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This talk

- Physics case. 

- Some status
Mostly about the Chinese effort.

- Focusing more on 100 TeV pp collider.
Will mention lepton collider.
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Physics case

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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Physics case

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?
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Physics case

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. 
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Physics case

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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Asking the right question
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Asking the right question

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.  
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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.  

Saturday, July 19, 14



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 asking the right question is a 
good start. 
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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 asking the right question is a 
good start. 

Here:  future circular collider
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Exploring the space of possibilities

larger mass

w
ea

ke
r 

co
up

lin
g

SUSY

composite
extra dim

W’/Z’

dark matter

higgs+X

hidden 
sector

Circular collider, ee+pp, offers a powerful combination

Saturday, July 19, 14



Exploring the space of possibilities

larger mass

w
ea

ke
r 

co
up

lin
g

lepton collider

higher energy
Where we 
are now

SUSY

composite
extra dim

W’/Z’

dark matter

higgs+X

hidden 
sector

at 14 TeV

Circular collider, ee+pp, offers a powerful combination

Saturday, July 19, 14



Exploring the space of possibilities

larger mass

w
ea

ke
r 

co
up

lin
g

lepton collider

higher energy
Where we 
are now

SUSY

composite
extra dim

W’/Z’

dark matter

higgs+X

hidden 
sector

at 14 TeV

Circular collider, ee+pp, offers a powerful combination

Saturday, July 19, 14



Circular e+ e- colliders

- CERN: Future Circular Collider - ee (FCC-ee)

- China: Circular Electron Positron Collider (CEPC)

- Higgs factory, of course.

- Other options, such as TeraZ, also being 
considered. 

Saturday, July 19, 14



Higgs coupling
20 Higgs working group report
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .

Community Planning Study: Snowmass 2013

20 Higgs working group report
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .

Community Planning Study: Snowmass 2013

1.2 Coupling Measurements 21
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Figure 1-4. Measurement precision on b, ⌧ , and t measured both directly via tt̄H and through global
fits at di↵erent facilities.

Community Planning Study: Snowmass 2013

1.2 Coupling Measurements 21
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Figure 1-4. Measurement precision on b, ⌧ , and t measured both directly via tt̄H and through global
fits at di↵erent facilities.

Community Planning Study: Snowmass 2013

Snowmass Higgs working group report
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Precision EW
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Fig. 16: The 68% C.L. contour from the fit of all Electroweak precision measurements from TLEP-Z (red curve)
in the (mtop,mW) plane, should the relevant theory uncertainties be reduced to match the TLEP experimental
uncertainties, compared to the direct W and top mass precisions (blue curve) expected at TLEP-W and TLEP-t.
For illustration, the LHC (black curve) and ILC (green curve) projections for the direct mW and mtop precisions
are also indicated, as well as the current precision of the Tevatron measurements (dashed curve). The value of the
Tevatron W mass was modified in this figure to match the SM prediction for mtop = 173.2 GeV. The purple line
shows the prediction from the Standard Model for mH = 125 GeV. (For the LHC or the ILC on their own, the
thickness of this line would need to be increased by at least the error stemming from the Z mass measured at LEP,
i.e., about ±2 MeV on the W mass. This error disappears in the case of TLEP.) No theory error was included in
this line.

plane. This fit is compared to the direct mW and mtop measurements expected from TLEP-W and
TLEP-t. For illustration, a comparison with the precisions obtained with the current Tevatron data, as
well as from LHC and ILC projections, is also shown. Among the many powerful tests that will be-
come available with TLEP data, an inclusive, albeit unidimensional, test is commonly proposed by the
most popular fitting programmes, namely the comparison of the Higgs boson mass prediction from all
Electroweak observables with the mass actually measured. Figure 17 shows the ��2 of the Higgs boson
mass fit, obtained from GFitter under the same assumptions, to the TLEP Electroweak precision mea-
surements. A precision of 1.4 GeV on mH is predicted if all related theory uncertainties can be reduced
to match the experimental uncertainties. If the theory uncertainties were kept as they are today [78], the
precision on mH would be limited to about 10 GeV, as shown also in Fig. 17.

5 High-energy upgrades
The European Strategy update recalls the strong physics case of an e+e� collider for the measurement
of the Higgs boson and other particle properties with unprecedented precision. As demonstrated in
Sections 3 and 4, the TLEP project superbly qualifies for this purpose. The projected precisions are
sufficient to achieve sensitivities to new physics up to 5 TeV if it couples to the scalar sector, and up
to 30 TeV for weakly-coupled new physics. The European Strategy update also states that the project
must be upgradeable to higher energies. It is therefore important to evaluate the scientific relevance
of a possible energy upgrage of TLEP in the context of the FCC project, especially when compared to
(multi-)TeV e+e� colliders.

34

2

OGG = g2s |H |2 Ga
µνG

a,µν OH = 1
2

(

∂µ |H |2
)2

OWW = g2 |H |2 W a
µνW

a,µν OT = 1
2

(

H†
↔

DµH
)2

OBB = g′2 |H |2 BµνB
µν OR = |H |2 |DµH |2

OWB = 2gg′H†taHW a
µνB

µν OD =
∣

∣D2H
∣

∣

2

OW = ig
(

H†ta
↔

DµH
)

DνW a
µν O6 = |H |6

OB = ig′YH

(

H†
↔

DµH
)

∂νBµν O2G = − 1
2

(

DµGa
µν

)2

O3G = 1
3!gsf

abcGaµ
ρ Gbν

µ Gcρ
ν O2W = − 1

2

(

DµW a
µν

)2

O3W = 1
3!gε

abcW aµ
ρ W bν

µ W cρ
ν O2B = − 1

2

(

∂µBµν

)2

TABLE I. dimension-six bosonic operators for our analysis.

Higgs vev and mixings. This difference is accounted for by
higher-dimension operators which are dropped in our analy-
sis. Therefore, the experimental sensitivities on Wilson coef-
ficients do not translate directly into those on heavy particle
masses. We will quantify this difference in each example.

We now turn our attention to the dimension-six operators
relevant for our analysis. Since many of the most sensitive
probes of Higgs properties involve only bosons, we restrict
our attention to the purely bosonic dimension-six operators
listed in Table I. Some of these operators are redundant be-
cause they can be rewritten by other dimension-six operators
using the SM equations of motion (e.g. O2G) [10, 11]. We
maintain these so-called redundant operators in our analysis
because (1) their impact on physical observables remainsmost
transparent and (2) they are directly generated using standard
techniques of integrating out heavy states. While the relation-
ship between some of these operators and physical observ-
ables can be found in the literature (e.g. [12–16]), we provide
elsewhere the complete mapping between the operators in Ta-
ble I and physical observables as well as techniques for ob-
taining their Wilson coefficients from UV models [17].

Over the past year there has been much progress on under-
standing the SM EFT and its relation to Higgs physics. We
briefly comment on some of these developments (see [16] for
a recent review). A common theme is the basis of operators
in the effective theory; a complete basis of dimension-six op-
erators contains 59 operators [11]. The choice of this basis is
not unique; however, maintaining a complete basis is crucial
for consistent treatment of renormalization group (RG) evolu-
tion within the EFT [18]. Several different bases are common
in the literature [11, 19, 20] (see [16] for comparison), and
even these are often slightly tweaked [12, 13]. Our choice of
operators in Table I coincides with [13], supplemented by the
operators OD and OR. After specifying a (potentially over-
complete) basis, the Wilson coefficients can be mapped onto
physical observables [12–17]. An overcomplete basis con-
taining redundant operators may also be used, although the
RG evolution requires some care [12, 13, 18]. Global fits and
constraints on the size of Wilson coefficients in the EFT have
also been analyzed [12–14, 21].
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FIG. 1. 2σ contours of future precision measurements on the singlet
model in Eq. (2). Regions below the contours will be probed. The
magenta contour is the 2σ sensitivity to the universal Higgs oblique
correction in Eq. (4) at ILC 500up. Blue contours show the 2σ RG-
induced constraints from the S and T parameters in Eqs. (9)-(10)
from current measurements (solid) [26] and future sensitivities at
ILC GigaZ (dashed) [27] and TLEP TeraZ (dotted) [28]. Regions
of a viable first order EW phase transition, from Eq. (12), are shown
in the gray, hatched regions for k = 1 and 4π.

A MASSIVE SINGLET

We consider a heavy gauge singlet that couples to the SM
via a Higgs portal

L = LSM +
1

2
(∂µS)

2 −
1

2
m2

SS
2 −A|H |2S

−
1

2
k|H |2S2 −

1

3!
µS3 −

1

4!
λSS

4. (2)

There are several motivations for studying this singlet model.
This single additional degree of freedom can successfully
achieve a strongly first-order electroweak phase transition
(EWPT) [22]. Additionally, singlet sectors of the above
form—with particular relations among the couplings—arise
in the NMSSM [23] and its variants, e.g. [24, 25]. Finally,
the effects of Higgs portal operators are captured through the
trilinear and quartic interactions S |H |2 and S2 |H |2, respec-
tively.
For mS " mH the singlet can be integrated out; at tree

level the resultant low-energy theory contains a finite correc-
tion to the Higgs potential as well as the operators OH and
O6:

Leff = LSM+
A2

2m2
S

|H |4+
A2

m4
S

OH−
(

A2k

m4
S

−
A3µ

m6
S

)

O6. (3)

Upon electroweak symmetry breaking, OH modifies the
wavefunction of the physical Higgs h and therefore univer-

Higgs + singlet model
Henning, Lu and Murayama, 2014
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Circular pp colliders

- A natural next step after the ee program (just 
like LEP ⇒ LHC )

- The physics case is “obvious”, it is the energy 
frontier. The next big step forward.

- CERN: FCC-hh

- China: Super p p Collider (SppC). 

Saturday, July 19, 14



Big step forward

3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and

16

5.7 Comparing Colliders

The squark-neutralino model has a similar multi-jet plus Emiss
T signature to the gluino-neutralino

model with light flavor decays. However, the squark-neutralino model is more difficult to probe
due to the smaller number of hard jets in the final state coupled with the substantially smaller
production cross section. Since this model provides a more challenging scenario, it is interesting
to understand the impact that can be made on exploring the parameter space with different collider
scenarios. Figure 34 shows the 5� discovery reach [95% CL exclusion] for two choices of inte-
grated luminosity at 14 TeV, along with the reach using the full data set assumed for 33 and 100
TeV.

In general, we find that due to the small cross sections, it is very difficult to distinguish this model
from background with discovery level significance3. Consequentially, the discovery reach does not
appear to significantly improve with the 14 TeV luminosity upgrade. The discovery reach in the
massless neutralino limit also scales slowly with the CM energy, increasing only by a factor of 3
from 14 TeV to 100 TeV, compared to a factor of 5 for the gluino-neutralino model.

The exclusion reach for the squark-neutralino models is much more favorable in comparison. At
this level of significance the background systematics are less difficult to overcome, and the limits
scale much more favorably with luminosity and CM energy, as in the gluino-neutralino model.
Figure 8 makes a compelling case for investing in future proton colliders which can operate at
these high energies.
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Figure 34: Results for the squark-neutralino model. The left [right] panel shows the 5� discovery reach
[95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed
and pileup is not included.

3It is worth noting that this search, which was devised originally to target gluinos, has not been extensively
optimized for the signature of squark pair production. It is possible that a search exactly tailored to this signal could
improve the reach beyond what is found here.
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Figure 2: The 5� discovery reach (solid) and the 95%CL exclusion reach (dashed) of the Wino-NLSP

with L = 3000/fb at LHC100. In the left panels, the reach from individual WZ ! 3`(blue) and the

Wh ! 3`(red) is separately shown while in the right panels, combined results are shown. A positive µ

(upper) and a negative µ (lower). t� = 50 and |µ| = 5TeV. The gray diagonal lines are kinematic ends.

lepton separation �R > 0.05 for both e and µ, the 1/ab will be able to exclude up to about

3TeV NLSP Winos at 2� ' 95%CL.

• With �R > 0.05, a lepton collimation begins to degrade the standard 3` search at about 3.5TeV

Winos; see Table 1 and Fig. 1. The SFOS leptons from the Z decay are the ones collimated.

However, for this heavy Wino, we anyway need more than 1/ab of data for the exclusion and we

may not be able to do much more.

• Currently, ATLAS is able to use �R > 0.05 between µ’s and �R > 0.1 for other lepton pairs;

see Ref. [1, 2] for example. Thus, the lepton collimation issue is only a marginal problem for

about 3TeV Winos with the current technique. Perhaps a better separation with �R > 0.01

between µ’s and �R > 0.05 for others will be possible in the future. What about CMS which

uses the particle flow algorithm?

3

5σ discovery reach: Z’B

14

Discovery reach
4.5 TeV @ 14 TeV LHC, 300 fb-1

5.5 TeV @ 14 TeV LHC, 3 ab-1

28 TeV @ 100 TeV, 3 ab-1

Could discover resonances with 
gB as small as 0.35 to 0.5

di-jet resonance

Felix Yu,  2013

Cohen et al, 2013

Gori, Jung, LTW,  Wells, in prep
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Naturalness

- tune proportional to (mstop)2 . 
A gain of 2 orders of magnitude!

A 6 TeV stop can be discovered! 

DRAFT

26 New Particles Working Group Report

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

�
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ � t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ � b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ � t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ � b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

1 (red) and the t̃ � b + �̃±1 , �̃
±
1 � W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e�ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
�

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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5.3 Stop-Pair Production 21

fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [34]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [43] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
Rbkg, as it is assumed that the

uncertainty is largely driven by the statistical precision from the control samples, which will
improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 18: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (left), and the projected 5� discovery reaches for this model (right).

The results are summarized in Fig. 18. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

Figure 1-23. ALTAS [151] and CMS [153] projections of reaches for stop in direct pair production LHC
Run 2 and HL-LHC.

channels to charginos and neutralinos. Measuring them will paint a full picture of stop couplings. Many of668

these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable669

in accomplishing this task.670

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be671

carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension672

(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there673

will be competing interpretations. To distinguish them, model independent measurements of spin and mass674

are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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Figure 7: Results for the stop-neutralino model using the single lepton analysis strategy. The left [right]
panel shows the 5 � discovery reach [95% CL exclusion] for the four Snowmass collider scenarios. A 20%
systematic error is assumed and pileup is not included.

100 TeV proton collider could discover a ⇠ 5.5 TeV stop.

The tuning in models where m�t > mt derives from the Renormalization Group Equations (RGE)
for the up-type Higgs boson soft mass squared m2

Hu
; in the one-loop leading log approximation

there is a contribution from each stop of at least

�m2

Hu
' �

3 y2

t

8 �2

m2

�t log

✓
�

TeV

◆
, (2)

Note that for � � TeV, the one-loop leading log approximation breaks down.

Given a bound on the lightest stop mass, Eq. (2) can be translated into a naive lower bound on
tuning ��1 [10]:

� m�t
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��2

� mh
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�
2

sin2 �

✓
log(�/ TeV)

3

◆�1

'

✓
��1

10%

◆
. (3)

Non-zero A-terms, RG effects of heavy gluinos, and tree-level tunings from the µ term all tend
to increase the overall tuning. Therefore, Eq. (3) gives a conservative rough estimate of the “least
tuned” an MSSM-like model can be given a collider constraint on the lightest stop mass. Assuming
a SUSY breaking scale of � = 300 TeV and a massless neutralino, the results in Fig. 7 can be used
to estimate the minimum tuning implied by a null result at each collider scenario:

14 TeV (300 fb�1) 14 TeV (3000 fb�1) 33 TeV 100 TeV

2 ⇥ 10�2 1 ⇥ 10�2 2 ⇥ 10�3 1 ⇥ 10�3

Note that we have included a factor of two to account for the tuning from both stops — the heavier
stop will also make a contribution to the tuning at least of the same order.

13

Figure 1-24. Reaches for stop-neutralino simplified model using the single lepton channel [71]. The left
[right] panel shows discovery reach [95% CL exclusion].

The most interesting coupling of stop is probably with the Higgs boson. Confirming its consistency with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
CM

= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682

Community Planning Study: Snowmass 2013

11

neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events

Cohen et. al., 2014
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Dark matter (mono-jet)

- Large improvement beyond the LHC.

- Probing the “bulk” of WIMP parameter space.

inaccessible to the LHC. While a 100 TeV collider can come much closer to the thermal value,

it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

lower energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.
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Figure 4: Reach in the pure higgsino scenario.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. Like

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative

to the LHC. The reach is weaker than for winos, mainly due to the reduction in production

cross-section.
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Figure 5: Charged track distributions for the pure wino scenario showing the number of

tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. B and containing at least one chargino track

with pT > 500 GeV are considered.

While not as long as the wino lifetime, the charged higgsino still travels a macroscopic

– 9 –
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Wino summary

- There is hope to “completely cover” the wino 
parameter space. 

HESSCTA

channel bkgd. syst.
14 TeV 100 TeV

95% limit 5� discovery 95% limit 5� discovery

monojet
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

disappearing tracks
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

Table 1: Mass reach for the pure wino scenario.

/ET where neither of the jets can be too close to the /ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets integrated luminosity. Additional details on our scaling procedure are found

in App. B. The results of the extrapolation are shown in Fig. 3. The band is generated by

varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. B are considered.

Results are shown in Table 1. We find ... [do we want a summary plot?]

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.

Because of the connection between µ and fine-tuning, these spectra arise in natural super-

symmetry [43, 44]. A thermal higgsino saturates the relic density for m�̃ ⇠ 1 TeV (why are

sommerfeld corrections not large? –ML). As for the wino case, a thermal higgsino is

– 8 –
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Many on-going studies.

- New physics and electroweak phase transition. 

- Vector boson fusion for composite resonances.

- Z’.

- 10 TeV flavor physics. 

- Fermionic top partner

- Top quark in PDF and other SM issues...

- Suggestions for more studies to be done?
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If we made a discovery at run 2

Saturday, July 19, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?
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If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

- Typically, going from 8 TeV to 14 TeV increase the 
reach by a factor of 2. 

- However, many models feature particles with masses 
spread at least factor of several apart. 

- Won’t be able to see everything. 

- LHC discovery will set the stage for our next 
exploration. Such as at a future 100 TeV pp collider.
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Example: SUSY

- Run 2 may be able to see gluino, light neutralinos 
and charginos, some squarks, but not the rest. 

1.3 Discovery Stories 23

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.

Community Planning Study: Snowmass 2013
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Similar story in composite Higgs

Light top partner
“As natural as possible”

the rest

O(TeV)
Hard to see the full spectrum 
with the increase of reach 
from 8 to 14 TeV
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No discovery?

- Run 2 won’t have the final word on many 
questions.

Won’t nail the Higgs properties.

Not enough for naturalness yet (for me). 

Not even close for WIMP dark matter. 

- We should certainly go further. 
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CERN FCC
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Recent CERN Initiative: FCC 
Future Circular Colliders:  

Plan: CDR and cost estimate in 2018 

Albert  De Roeck, at Astrophysics 2014
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Albert  De Roeck, at Astrophysics 2014

FCC-hh: a Proton-Proton Collider 

Saturday, July 19, 14



Circular e+e- collider  
with √s energy in the 
range of 90-350 GeV 
 
Can serve 4 experiments 
simultaneously! 
 
Challenging but no  
showstoppers!!  (2 rings) 
Energy loss/turn ~ 11 GeV 

 FCC-ee: the Electron-Positron Option 

Tera-Z, Giga-W, Mega-H, Mega-top 

Albert  De Roeck, at Astrophysics 2014
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What’s happening in China
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In the last 1.5+ years
- Started “talking about it” in 2012.

- Workshop in August 2013, a road map started to 
emerge.

- Things are happening fast since then
Several meetings, workshops. 

Working groups, studies being organized in China.

Established Center for Future High Energy Physics 
(CFHEP): international collaboration in the study of 
physics case. 

Broad conversation happening within Chinese 
physics community.
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A Good Start 
• Many workshops, seminars in 

China and in the world 
– Sep. 2013, Dec. 2013… 

• Community support in China 
– June 2013, Xiangshan forum 

• Start to organize ourselves 
• Start to Lobby the government 

 

A lot more will come !  
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Center for Future High Energy Physics

- Coordinate studies of physics case.

- Coordinate international collaboration: 
Currently, 5-10 intl. visitors every week. 

Please come help us!

- Writing pre-CDR by the end of this year.  

http://cfhep.ihep.ac.cn/
http://beijingcenterfuturecollider.wikispaces.com/
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Under consideration now: 

- Circular Electron Positron Collider (CEPC).

- Super Proton Proton Collider (SPPC)

CEPC+SppC 
• For about 8 years, we have been talking  about  “What  can  be  

done  after  BEPCII  in  China”   
• Thanks to the discovery of the low mass Higgs boson, and 

stimulated by ideas of Circular Higgs Factories in the world, 
CEPC+SppC configuration was proposed in Sep. 2012  

A 50-70 km tunnel is 
very affordable in China 
NOW 

Yifang Wang, director of IHEP

90
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Main parameters of CEPC at 50km 
Parameter Unit Value Parameter Unit Value 

Bean Energy GeV 120 Circumference km 50 

Number of IP 2 L0 /IP (1034) cm-2s-1 2.62 

No. of Higgs/year/IP 1E+05 Power(wall) MW 200 

e+ polarization 0 e- polarization 0 

Bending radius km 6.2 Ne/bunch 1E10 35.2 

Nb/beam 50 Beam current mA 16.9 

SR loss (GeV/turn) 2.96 SR power/beam MW 50 

Critical energy of SR MeV 0.6 x,n mm-mrad 1.57E+06 

y,n mm-mrad 7.75E+03 IP  (x/y) mm 200/1 

Trans. size (x/y) m 36.6/0.18 Bunch length mm 3 

Energy spread SR % 0.13 Full crossing angle mrad 0 

Lifetime due to Bhabha sec 930 Damping part. No. (x/y/z) 1/1/2 

b-b tune shift x/y  0.1/0.1 Syn. Osci. tune 0.13 

RF voltage Vrf GV 4.2 Mom. compaction 1E-4 0.4 

Long. Damping time  turns 40.5 Ave. No. of photons 0.59 

dB beam-beam % 0.014 
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Main Parameters of SppC 
Parameter SppC-1 SppC-2 

Beam energy (TeV) 25 45 
Circumference (km) 49.78 69.88 
Number of IPs 2 2 
SR loss/turn (keV) 440 4090 
Np/bunch (1011) 1.3 0.98 
Bunch number 3000 6000 
Beam current (mA) 0.5 0.405 
SR power /ring (MW) 0.22 1.66 
B0 (T) 12 19.24 
Bending radius (km) 6.9 7.8 
Momentum compaction (10-4) 3.5 2.5 
IP  x/y (m) 0.1/0.1 0.1/0.1 
Norm. trans. emit.  x/y (mrad) 4 3 
y/IP 0.004 0.004 
Geo. luminosity reduction factor F 0.8 0.9 
Luminosity /IP (1035cm-2s-1) 2.15 2.85 
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The circle is on the map

- A likely site: QinHuangDao (秦皇岛), 300 km from 
Beijing, 1hr by train.

- Good geological condition.

- Strong local support. Thinking about building a 
science city around it. 

Site 
• Preliminary selected: Qinhuangdao (秦皇岛） 
• Strong support by the local government 
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Beautiful Place for a Science Center 
Best beach & cleanest air  
Summer capital of China 

Starting point of the Great Wall 

Wine yard  
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The Chinese DreamTimeline (dream) 
• CPEC 

– Pre-study, R&D and preparation work 
• Pre-study: 2013-15   

– Pre-CDR by the end of 2014 for R&D funding request 
• R&D: 2016-2020  
• Engineering Design: 2015-2020 

– Construction: 2021-2027 
– Data taking: 2028-2035 

• SppC 
– Pre-study, R&D and preparation work 

• Pre-study: 2013-2020 
• R&D: 2020-2030  
• Engineering Design: 2030-2035 

– Construction: 2035-2042 
– Data taking: 2042 - 

Yifang Wang at FCC kick off meeting
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They say:

- Very long road, very difficult, but extremely exciting. 

- Within China:
Good timing: BEPC to end in 2020. Time to plan the 
future. And in general, even at top levels,  “in the 
mood” for something big.

Need to reach consensus (this year). 
Not guaranteed, but excitements are building (and faster 
than expected)

A lot of money, but maybe affordable.

Many technological hurdles, but it is not impossible. 

Need many more (and new) people. 
So far, young people seem to be fired up.  
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They say:
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They say:

- It has to be completely international.
Will reply heavily on international collaboration for 
technology, man power...

Play an active role in global efforts:  FCC and ILC.

Competing proposals and multiple machines are healthy 
ingredients of our community.

Even if this does not happen in China, the effort will 
help. 
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They say:

- It has to be completely international.
Will reply heavily on international collaboration for 
technology, man power...

Play an active role in global efforts:  FCC and ILC.

Competing proposals and multiple machines are healthy 
ingredients of our community.

Even if this does not happen in China, the effort will 
help. 

- This is part of the global effort to ensure a bright 
future for high energy physics. 
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Optimistic?

- Very long/difficult road, of course. 

- So far, faster and better than I expected. 

- May real test still to come

- I am optimistic. We have to try. 
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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Table 9: Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance with 50% data at the
peak, leading to 7⇥ 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min) intervals; (ii) one year at the Z peak with 40%
longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a one-year scan of the WW threshold (around 161 GeV), with resonant
depolarization of single bunches for energy calibration at O(20min) intervals; and (iv) a five-years scan of the tt̄ threshold (around 346 GeV). The statistical errors expected
with two detectors instead of four are indicated between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the
course of the design study.

Quantity Physics Present Measured Statistical Systematic Key Challenge
precision from uncertainty uncertainty

mZ (keV) Input 91187500± 2100 Z Line shape scan 5 (6) keV < 100 keV Ebeam calibration QED corrections
�Z (keV) �⇢ (not �↵had) 2495200± 2300 Z Line shape scan 8 (10) keV < 100 keV Ebeam calibration QED corrections
R` ↵s, �b 20.767± 0.025 Z Peak 0.00010 (12) < 0.001 Statistics QED corrections
N⌫ PMNS Unitarity, ... 2.984± 0.008 Z Peak 0.00008 (10) < 0.004 Bhabha scat.
N⌫ ... and sterile ⌫’s 2.92± 0.05 Z�, 161 GeV 0.0010 (12) < 0.001 Statistics
Rb �b 0.21629± 0.00066 Z Peak 0.000003 (4) < 0.000060 Statistics, small IP Hemisphere correlations
ALR �⇢, ✏3, �↵had 0.1514± 0.0022 Z peak, polarized 0.000015 (18) < 0.000015 4 bunch scheme, 2exp Design experiment
mW (MeV) �⇢ , ✏3, ✏2, �↵had 80385± 15 WW threshold scan 0.3 (0.4)MeV < 0.5 MeV Ebeam, Statistics QED corrections
mtop (MeV) Input 173200± 900 tt̄ threshold scan 10 (12) MeV < 10 MeV Statistics Theory interpretation

25
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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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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.

Community Planning Study: Snowmass 2013
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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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