECM.
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Understanding DM at the ILC

DRAFT

14 New Particles Working Group Report

Figure 1-9. Sensitivity as a function of WIMP pair-production cross sections, for two beam polarization
options and two uncertainty scenarios. From Ref. [31]

Studies at lepton colliders o↵er two important advantages compared to similar studies at pp machines. First,383

the polarization of the initial state may be controlled, which gives power to distinguish between the WIMP384

signal and the backgrounds, which may have distinct polarization-dependent couplings.385

Following the analysis of Ref. [31], three coupling scenarious are considered:386

• equal: couplings are independent of the helicity of the initial state,387

• helicity: couplings conserve helicity and parity, and388

• anti-SM: WIMPs couple oly to right-handed electrons (left-handed positrons)389

where the final case has the greatest power to disentangle the SM backgrounds from WIMP production. The390

relative sensitivity of two of these scenarios is shown in Fig 1-9.391

The second major advantage of a lepton collider is its sensitivity to the WIMP mass through its e↵ect on392

the observed photon total energy, see Fig 1-10 for an ILC study. In addition, the ILC can determine spin393

properties of a WIMP [?].394

Such studies were possible at LEP, but the small integrated luminosity of the dataset and lack of control395

over beam polarization results in a significant decrease in sensitivity.396

Figure 1-10. Left, dependence of the photon energy spectrum on the dark matter mass, m�. Right,
expected relative uncertainty on m� as a function of m� for three coupling scenarios. From Ref. [31]

1.3.2.3 Connections to Cosmic and Intensity Frontiers397

The search for WIMPs via their interactions with the standard model is clearly an area where the energy398

frontier overlaps with the cosmic frontier, where there are dedicated direct-detection experiments searching399
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Figure 1-9. Sensitivity of various pp facilities to a dark matter pairs produced through a real Z0 mediator.
In each case, expected limits on the coupling gZ0 versus Z0 mass for two choices of m� as well as the values
of gZ0 which satisfy g0/mZ0 = 1/M⇤, where M⇤ are limits from a lower-energy facility. From Ref. [156]
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Figure 1-10. Sensitivity as a function of WIMP pair-production cross sections, for two beam polarization
options and two uncertainty scenarios at the ILC. From Ref. [38]

Studies at lepton colliders o↵er two important advantages compared to similar studies at pp machines. First,
the polarization of the initial state may be controlled, which gives power to distinguish between the WIMP
signal and the backgrounds, which may have distinct polarization-dependent couplings.

Following the analysis of Ref. [38], three coupling scenarious are considered:

• equal: couplings are independent of the helicity of the initial state,

• helicity: couplings conserve helicity and parity, and

• anti-SM: WIMPs couple only to right-handed electrons (left-handed positrons)

where the final case has the greatest power to disentangle the SM backgrounds from WIMP production. The
relative sensitivity of two of these scenarios is shown in Fig 1-10.

The second major advantage of a lepton collider is its sensitivity to the WIMP mass through its e↵ect on
the observed photon total energy, see Fig 1-11 for an ILC study. In addition, the shape of the photon
energy spectrum and the ratio of cross-sections measured with di↵erent beam polarisation configurations
give access to the helicity structure of the WIMP-lepton interaction and its dominant partial wave [38],
which are equivalent to pinning down the operator of the interaction.

Such studies were possible at LEP, but the small integrated luminosity of the dataset and lack of control
over beam polarization results in a significant decrease in sensitivity.

Community Planning Study: Snowmass 2013

Disentangle the coupling

Bartels, Berggren, and List,  1206.6639
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Verifying the WIMP story.

Figure 8: Relic density measurement for point LCC1. Histograms in this and all following
figures give the probability distribution dP/dx of the quantity on the x-axis, given the three
di!erent sets of accelerator constraints. Where the x axis is plotted logarithmically, the
probability plotted is actually dP/d log10 x. All histograms integrate to unity. Results for
the LHC make use of the assumption that the underlying physics model is supersymmetry.
This might not be clear from the LHC data alone.

The tail in the !!h2 distribution from the 500 GeV ILC is also a surprise. Its
explanation is given in Fig. 9(c), which shows the correlation between !!h2 and the
mass of the A0 boson in this likelihood function. The s-channel process involving
the A0 boson actually makes a small contribution to the annihilation cross section
at LCC1, and this must be fixed to determine the cross section to a level below 1%.
When we learn the mass of the A0 at the 1000 GeV ILC, this uncertainty in the
prediction of !!h2 is removed.

4.3 Relic density at SPS1a!

Nojiri, Polesello, and Tovey (NPT) [11] have also estimated the capability of
the LHC data to predict the neutralino relic density. Their analysis was done at a
point quite similar, but not identical to, LCC1. By adjusting the parameters of our
simulation, we can make a direct comparison of our results to those of NPT. In this
section, we will describe our analysis of the point considered in [11] and show that
our results are in good agreement. Since NPT used a di"erent method to arrive at
their estimate, this comparison provides a nontrivial check of the two methods.

38

prediction of dark matter relic density in a stop co-annihilaton scenario:

Frietas et al.

Baltz, Battaglia, Peskin, Wizansky, 0206187

Freitas, Milstene, Schmitt, Sopczak, 0712.4010

Stop coannihilation
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Naturalness

- Often emphasized: SUSY stop 

- At the same time, masses of particles with only 
electroweak int. could enter in a more direct way.

- Example: SUSY Higgsino

The ratio of the VEVs is traditionally written as

tan ! ! vu/vd. (7.7)

The value of tan! is not fixed by present experiments, but it depends on the Lagrangian parameters
of the MSSM in a calculable way. Since vu = v sin! and vd = v cos ! were taken to be real and positive
by convention, we have 0 < ! < "/2, a requirement that will be sharpened below. Now one can write
down the conditions #V/#H0

u = #V/#H0
d = 0 under which the potential eq. (7.2) will have a minimum

satisfying eqs. (7.6) and (7.7):

m2
Hu

+ |µ|2 " b cot ! " (m2
Z/2) cos(2!) = 0, (7.8)

m2
Hd

+ |µ|2 " b tan! + (m2
Z/2) cos(2!) = 0. (7.9)

It is easy to check that these equations indeed satisfy the necessary conditions eqs. (7.3) and (7.4).
They allow us to eliminate two of the Lagrangian parameters b and |µ| in favor of tan !, but do not
determine the phase of µ. Taking |µ|2, b, m2

Hu
and m2

Hd
as input parameters, and m2

Z and tan ! as
output parameters obtained by solving these two equations, one obtains:

sin(2!) =
2b

m2
Hu

+ m2
Hd

+ 2|µ|2
, (7.10)

m2
Z =

|m2
Hd

" m2
Hu

|
!

1 " sin2(2!)
" m2

Hu
" m2

Hd
" 2|µ|2. (7.11)

(Note that sin(2!) is always positive. If m2
Hu

< m2
Hd

, as is usually assumed, then cos(2!) is negative;
otherwise it is positive.)

As an aside, eqs. (7.10) and (7.11) highlight the “µ problem” already mentioned in section 5.1.
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2

Z . However, in the MSSM, µ is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m2

Hu
, m2

Hd
are supersymmetry-breaking parameters. This has lead to a

widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the e!ective value of µ to the supersymmetry-breaking mechanism in some way; see section 10.2
and refs. [57]-[59] for examples.

Even if the value of µ is set by soft supersymmetry breaking, the cancellation needed by eq. (7.11)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan !,
eq. (7.11) becomes

m2
Z = "2(m2

Hu
+ |µ|2) +

2

tan2 !
(m2

Hd
" m2

Hu
) + O(1/ tan4 !). (7.12)

Typical viable solutions for the MSSM have "m2
Hu

and |µ|2 each much larger than m2
Z , so that signif-

icant cancellation is needed. In particular, large top squark squared masses, needed to avoid having
the Higgs boson mass turn out too small [see eq. (7.25) below] compared to the direct search limits
from LEP, will feed into m2

Hu
. The cancellation needed in the minimal model may therefore be at the

several per cent level. It is impossible to objectively characterize whether this should be considered
worrisome, but it could be taken as a weak hint in favor of non-minimal models.

The discussion above is based on the tree-level potential, and involves running renormalized La-
grangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections "V to the e!ective potential Ve!(vu, vd) = V + "V as a

66

also the Higgsino mass

Fine tuning ∝	 MZ2/μ2

To reduce fine tuning, Higgsino should be as light as possible
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Higgsino at lepton colliders

- Solid discovery reach ≈ 0.5 ECM.

- Essential role in naturalness, want to learn as 
much about it as possible. 
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FIG. 3: Sensitivity reach for electroweakinos at the 500 ILC with 500 fb!1 luminosity, studied with fast

simulation: (a) for the Bino-like LSP in µ ! M2 plane, (b) for the case of Higgsino-like LSP in !M =

M!±
1

!M!0
1
versus Higgsino massM!±

1

. The green/black-colored points indicate points with S/
"
B > 3!,

while the red-colored points are with S/
"
B < 3!. The statistical significance is labeled by the color code

on the right-hand side.

(!+!! +!!ET ), (b) tri-lepton (!!! + jets +!!ET ), and (c) Wh (!bb +!!ET ). We also show in (d) the

combined sensitivity for all six search channels [18]. The statistical significance is labeled by the

color code on the right-hand side. The solid and dashed curves indicate the 5" discovery and 95%

C.L. exclusion reach. As expected, we see that the di-lepton mode in (a) is more sensitive to Case

AI withM2 < µwith certain sensitivity to low µ as well, the trilepton mode in (b) is more sensitive

to Case AII with µ < M2, while the single lepton plus h # bb̄ in (c) is mainly sensitive to lowM2.

It is important to note the complementarity of the different channels. TheWh (h # bb̄) final state

may yield a sensitivity of 95% C.L. exclusion (5" discovery) to the mass scaleM2, µ $ 250!400

GeV (200! 250 GeV). Combining with all the other decay channels, the 95% C.L. exclusion (5"

discovery) may be extended toM2, µ $ 480! 700 GeV (320! 500 GeV).

IV. CHARGINOS AND NEUTRALINOS AT THE ILC

Due to the rather small electroweak production cross sections and large SM backgrounds at the

LHC, the discovery of the charginos and neutralinos via direct production would be very challeng-
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IV. CHARGINOS AND NEUTRALINOS AT THE ILC

Due to the rather small electroweak production cross sections and large SM backgrounds at the

LHC, the discovery of the charginos and neutralinos via direct production would be very challeng-
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The main implication of this picture– dubbed radiatively-driven natural supersymmetry (RNS) because
the soft term m2

Hu
is radiatively driven to small negative values at the electroweak scale [25, 26]– is that there

should exist four light physical Higgsinos !̃0
1, !̃

0
2 and !̃±

1 with mass ! 100" 300 GeV (the lighter the better)
where !̃0

1 is the LSP which is dominantly Higgsino-like (albeit with a non-negligible gaugino component).
Due to the compressed spectrum amongst the various Higgsino states (typically a 10-20 GeV mass gap in
models with gaugino mass unification), their three-body decays yield only tiny visible energy release, making
them very di!cult to detect at LHC. On the other hand, the light Higgsinos should be easily detected at an
ILC provided that

#
s > 2|µ|.

The situation can be illustrated within the µ vs. m1/2 plane in the RNS model [27], where we also take
GUT scale matter scalar masses m0 = 5 TeV, tan" = 15, A0 = "1.6m0 and mA = 1 TeV. From the left
panel of Fig. 1, it can be seen that LHC8 has explored m1/2 ! 0.4 TeV via the search for g̃g̃ production.
The calculated LHC14 reach with 300!1 fb for g̃g̃ production [28] and for same-sign diboson production [29]
extends to m1/2 ! 0.7"0.8 TeV (corresponding to a reach in mg̃ ! 1.8"2.1 TeV). The naturalness contours

of "EW = 30 (i.e. "!1
EW ! 3% fine-tuning) extend well beyond LHC14 reach all the way to m1/2 ! 1.2 TeV.

However, ILC600 can probe the entire parameter space with "EW < 30, thus either discovering Higgsinos
or ruling out SUSY electroweak naturalness.

NUHM2: m0=5 TeV, tanβ=15, A0 =-1.6m0, mA=1TeV, mt =173.2 GeV
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Figure 1: Left: Contours of fine-tuning "EW = 15, 30, 50, and 75 in the m1/2 vs. µ plane for the RNS
model with parameters as shown (from Ref. [27]). The blue vertical lines show the current reach of LHC8 and
the projected reach of LHC14 with 300 fb!1 via gluino pair searches (dashed line) and same-sign dibosons
(dot-dashed). The reach of ILC with

#
s = 250, 500 and 1000 TeV is also shown. The green-shaded region

has a thermal Higgsino relic abundance #h̃h
2 $ 0.12. Right: Parameter determination in the M2 vs M1

plane in the benchmark Higgsino scenario. The star indicates the input values of M2 and M1, the "!2 = 1
contour of a fit to expected ILC measurements is displayed in red. From the same fit, µ is obtained with
sub-GeV precision. From Ref. [32].

This is true independently of the size of the mass splittings between the Higgsinos. The clean environment
of the ILC allows to resolve and measure mass di$erences even in the sub-GeV regime. Beam polarization
can not only be employed to enhance the signal, but also to verify that s-channel Z (or Z/#) exchange is
the only production mechanism as expected for Higgsinos.

The achievable precision at the ILC has recently been studied for a benchmark scenario with µ = 166 GeV,
assuming ILC TDR [2] machine parameters and detector performance [3]. The gaugino mass parameters
are as large as M1 = 5.4 TeV and M2 = 9.5 TeV, resulting in a mass di$erence of only "(M!̃±

1
"M!̃0

1
) =

770 MeV [30, 32]. Even in such a challenging situation, all states can be fully resolved. M!̃±
1
and M!̃0

2
can

7
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Measuring the Higgsino

- Precise mass measurements. 

- O(102) MeV-GeV Chargino-neutralino mass 
difference measurement! 

model the signal contribution and fitted to the simulated data in the endpoint region (red line). The two
parameters of the SM background function are fixed to the values obtained from the SM-only fit in the wider!
s! window. It has been verified that the results are stable against reasonable variations of the fit ranges or

the bounds on the background parameters. The chargino mass is fitted to 168.0 ± 1.4GeV in the dM1600
scenario and to 168.6± 1.0GeV in the dM770 case.
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Figure 6: Distribution of the reduced centre-of-mass energy (
!
s!) of the system recoiling against the hard ISR

photon for all events passing the chargino selection for an integrated luminosity of 500 fb"1 with P (e+, e") =
(+30%,"80%). M

!!±
1

is determined from a linear fit to the distribution near the endpoint. Left: dM1600
scenario; Right: dM770 scenario.

The fitted central values agree within 1.6 (1.2) standard deviations with the respective input masses of
M

!!±
1

= 165.77GeV (M
!!±
1

= 167.36GeV) in the dM1600 (dM770) scenario. Since the relation between
!
s!

and the chargino mass is only approximate, e.g. due to the approximation of equal chargino energies, but
even more so due to the beam energy-spectrum, an exact agreement is not necessarily expected. Therefore
we investigated the dependence of the fitted mass on the input mass by simulating signal samples with
di!erent chargino masses. In order to minimise a possible bias due to changes in the acceptance, all higgsino
masses were varied simultaneously, so that e.g. the momentum distribution of the decay products does not
change significantly.

Figure 7 shows the fitted mass as function of the true mass for both scenarios. They clearly display a
linear behaviour, which can easily be used to calibrate the reconstruction method. The calibrated mass (and
its uncertainty) can be found on the x-axis as a projection of the fitted values on the y-axis as indicated by
the lines.10

At a first sight it might appear worrisome that both scenarios have di!erent correlations between fitted
and true masses. However one needs to remember that in the dM1600 case, an additional decay channel
is included and thus di!erent selections are applied in the two scenarios, which in this case changes the
behaviour of the reconstruction. A substantial component of the uncertainty is correlated between all
masses. This is due to the remaining background, and is most visible in the dM770 scenario, where the
signal rate is higher and thus statistical fluctuations between the di!erent signal samples at the di!erent
masses are smaller than in the dM1600 case. In the absence of any background, the statistical error on an
individual mass determination would shrink to about 0.5GeV.

After applying the calibration, we find an excellent agreement with the input mass values, at the price
of the uncertainties increasing by # 50%:

dM1600 : M cal
!!±
1

= 166.2± 2.0GeV (M true
!!±
1

= 165.8GeV) , (17)

dM770 : M cal
!!±
1

= 167.3± 1.5GeV (M true
!!±
1

= 167.4GeV) . (18)

10The uncertainty on the calibration curve itself is not propagated to the final result, since its origin, namely the limited
amount of available MC statistics especially for the SM background, will not be an issue in a real ILC measurement.

16

/GeVtrue
1
±χM

160 165 170 175 180

/G
eV

fit 1± χ
M

160

165

170

175

180
 = 165.8 GeV 

1
±χ∼

trueM
 1.4 GeV ±  = 168.0 

1
±χ∼

fitM
 2.0 GeV ± = 166.2 

1
±χ∼

calM

 0.14 ±Slope = 0.70 
dM1600

/GeVtrue
1
±χM

165 170 175

/G
eV

fit 1± χ
M

165

170

175  = 167.4 GeV 
1
±χ∼

trueM
 1.0 GeV ±  = 168.6 

1
±χ∼

fitM
 1.5 GeV ± = 167.3 

1
±χ∼

calM

 0.18 ±Slope = 0.66 
dM770

Figure 7: Calibration of the
!
s! method for the chargino mass determination. Left: dM1600 scenario; Right:

dM770 scenario.

Reconstruction of the chargino–LSP mass di!erence

After a clear observation of the signal in the
!
s! spectrum and the determination of the chargino mass

from the endpoint, the background can be further reduced by tightening the missing energy cut to Emiss >
350GeV. The resulting event count is displayed for both scenarios in the respective last line of Table 5.

The mass di!erence between the chargino and the LSP is very small in both scenarios, namely 1.6GeV
(770MeV) in the dM1600 (dM770) scenario. It is nevertheless accessible via the energy of the visible chargino
decay products in the chargino-pair rest frame, calculated according to the definition in Eq. (15). If the
charginos are actually produced at rest, E"

! can only take one value, viz:

E"
! =

(M
!"±
1
"M!"0

1
)(M

!"±
1
+M!"0

1
) +m2

!

2M
!"±
1

=
"(M)#(M) +m2

!

2M
!"±
1

=
1

1/"(M) + 1/#(M)
+

m2
!

2M
!"±
1

, (19)

wherein "(M) and #(M) are the di!erence and sum of the chargino and the LSP masses, respectively. As
both the mass di!erence and m! are several orders of magnitude smaller than the higgsino masses, E"

! is
equal to the mass di!erence itself to a very good approximation. This is illustrated by the upper row of
plots in Figure 8, which show the selected events in the E"

!–
!
s! plane for both scenarios. The signal events

form a distinctive triangular region, with a tip just at the mass di!erence indicated by the blue arrow. We
select the tip of the triangle by requiring

!
s! < 345 GeV, as indicated by the blue line, and then determine

the tip position from the projection of the remaining events onto the E"
! axis. In a more complex analysis

the whole two-dimensional
!
s! distribution could be exploited to determine the mass di!erence, potentially

even together with the cross section.

The resulting E"
! distributions are displayed in the lower row of Figure 8, again for both scenarios. The

mass di!erence is then reconstructed as the mean of a Gaussian fitted to the distribution. Due to the limited
amount of available SM events in the simulation, we subtract the SM background, assuming that precise
theoretical predictions and su$cient MC statistics would be available for a real ILC measurement. However,
the error bars include the full expected statistical fluctuations from the background. Especially in the case
of the dM1600 scenario, the remaining signal is rather small, but still has a significance of more than 5!.
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Extracting more information

- Using production rates, mass differences. 

- Sensitive to TeV bino/wino mass (outside of the 
reach of the LHC). 
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Figure 11: The 1-! contours for determination of M1 and M2 in scenario dM1600. The input values of M1

and M2 are indicated by the star, and (tan")true = 44. Top: The fit using input values listed in Tab. 9 for
three di!erent values of tan". Bottom: Projected fit results after a high-luminosity run,

!
L dt = 2 ab!1,

with experimental errors improved by factor 2 and with the mass di!erenceM!!0
2
!M!!0

1
measurement included

for a fixed tan" = 50 and tan" = 10. For M1 > 0, other values of tan" do not further extend allowed
regions and the respective contours are inside the one for tan" = 50. For M1 < 0, solutions exist only for
8 " tan" " 16 near M1 # !0.5 TeV.
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SUSY stop 

- We have invented many ways of hiding the stop.
mutli-stage decay, compressed, stealth, RPV ...

- Lepton collider can set a firm limit with no loophole.

1.3 Discovery Stories 25

motivated to search for these. In our example model, a 3 TeV CLIC [10, 133] would easily discover an 800
GeV ẽR, but 1.6 TeV ⌧̃

1

and heavier sleptons would remain out of reach.

The higher mass colored superpartners can only be searched for at a higher energy hadron machine, either
a 33 TeV LHC or a VLHC (see Fig. 1-19).

1.3.5 SUSY with a light stop

One of the essential elements of any solution to the naturalness problem is a top-partner, which is responsible
for temper the quantum corrections to the Higgs mass generated by the top quark. In SUSY, the superpartner
of the top quark, stop, plays this role. Therefore, search for the stop is directly connected to the test of
naturalness.

Figure 3: Projections of the pMSSM model coverage e�ciencies from the 7 and 8 TeV LHC
searches shown in the lightest stop-LSP mass plane (top left), the lightest sbottom-LSP mass
plane (top right) and the lightest stau-LSP mass plane (bottom). The solid and dashed white
lines represent the corresponding 95% CL limit results obtained by ATLAS at 7 and 8 TeV,
respectively, in the simplified model limit as discussed in the text.

8

Figure 1-22. Limits on the pMSSM parameter space [53] from current LHC stop searches.

The simplest stop decay channel is t̃ ! t+ LSP, giving rise to signature tt̄ + 6ET . LHC run 1 has made
significant progress in exploring the relevant parameter region of light stop. At the same time, there are still
large portion of model space left unconstrained, as demonstrated in the pMSSM scan [53] shown in Fig. 1-22.
This channel is going to be one of the foci of the LHC Run 2 program. The reach is estimated in ATLAS
and CMS white papers [151, 153], as shown in Fig. 1-23

If an excess is observed in this channel in LHC Run 2, it may be evidence for SUSY with a light stop quark.
During the subsequent run and the operation of HL-LHC, the significance of this excess will grow and reach
discovery level. This would be a major discovery which marks the beginning of an new era. It gives solid
evidence to naturalness, and hints at many new particles to be discovered in the coming decades. In addition
to the stop discovery, the presence of tt̄+MET signal implies the presence of a stable neutral particle. This
would the first collider signal for dark matter as well!

The immediate goal after this discovery would be to measure the properties of the new particle, and check
it is consistent with that of the stop. The most important properties include its mass and couplings. With
some simplifying assumptions which can be checked later, we can get an initial estimate of the stop mass
just from the measured production cross section.

The initial discovery would also tell us that stop has a significant coupling to top and the LSP so that t̃ ! t+
LSP is a main decay mode. Indeed, this would also be one of simplifying assumption which allows us to
estimate the stop mass using production rate. At the same time, the stop can have a rich collection of decay
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Another approach.

- Independent of how stop can be produced and 
how they decay. 

30 Study of Electroweak Interactions at the Energy Frontier
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Figure 1-11. MSSM parameter scan for MW and sin2

✓

`
e↵

(see text). Today’s 68% C.L. ellipses (from
A

b
FB

(LEP), Ae
LR

(SLD) and the world average) are shown as well as the anticipated LHC and ILC/GigaZ
precisions, drawn around today’s central value.

based on Ae
LR by SLD and Ab

FB by LEP, corresponding to

Ab
FB(LEP) : sin2 ✓`

exp,LEP

e↵ = 0.23221± 0.00029 , (1.14)

Ae
LR(SLD) : sin2 ✓`

exp,SLD

e↵ = 0.23098± 0.00026 , (1.15)

sin2 ✓`
exp,aver.

e↵ = 0.23153± 0.00016 , (1.16)

where the latter one represents the average [3]. The first (second) value prefers a value of MSM
H ⇠

32 (437) GeV. The two measurements di↵er by about 3�. The averaged value of sin2 ✓`e↵ , as given in
Eq. 1.16, prefers MSM

H ⇠ 110 GeV. One can see that the current averaged value is compatible with the
SM with MSM

H ⇠ 125.6 GeV and with the MSSM. The value of sin2 ✓`e↵ obtained from Ae
LR(SLD) clearly

favors the MSSM over the SM. On the other hand, the value of sin2 ✓`e↵ obtained from Ab
FB(LEP) together

with the MW data from LEP and the Tevatron would correspond to an experimentally preferred region
that deviates from the predictions of both models. This unsatisfactory solution can only be resolved by
new measurements. The anticipated LHC accuracy for sin2 ✓`e↵ would have only a limited potential to
resolve this discrepancy, as it is larger than the current uncertainty obtained from the LEP/SLD average.
On the other hand, a Z factory, i.e. the GigaZ option, would be an ideal solution, as is indicated by the
red ellipse. The anticipated ILC/GigaZ precision of the combined MW –sin2 ✓`e↵ measurement could put
severe constraints on each of the models and resolve the discrepancy between the Ab

FB(LEP) and Ae
LR(SLD)

measurements. If the central value of an improved measurement with higher precision should turn out to
be close to the central value favored by the current measurement of Ab

FB(LEP), this would mean that the
electroweak precision observables MW and sin2 ✓`e↵ could rule out both the SM and the most general version
of the MSSM.
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by the GUT relation M1 ⇡ M2/2 so that setting a lower limit of 300 GeV on charginos also sets the lower
mass limits on neutralinos of ⇠ 150 GeV. We have selected the points from our scan accordingly. Any
additional particle observation would lead to an even more restricted set of points and thus strengthen
the parameter determination. In Fig. 1-9, we show the “surviving” points from our scan. All points fulfil
Mh = 125.6 ± 3.1 GeV and mt̃1

= 400 ± 40 GeV. Orange, red, blue and purple points denote in addition
W boson mass values of MW = 80.375, 80.385, 80.395, 80.405 ± 0.005 GeV, respectively. In the right-hand
figure we show the results as a function of the masses of the heavy scalar top and the light scalar bottom.
It can be seen that these unknown mass scales are restricted to small intervals if 80.385 GeV or higher MW

values are assumed as central experimental values (i.e. su�ciently di↵erent from the SM prediction). In this
situation the precise MW measurement could give clear indications of where to search for these new particles
(or how to rule out the simple MSSM picture). For instance, a measurement of MW = 80.405± 0.005 GeV
(purple MSSM scenarios) would indicate that mb̃1

< 800 GeV.

Figure 1-9. Results of a MSSM parameter scan to illustrate what can be learned from an improved MW

measurement under the assumption a light stop is found with m

˜t1
= 400 ± 40 GeV: green points: all

points in the scan with Mh = 125.6 ± 3.1 GeV and m

˜t1
= 400 ± 40 GeV, yellow, red, blue, purple points:

MW = 80.375 ± 0.005 GeV (yellow), MW = 80.385 ± 0.005 GeV (red), MW = 80.395 ± 0.005 GeV (blue),
and MW = 80.405± 0.005 GeV (purple) .

The MSSM parameter space could also be constrained by a precise measurement of sin2 ✓`e↵ . The evaluation
of the latter is performed at the same level of accuracy as for MW [129].

In the first example it is investigated whether the high accuracy achievable at the GigaZ option of the ILC
would provide sensitivity to indirect e↵ects of SUSY particles even in a scenario where the superpartners are
so heavy that they escape detection at the LHC [129]. We consider in this context a scenario with very heavy
squarks and a very heavy gluino. It is based on the values of the SPS 1a0 benchmark scenario [130], but the
squark and gluino mass parameters are fixed to 6 times their SPS 1a0 values. The other masses are scaled
with a common scale factor given by the light chargino mass, except MA which we keep fixed at its SPS 1a0

value. In this scenario the strongly interacting particles are too heavy to be detected at the LHC, while,
depending on the scale-factor, some colour-neutral particles may be in the ILC reach. In Fig. 1-10 we show
the prediction for sin2 ✓`e↵ in this scenario as a function of the lighter chargino mass, m�̃±

1
. The prediction

includes the parametric uncertainty, �para�LC, induced by the ILC measurement ofmt, �mt = 100 MeV, and

the numerically more relevant prospective future uncertainty on �↵(5)
had, �(�↵(5)

had) = 5 ⇥ 10�5. The MSSM
prediction for sin2 ✓`e↵ is compared with the experimental resolution with GigaZ precision, �LC = 0.000013,

Community Planning Study: Snowmass 2013

Monday, May 12, 14



We can hide T’ very well. 

- Top partner not colored. 
Twin Higgs.

General Higgs portal. 

- Study to be done! 
Reach probably very limited, 100s GeV (my guess)

T !

T !

h

T ! T !

h h

Chacko, Harnik, et al
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Anything else we can do?

- Precision Higgs measurement is the best way to 
go. 

4
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ZZ

FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.
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Craig, Englert, McCullough, 2013  

Wavefunction renormalization
Induce shift in Higgs coupling.
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Motivations

- Z’ is “everywhere”, part of a bigger picture
String compactifications, extra-dim, composite...

- If it is there, it is among the most “obvious” 
signals of a NP scenario. 

Sometimes the best/only hope!

- Lepton colliders provide a qualitative different 
way of discovering and studying the Zprime.
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Zprime benchmarks and observables

- Not the only possible models. 
Chosen for variety in coupling.

- Observables: dσ, AFB, ALR ... 

1.3 Discovery Stories 17

1.3.3 New gauge bosons

1.3.3.1 Z 0

Additional colorless vector gauge bosons (Z 0) occur in many extensions of the Standard Model (SM), in part
because it is generically harder to break additional abelian U(1)0 factors than non-abelian ones1. Although
Z 0s can occur at any scale and with couplings ranging from extremely weak to strong, we concentrate here
on TeV-scale masses with couplings not too di↵erent from electroweak, which might therefore be observable
at the LHC or future colliders.

In this section, we summarize both the discovery reach and the potential of measuring the properties of new
vector gauge bosons at future facilities. Following the notation in [129], we define the couplings of the SM
and additional gauge bosons to fermions by

�LNC = eJµ
emAµ + g

1

Jµ
1

Z0

1µ + g
2

Jµ
2

Z0

2µ, Jµ
↵ =

X

i

f̄i�
µ[✏↵i

L PL + ✏↵i
R PR]fi.

In this report, We will focus on several well known examples, listed in Table 1.3.3.1.

�  ⌘ LR BL SSM

D 2
p

10 2
p

6 2
p

15
p

5/3 1 1

✏̂qL –1 1 –2 –0.109

1/6

✏̂uL
1

2

�

2

3

sin2✓W

✏̂dL �

1

2

+ 1

3

sin2✓W

✏̂uR 1 –1 2 0.656 ✏̂uR �

2

3

sin2✓W

✏̂dR –3 –1 –1 –0.874 ✏̂dR
1

3

sin2✓W

✏̂lL 3 1 1 0.327
–1/2

✏̂⌫L
1

2

✏̂eL �

1

2

+ sin2✓W

✏̂eR 1 –1 2 –0.438 ✏̂eR sin2✓W

Table 1-2. Benchmark models and couplings, with ✏i
L,R ⌘ ✏̂i

L,R/D.

Hadron colliders are great for searching for Z 0. Such searches typically look for a resonance peak in the
lepton pair invariant mass distribution. Due to its simplicity and importance, it is usually among the
earliest analyses to be carried out at hadron colliders. The reach at the LHC and HL-LHC are presented in
the left and middle panel of Fig. 1-13. In particular, LHC Run 2 can discover Z 0 up to about 5 TeV, while
the HL-LHC and a 33 TeV hadron collider can extend that reach to about 7 TeV and 12 TeV, respectively.
Previous studies [93] indicate that a 100 TeV VLHC can ran up to M 0

Z ⇠ 30 TeV.

High energy lepton colliders can search for Z 0 by observing its interference with the Standard Model Z and
photon. As an example, the ILC reaches for several Z 0 models are presented in the right panel of Fig. 1-13.
In particular, in addition to the total rate, the asymmetry observables (defined later) are very powerful in
many cases. We see that it can go beyond the capabilities of the 14 TeV LHC. For example, this is the case
for Z 0

B�L

and Z 0
�. The CLIC reach is significantly higher [10].

A Z 0 discovery would be spectacular at the LHC and will be a focus of attention as the energy doubles in
2015. Such an observation will come steadily for invariant masses above a few TeV/c2 and will accumulate

1
For reviews, see [129, 83, 121, 131]. Specific properties are reviewed in [84, 105, 130, 137, 124].

Community Planning Study: Snowmass 2013

Monday, May 12, 14



Discovery reach

- In general, stronger than the LHC!  

- Various observables complementary.

18 New Particles Working Group Report
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W� [48] and a dark matter
effective theory [49, 50]. In the SSM, the W� boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W� masses ranging from
0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /

10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W� [48] and a dark matter
effective theory [49, 50]. In the SSM, the W� boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W� masses ranging from
0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /

10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Understanding the Z’
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Figure 3. The accuracies of ILC observables for a 500 GeV ILC. Details of the assumed uncer-
tainties are discussed in the text. Left panel: ��2 = 1(4) contours (red (blue)) of the simulated
e�e+ ! µ�µ+ cross sections �[µ�µ+] and the forward-backward asymmetry AFB [µ�µ+] in the
dimuon system, with 500 fb�1 data at fixed beam polarization P (e�, e+) = (+0.8,+0.3). Right
panel: ��2 = 1(4) contours (red (blue)) of the simulated polarization (left-right) asymmetry in the
dimuon system ALR[µ�µ+], and the total polarization asymmetry ALR[tot] (including all of the final
states except e�e+ and ⌫⌫̄), with 500 fb�1 each for beam polarizations P (e�, e+) = (+0.8,+0.3)
and P (e�, e+) = (�0.8,�0.3).

If the beam polarization can be flipped from normal polarization to the reversed po-

larization P(e�, e+) = (�0.8,�0.3), one can determine the polarization (left-right) asym-

metry A
LR

[µ�µ+] for the dimuon channel, defined in (B.12) and (B.13), for which some

of the systematics cancel. One can also observe the total polarization asymmetry A
LR

[tot]

defined in (B.14), for which one does not need to identify the final state (other than remov-

ing the dielectron) and which has higher statistics. However, there are some cancellations

between final states. For example, some final states may have positive deviations from the

SM while others have negative deviations. Both A
LR

[µ�µ+] and A
LR

[tot] are shown in

the right panel of Figure 3, assuming 500 fb�1 for each polarization13 For the A
LR

[tot], we

sum all of the observed final states other than the dielectron14. A
LR

has the merit that

not only most of the luminosity uncertainty cancels, but also many systematic uncertain-

ties, such as those associated with tagging e�ciencies, acceptances, etc., cancel. Therefore,

we only include the polarization and statistical uncertainties when treating the polariza-

tion asymmetries15. A
LR

[µ�µ+] is especially sensitive to Z 0
�

, while A
LR

[tot] is useful for

13With the doubled run one would also have such new observables as �L + �R in (B.12), AFB in (B.9)

with reversed polarization, or A

FB
LR in (B.15). Alternatively, one could divide a 500 fb�1 run into two 250

fb�1 runs with opposite polarizations, in which case the outer contours in Figure 3 would correspond to

��

2 = 2.6.
14The major contribution to ALR[tot] is from the hadronic final states, since the polarization asymmetry

for dileptons is much smaller. One could also consider di↵erent final states separately to gain better

statistical sensitivity (but with larger systematic uncertainties).
15Some parametric uncertainties in the SM parameters don’t cancel. We ignore them here as they are

expected to improve in the future [50].
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(to illustrate the role a lepton collider will play)

Monday, May 12, 14



stau coannihilation 

1.3 Discovery Stories 27

rule” [49], a relation among stop and sbottom masses and mixing angles which is tightly connected with this
cancellation. A meaningful test of the sum rule requires precise measurements of the masses and mixing
angles, which could be performed at a future lepton collider.

Higher energy proton colliders are necessary to significantly extend the reach of stops. This can be clearly seen
in Fig. 1-24, which presents the reach on a stop-neutralino simplified model using the single lepton channel
[71]. In particular, an 100 TeV hadron collider can probe stop up to at least 6 TeV. The improvement in
stop reach significantly enhanced our capability of testing the naturalness of the Higgs mass, as a significant
part of the fine-tuning is proportional to m2

˜t1
.

We note that, from Fig. 1-22, very light stop below 250(500) GeV are still not ruled out. They are within the
reach of 500(1000) GeV ILC. Heavier stop would be reachable at CLIC and/or high energy muon collider.
If stop can be produced at lepton collider, their properties can be studied in great detail.

The presence of a light stop implies the presence of a full set of superpartners not far away from the TeV
scale. Indeed, naturalness also implies certain electroweak-inos, in particular the Higgsino, should be within
a couple hundred GeV. This would be case in which a high energy lepton collider can play a crucial role in
putting together a full picture of the new physics immediately above the weak scale. As discussed above,
model independent measurements of spin, mass and couplings of superpartners are challenging at pp-colliders
and require at least high luminosity. At the same time, high energy lepton colliders can provide a much
cleaner environment. Moreover, it is much easier to reconstruct the kinematics. In addition, it could also
answer definitively another question of equal importance: the identity of the LSP dark matter.
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ñt
t̃2

c̃0
1

c̃0
2 c̃±

1

c̃0
3

c̃0
4 c̃±

2

b̃2

t̃2

0

1

2

3

4

5

6

7

8

9

272 274 276 278 280 282
!s [GeV]

"
(e

+
e

- #
µ̃ R

µ̃ R
) 

[f
b

]

data 10 fb-1 / point

fit to data : $Mµ̃ = 197 MeV

Mµ̃ =  135.4 ± 0.2 GeV

Figure 12: Threshold scan at the e+e�
! µ̃Rµ̃R threshold. From Ref. [22]

.

3.2 Sleptons and Electroweakinos in the Continuum

Several of the channels in the slepton and electroweakino sector are being studied, or have been in the past
in very similar models, assuming only a moderate amount of integrated luminosity of 500 fb�1 at E

cms

=
500 GeV unless stated otherwise. This corresponds to two years of ILC operation at design parameters.

3.2.1 The ⌧̃-Sector

Especially in ⌧̃ -coannihilation scenarios, a precise determination of the ⌧̃ sector is essential in order to be able
to predict the expected relic density with su�cient precision to test whether the �̃0

1

is indeed the dominant
Dark Matter constituent. The capabilities for precision measurements in the ⌧̃ sector have been studied in
full detector simulation [23]. It was shown that the ⌧̃

1

mass could be determined to 200 MeV, and the ⌧̃
2

mass to 5 GeV from the endpoint of the ⌧ -jet energy spectrum as illustrated in Fig. 13.
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Figure 13: Left: ⌧̃
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spectrum (yellow) and background (SM: red, other SUSY: green), with end-point
fit. Right: ⌧̃

2

spectrum (yellow) and background (SM: red, other SUSY: green), with end-point fit. From
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Production cross section for both these modes can be determined at the level of 4%, and the polarization of
⌧ -leptons from the ⌧̃

1

decay, which gives access to the ⌧̃ and �̃0

1

mixing3, could be measured with an accuracy

3
Interaction of sfermions and gauginos conserve chirality, while the Yukawa interaction of the higgsinos flips chirality.
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Figure 1-25. Left panel: spectrum of the benchmark model in the ⌧̃ -coannihilation region. Right: ⌧̃1
spectrum (yellow) and background (SM: red, other SUSY: green), with end-point fit.

A great example of such scenarios is explored in the joint ILC-LHC study of the stau co-annihilation model
[42]. In addition to low fine-tuning, the neutralino in that model accounts for the observed amount of the
Dark Matter in the Universe. The mass spectrum and allowed transitions in this model are shown in the
left panel of Fig. 1-25.

The discovery sensitivity of this model has been studied for several LHC analyses: two analyses heading
for stop and sbottom discovery, and one tuned to the discovery of the electroweak particles. All analyses
are already limited by the systematic uncertainties at the LHC with 14 TeV and 300 fb�1. We nevertheless
believe that 10 times higher luminosity will also help to reduce the systematic uncertainties on the number
of background events, as these are partly caused by low statistics in the control regions used to determine
the background from data. The searches for the stop are based on a selection with one or zero leptons and
tagging of b quarks. The existence of a stop will lead to an excess in data with a significance of 3.5 �, if
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rule” [49], a relation among stop and sbottom masses and mixing angles which is tightly connected with this
cancellation. A meaningful test of the sum rule requires precise measurements of the masses and mixing
angles, which could be performed at a future lepton collider.

Higher energy proton colliders are necessary to significantly extend the reach of stops. This can be clearly seen
in Fig. 1-24, which presents the reach on a stop-neutralino simplified model using the single lepton channel
[71]. In particular, an 100 TeV hadron collider can probe stop up to at least 6 TeV. The improvement in
stop reach significantly enhanced our capability of testing the naturalness of the Higgs mass, as a significant
part of the fine-tuning is proportional to m2

˜t1
.

We note that, from Fig. 1-22, very light stop below 250(500) GeV are still not ruled out. They are within the
reach of 500(1000) GeV ILC. Heavier stop would be reachable at CLIC and/or high energy muon collider.
If stop can be produced at lepton collider, their properties can be studied in great detail.

The presence of a light stop implies the presence of a full set of superpartners not far away from the TeV
scale. Indeed, naturalness also implies certain electroweak-inos, in particular the Higgsino, should be within
a couple hundred GeV. This would be case in which a high energy lepton collider can play a crucial role in
putting together a full picture of the new physics immediately above the weak scale. As discussed above,
model independent measurements of spin, mass and couplings of superpartners are challenging at pp-colliders
and require at least high luminosity. At the same time, high energy lepton colliders can provide a much
cleaner environment. Moreover, it is much easier to reconstruct the kinematics. In addition, it could also
answer definitively another question of equal importance: the identity of the LSP dark matter.
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3.2 Sleptons and Electroweakinos in the Continuum

Several of the channels in the slepton and electroweakino sector are being studied, or have been in the past
in very similar models, assuming only a moderate amount of integrated luminosity of 500 fb�1 at E

cms

=
500 GeV unless stated otherwise. This corresponds to two years of ILC operation at design parameters.

3.2.1 The ⌧̃-Sector

Especially in ⌧̃ -coannihilation scenarios, a precise determination of the ⌧̃ sector is essential in order to be able
to predict the expected relic density with su�cient precision to test whether the �̃0

1

is indeed the dominant
Dark Matter constituent. The capabilities for precision measurements in the ⌧̃ sector have been studied in
full detector simulation [23]. It was shown that the ⌧̃

1

mass could be determined to 200 MeV, and the ⌧̃
2

mass to 5 GeV from the endpoint of the ⌧ -jet energy spectrum as illustrated in Fig. 13.
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Production cross section for both these modes can be determined at the level of 4%, and the polarization of
⌧ -leptons from the ⌧̃

1

decay, which gives access to the ⌧̃ and �̃0

1

mixing3, could be measured with an accuracy

3
Interaction of sfermions and gauginos conserve chirality, while the Yukawa interaction of the higgsinos flips chirality.
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Figure 1-25. Left panel: spectrum of the benchmark model in the ⌧̃ -coannihilation region. Right: ⌧̃1
spectrum (yellow) and background (SM: red, other SUSY: green), with end-point fit.

A great example of such scenarios is explored in the joint ILC-LHC study of the stau co-annihilation model
[42]. In addition to low fine-tuning, the neutralino in that model accounts for the observed amount of the
Dark Matter in the Universe. The mass spectrum and allowed transitions in this model are shown in the
left panel of Fig. 1-25.

The discovery sensitivity of this model has been studied for several LHC analyses: two analyses heading
for stop and sbottom discovery, and one tuned to the discovery of the electroweak particles. All analyses
are already limited by the systematic uncertainties at the LHC with 14 TeV and 300 fb�1. We nevertheless
believe that 10 times higher luminosity will also help to reduce the systematic uncertainties on the number
of background events, as these are partly caused by low statistics in the control regions used to determine
the background from data. The searches for the stop are based on a selection with one or zero leptons and
tagging of b quarks. The existence of a stop will lead to an excess in data with a significance of 3.5 �, if
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stau coannihilation 

- LHC 14 will discover part of the spectrum.

- ILC will discovery light slepton and gaugino. 
In particular, the stau. Very challenging at the LHC.

Stau mass measured to 1% level. 

Allow precise calculation of relic abundance.
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rule” [49], a relation among stop and sbottom masses and mixing angles which is tightly connected with this
cancellation. A meaningful test of the sum rule requires precise measurements of the masses and mixing
angles, which could be performed at a future lepton collider.

Higher energy proton colliders are necessary to significantly extend the reach of stops. This can be clearly seen
in Fig. 1-24, which presents the reach on a stop-neutralino simplified model using the single lepton channel
[71]. In particular, an 100 TeV hadron collider can probe stop up to at least 6 TeV. The improvement in
stop reach significantly enhanced our capability of testing the naturalness of the Higgs mass, as a significant
part of the fine-tuning is proportional to m2

˜t1
.

We note that, from Fig. 1-22, very light stop below 250(500) GeV are still not ruled out. They are within the
reach of 500(1000) GeV ILC. Heavier stop would be reachable at CLIC and/or high energy muon collider.
If stop can be produced at lepton collider, their properties can be studied in great detail.

The presence of a light stop implies the presence of a full set of superpartners not far away from the TeV
scale. Indeed, naturalness also implies certain electroweak-inos, in particular the Higgsino, should be within
a couple hundred GeV. This would be case in which a high energy lepton collider can play a crucial role in
putting together a full picture of the new physics immediately above the weak scale. As discussed above,
model independent measurements of spin, mass and couplings of superpartners are challenging at pp-colliders
and require at least high luminosity. At the same time, high energy lepton colliders can provide a much
cleaner environment. Moreover, it is much easier to reconstruct the kinematics. In addition, it could also
answer definitively another question of equal importance: the identity of the LSP dark matter.
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3.2 Sleptons and Electroweakinos in the Continuum

Several of the channels in the slepton and electroweakino sector are being studied, or have been in the past
in very similar models, assuming only a moderate amount of integrated luminosity of 500 fb�1 at E

cms

=
500 GeV unless stated otherwise. This corresponds to two years of ILC operation at design parameters.

3.2.1 The ⌧̃-Sector

Especially in ⌧̃ -coannihilation scenarios, a precise determination of the ⌧̃ sector is essential in order to be able
to predict the expected relic density with su�cient precision to test whether the �̃0

1

is indeed the dominant
Dark Matter constituent. The capabilities for precision measurements in the ⌧̃ sector have been studied in
full detector simulation [23]. It was shown that the ⌧̃

1

mass could be determined to 200 MeV, and the ⌧̃
2

mass to 5 GeV from the endpoint of the ⌧ -jet energy spectrum as illustrated in Fig. 13.
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spectrum (yellow) and background (SM: red, other SUSY: green), with end-point
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Production cross section for both these modes can be determined at the level of 4%, and the polarization of
⌧ -leptons from the ⌧̃

1

decay, which gives access to the ⌧̃ and �̃0

1

mixing3, could be measured with an accuracy
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Interaction of sfermions and gauginos conserve chirality, while the Yukawa interaction of the higgsinos flips chirality.
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Figure 1-25. Left panel: spectrum of the benchmark model in the ⌧̃ -coannihilation region. Right: ⌧̃1
spectrum (yellow) and background (SM: red, other SUSY: green), with end-point fit.

A great example of such scenarios is explored in the joint ILC-LHC study of the stau co-annihilation model
[42]. In addition to low fine-tuning, the neutralino in that model accounts for the observed amount of the
Dark Matter in the Universe. The mass spectrum and allowed transitions in this model are shown in the
left panel of Fig. 1-25.

The discovery sensitivity of this model has been studied for several LHC analyses: two analyses heading
for stop and sbottom discovery, and one tuned to the discovery of the electroweak particles. All analyses
are already limited by the systematic uncertainties at the LHC with 14 TeV and 300 fb�1. We nevertheless
believe that 10 times higher luminosity will also help to reduce the systematic uncertainties on the number
of background events, as these are partly caused by low statistics in the control regions used to determine
the background from data. The searches for the stop are based on a selection with one or zero leptons and
tagging of b quarks. The existence of a stop will lead to an excess in data with a significance of 3.5 �, if
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to the known initial state at the ILC is that the kinematic edges of the detected systems can be precisely
calculated at any point in the MNLSP !MLSP plane. In particular, close to kinematic limit where the width
of the decay product spectrum is quite small, this feature allows for an almost background-free signal with
high e!ciency.

To estimate the background at each point, correctly normalized samples of events from all SM processes
are generated, passed through detector simulation, and the analysis chain. If the number of observed events
passing the selection criteria for a given NLSP nature exceeds the expected background passing the same
cuts by more than 5!, one can claim discovery of the NLSP. If, on the other hand, the observed number
does not exceed the expected background by more than 2!, exclusion can be claimed. As this procedure is
performed for every possible NLSP, it will constitute a complete and model-independent search for SUSY.

In order to estimate what the expected Discovery Reach or Exclusion Reach of the experiment is, it is
enough to simulate the signal for each possible NLSP in a fine grid in the MNLSP ! MLSP at the given"
s, calculate the production cross section from the SUSY principle and kinematics, and confront it to the

relevant selection criteria.
In Fig. 2, the cross section at

"
s = 500 GeV as a function of MNLSP is shown for a selection of NLSP

candidates, and in Fig. 3 (Fig. 4), as example, the 5! discovery and 2! exclusion reach for a µ̃R NLSP ("̃1
NLSP) after collecting 500 fb!1 at

"
s = 500 GeV.
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Figure 4: Discovery reach for a "̃1 NLSP after collecting 500 fb!1 at
"
s = 500 GeV. Left: full scale, Right:

zoom of the region close to the kinematic limit.

4.3 LHC and ILC complementarity: SUSY is complex!

In full SUSY models, the higher states of the spectrum can have many decay modes leading to potentially
long decay chains [34]. This means that the simplified approach in general does not apply beyond the direct
NLSP production case discussed in the previous section, which renders the interpretation of exclusion limits
formulated in the simplified approach non-trivial. Furthermore, also many production channels may be open,
making SUSY the most serious background to itself.

Take as an example the regions in parameter space which gained the highest likelihood in fits to all
pre-LHC experimental data within the constrained MSSM [35, 36]. These fits preferred scenarios with a
small mass di"erence of about 10 GeV between the "̃ NLSP and the #̃0

1 LSP, as illustrated by the likelihood
distribution in the left panel of Fig. 5. Without the restriction of mass unification at the GUT scale, the
part of the spectrum which is of interest to electroweak and flavor precision observables and dark matter,
i.e. which is decisive for the fit outcome, is not at all in conflict with LHC results. The right part of Fig. 5

10
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rule” [49], a relation among stop and sbottom masses and mixing angles which is tightly connected with this
cancellation. A meaningful test of the sum rule requires precise measurements of the masses and mixing
angles, which could be performed at a future lepton collider.

Higher energy proton colliders are necessary to significantly extend the reach of stops. This can be clearly seen
in Fig. 1-24, which presents the reach on a stop-neutralino simplified model using the single lepton channel
[71]. In particular, an 100 TeV hadron collider can probe stop up to at least 6 TeV. The improvement in
stop reach significantly enhanced our capability of testing the naturalness of the Higgs mass, as a significant
part of the fine-tuning is proportional to m2

˜t1
.

We note that, from Fig. 1-22, very light stop below 250(500) GeV are still not ruled out. They are within the
reach of 500(1000) GeV ILC. Heavier stop would be reachable at CLIC and/or high energy muon collider.
If stop can be produced at lepton collider, their properties can be studied in great detail.

The presence of a light stop implies the presence of a full set of superpartners not far away from the TeV
scale. Indeed, naturalness also implies certain electroweak-inos, in particular the Higgsino, should be within
a couple hundred GeV. This would be case in which a high energy lepton collider can play a crucial role in
putting together a full picture of the new physics immediately above the weak scale. As discussed above,
model independent measurements of spin, mass and couplings of superpartners are challenging at pp-colliders
and require at least high luminosity. At the same time, high energy lepton colliders can provide a much
cleaner environment. Moreover, it is much easier to reconstruct the kinematics. In addition, it could also
answer definitively another question of equal importance: the identity of the LSP dark matter.
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3.2 Sleptons and Electroweakinos in the Continuum

Several of the channels in the slepton and electroweakino sector are being studied, or have been in the past
in very similar models, assuming only a moderate amount of integrated luminosity of 500 fb�1 at E

cms

=
500 GeV unless stated otherwise. This corresponds to two years of ILC operation at design parameters.

3.2.1 The ⌧̃-Sector

Especially in ⌧̃ -coannihilation scenarios, a precise determination of the ⌧̃ sector is essential in order to be able
to predict the expected relic density with su�cient precision to test whether the �̃0

1

is indeed the dominant
Dark Matter constituent. The capabilities for precision measurements in the ⌧̃ sector have been studied in
full detector simulation [23]. It was shown that the ⌧̃

1

mass could be determined to 200 MeV, and the ⌧̃
2

mass to 5 GeV from the endpoint of the ⌧ -jet energy spectrum as illustrated in Fig. 13.
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Figure 13: Left: ⌧̃
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spectrum (yellow) and background (SM: red, other SUSY: green), with end-point
fit. Right: ⌧̃
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spectrum (yellow) and background (SM: red, other SUSY: green), with end-point fit. From
Ref. [23].

Production cross section for both these modes can be determined at the level of 4%, and the polarization of
⌧ -leptons from the ⌧̃

1

decay, which gives access to the ⌧̃ and �̃0

1

mixing3, could be measured with an accuracy

3
Interaction of sfermions and gauginos conserve chirality, while the Yukawa interaction of the higgsinos flips chirality.
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Figure 1-25. Left panel: spectrum of the benchmark model in the ⌧̃ -coannihilation region. Right: ⌧̃1
spectrum (yellow) and background (SM: red, other SUSY: green), with end-point fit.

A great example of such scenarios is explored in the joint ILC-LHC study of the stau co-annihilation model
[42]. In addition to low fine-tuning, the neutralino in that model accounts for the observed amount of the
Dark Matter in the Universe. The mass spectrum and allowed transitions in this model are shown in the
left panel of Fig. 1-25.

The discovery sensitivity of this model has been studied for several LHC analyses: two analyses heading
for stop and sbottom discovery, and one tuned to the discovery of the electroweak particles. All analyses
are already limited by the systematic uncertainties at the LHC with 14 TeV and 300 fb�1. We nevertheless
believe that 10 times higher luminosity will also help to reduce the systematic uncertainties on the number
of background events, as these are partly caused by low statistics in the control regions used to determine
the background from data. The searches for the stop are based on a selection with one or zero leptons and
tagging of b quarks. The existence of a stop will lead to an excess in data with a significance of 3.5 �, if
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Another benchmark, similar story

- LHC will discover part of the spectrum.

- ILC, Electroweak-ino production, mass and spin 
measurements. 

- Infer the mass of eR  through ino production
Discovery at upgraded ILC or CLIC.
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Figure 1-20. Projections for pMSSM model coverage e�ciency [53] shown in gluino-LSP pane for 14 TeV
LHC and integrated luminosity of 300/fb (left) and 3000/fb (right)

Figure 1-21. Spectrum of the pMSSM model used for discovery scenario.
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Prepare to be surprised

- Precision branching ratio measurements at lepton 
colliders. 

- bilinear RPV. Could reveal surprising connection 
with the neutrino mass. 

34 New Particles Working Group Report

Figure 1-31. Projected LHC sensitivity to the bi-linear RPV SUSY at 14 TeV (left) and 33 TeV (right).

Figure 1-32. Left: Experimental precision on the ratio ofWµ andW ⌧ branching fractions. Right: Derived
uncertainty on the ⇥23 neutrino mixing angle.

As an example, let’s assume that the higgsino mass is 210 GeV. LHC will establish the excess with significance
above 5 �, but the interpretation of the excess at the 14 TeV LHC would be highly ambiguous.

At the ILC [134, 33], however, one would not only establish the RPV nature of the higgsino, but also detect
companion decay into Wµ. This would allow to make a very powerful connection to the neutrino physics: if
the R-parity violation is the origin of the neutrino mass, one predicts the value of the mixing angle ⇥

23

(see
Fig. 1-32).

Further studies It’s important to note that the sensitivity to such signatures at hadron colliders dramat-
ically improves with energy. A 33 TeV proton collider will be sensitive to LH scenario up to the 2.5 TeV
higgsino masses (see right frame of Fig. 1-31).

At ILC, RPV decays of SUSY particles mediated either by bilinear or any of the trilinear couplings can be
searched for in a loophole-free and model-independent way for every sparticle type [43], as long as its mass
is below

p

s/2.
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LHC 14 sees something

- Almost impossible to be the full spectrum. 
Every comprehensive NP scenario span at least a 
factor of several in mass. Nothing at 8 TeV. Can not 
fit into the moderate increase in LHC reach from 8 to 
14.
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LHC 14 sees something

- Almost impossible to be the full spectrum. 
Every comprehensive NP scenario span at least a 
factor of several in mass. Nothing at 8 TeV. Can not 
fit into the moderate increase in LHC reach from 8 to 
14.

- Impossible to understand the new physics very well. 
In particular, dark matter candidate? Electroweak 
coupled particles? ...

Need lepton collider to pin down their properties. 
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LHC 14 sees nothing, 2 possibilities.
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LHC 14 sees nothing, 2 possibilities.

- Little Hierarchy.
Flavor, CP, precision measurements seem to point 
to a higher scale (about 10 TeV). 

This is the reason we have seen nothing?

Clearly out of reach at LHC 14 ⇒ Higher energy 
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LHC 14 sees nothing, 2 possibilities.

- Little Hierarchy.
Flavor, CP, precision measurements seem to point 
to a higher scale (about 10 TeV). 

This is the reason we have seen nothing?

Clearly out of reach at LHC 14 ⇒ Higher energy 

- Loopholes at the LHC.
Electroweak-ino, compressed spectrum, stealth...

More detailed measurement of deviations in SM 
couplings. 

Lepton colliders, ILC, CLIC...
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Conclusions

Can lepton collider break new ground, and allow us to learn 
more about nature?  

The answer is certainly yes.

Lepton colliders (ILC, CLIC...) have unique capabilities in 
searching and measuring new physics states.

-Solid coverage, essentially loophole free. 
-Unique capability in measuring the properties of new                 
particles. Testing ideas!

Our bright future: lepton collider will become an essential part 
of the international high energy physics program!
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Go for the most exciting adventure!
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Polarized electron beam

- Pin down the quantum number

once new particle found
• Use polarized electron beam
• can ignore mZ2≪s

• eR couples only to Bμ
• eL couples to Bμ+Wμ0

• can determine quantum #s
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2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.

Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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Investigate the WIMP dark matter: 
cover all the ground

- Dark matter is the only known new physics 
beyond the Standard Model. 

- Link to a possible dark sector.

- Strategy at EF strongly correlated with potential 
discovery at in direct/indirect detection. 

LHC VLHC 
100 TeV

ILC/CLIC

MDM ~102s GeV MDM ~TeV(s)
MDM ~ 0.5 Ecm 

Spin, coupling
Is it WIMP?
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Search for extended Higgs sector

- Higher luminosity, cleaner environment helps.

1.7 Direct searches for BSM Higgs bosons H0, A0, H± 39

ILC1000 

CLIC1400 

Figure 1-9. MSSM Higgs sector search reach in the mA–tan � plane for e+e� colliders compared to the
expected LHC 7+8 TeV upper limits (95% C.L.).

1.7.4 Resonant production at a muon collider

The neutral heavy Higgs bosons H0 and A0 can be produced as s-channel resonances in µ+µ� or �� collisions.
They can also be pair produced via electroweak processes as at e+e� machines.

If the heavy Higgs bosons H0 and A0 are not very light, resonant production at a muon collider may be
the best opportunity to study their properties in detail. This was studied in Ref. [112] for the “Natural
Supersymmetry” benchmark point of Ref. [113], which has MA0 ' MH0 ' 1.55 TeV and tan � = 23. The
mass di↵erence between A0 and H0 is about 10 GeV and their decay widths are around 20 GeV.

The parton-level analysis [112] was based on a center-of-mass energy scan over a 200 GeV range centered at
1550 GeV in 100 steps, collecting a total of 500 fb�1. Signal and background cross sections in the bb̄ and ⌧⌧
final states were computed using PYTHIA6 modified to include a Gaussian beam energy spread of 0.1%. The
overlapping lineshapes were then fitted with two Breit-Wigners in the bb̄ final state (a single Breit-Wigner
is ruled out at high confidence) allowing extraction of the masses to ±0.5 GeV, the widths to ⇠ 3.5%, and
the peak �⇥BR(bb̄) to 9% for the two states. The ⌧⌧ channel can then be used to measure BR(⌧⌧)/BR(bb̄)
with an uncertainty of about 10%. As a bonus, decays of H0 and A0 to charginos or neutralinos may provide
the largest sample of the heavier ones of these particles, whose direct production cross sections can be quite
small at lepton colliders [112].

The CP quantum numbers of the states can be determined if the muon beams can be transversely polarized,
see Sec. 1.4 for details. This would allow identification of the two resonances as A0 and H0 as well as probing
for CP -violating mixing between the states. Similar techniques are possible at a photon collider.
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16 Heavy Neutral Higgses of the Two Higgs Doublet Model
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Figure 1-12. The region of parameter space which could yield a 5� signal significance for various H mass
hypotheses in a type I (left) and type II (right) 2HDM. The blue region corresponds to

�
Ldt = 300 fb�1atp

s = 14 TeV with < NPU >= 50, and the green region corresponds to
�

Ldt = 3000 fb�1at
p

s = 14 TeV
with < NPU >= 140.
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Figure 1-3. 5� discovery reach for 300 GeV H decaying via H ! ZZ ! 4`. Blue (green) region is for
LHC14 with 300/fb (3000/fb) [39]. The star denotes the parameter point used in the discovery story below.
[should be at tan � = 2]

30 Heavy Neutral Higgses of the Two Higgs Doublet Model
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Figure 1-23. The region of parameter space which could yield a 5� signal significance for various A mass
hypotheses in a type I (left) and type II (right) 2HDM. The blue region corresponds to

�
Ldt = 300 fb�1atp

s = 14 TeV with < NPU >= 50, and the green region corresponds to
�

Ldt = 3000 fb�1at
p

s = 14 TeV
with < NPU >= 140.
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Figure 1-4. 5� discovery reach for 300 GeV A decaying via A ! Zh0 ! (``)(bb or ⌧⌧ . Blue (green) region
is for LHC14 with 300/fb (3000/fb) [39]. The star denotes the parameter point used in the discovery story
below. [should be at tan � = 2]
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LHC 14 300 fb-1 LHC 14 3000 fb-1

300 GeV A, A→ Zh
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Lepton Colliders:

    e+e- at 250 GeV (ILC: 500/fb , LEP3: 500/fb, TLEP: 2500/fb), 

                         e-/e+ polarization: ILC: 80%/30%, LEP3, TLEP: 0/0

    e+e- at 350 GeV (ILC: 350/fb, CLIC: 350/fb, TLEP: 350/fb) , 

                          e-/e+ polarization: ILC: 80%/30%, CLIC: 80%/0, TLEP: 0/0

    e+e- at 500 GeV (ILC: 500/fb), e-/e+ polarization: ILC: 80%/30%

    e+e- at 1000 GeV (ILC: 1000/fb) , e-/e+ polarization: ILC: 80%/20%

    e+e- at 1400 GeV (CLIC: 1400/fb) , e-/e+ polarization: CLIC: 80%/0%

    e+e- at 3000 GeV (CLIC: 3000/fb) , e-/e+ polarization: CLIC: 80%/ 0%

    mu+mu- at 125 GeV 2/fb , 0 polarization

    mu+mu- at 1500 GeV 1000/fb , 0 polarization

    mu+mu- at 3000 GeV 3000/fb , 0 polarization
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