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Particle physics is not validation anymore, rather it 
is exploration of unknown territories *

* Not necessarily a bad thing. Columbus left for his trip just 
because he had no idea of where he was going !!
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb

�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/
T

cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),

25

Stop to top + Neutralino:                      [arXiv:1406.4512]
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– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
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Stop to top + Neutralino:                      [arXiv:1406.4512]

Gluino to Neutralino + q:                           [arXiv:1606.00947]
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Fig. 13: 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 pile-up is not included.

an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4 HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full meg versus me�0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb

�1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb

�1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for me�0
1
& 1 TeV the

gluino mass reach rapidly diminishes.
A separate analysis is used to target the compressed region of parameter space of this simplified

model, where:
meg � me�0

1
⌘ �m ⌧ meg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z ! ⌫⌫), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

�
W ! ` ⌫

�
in association with jets, where the charged lepton is not reconstructed properly.

Finally, when considering events with a significant number of jets, t¯t production in the fully hadronic
decay channel

�
t ! b q q0

�
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross

28
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Spin-1 CH resonances (or V’):              [arXiv:1502.01701]
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coupling) and where di-boson searches dominate the exclusion (high masses, low coupling). The triplet
coupling to SM bosons goes as g⇢ and hence di-boson channels are more sensitive for larger values of
g⇢.

From the plots we can infer, as expected, that an increase in the center-of-mass energy of the
collider enhances the mass reach significantly. In fact, only a 100 TeV collider has the capability to
access the multi-TeV region. An increase in luminosity improves the mass reach only slightly but is
considerably more effective in the reach for larger g⇢.

Note that resonances become broad for large g⇢ because their coupling to longitudinal vector
bosons and the Higgs grows which increases the intrinsic width as g2⇢. Broad resonances are harder to
detect and since a narrow resonance has been assumed in our analysis we expect the actual limits to be
even weaker than ours in the large coupling regime. To estimate the region where finite width effects
should start to become relevant we included the fine red dotted curves which depict the boundary to the
region where the widths exceeds 20% of the mass. In the region above the red line the width is even
larger and our bounds are no longer reliable (see ref. [618] for details).

Indirect constraints are depicted as black dashed lines and show the expected 2 � errors on ⇠,
corresponding to twice the error on kV ' 1 � ⇠/2, obtained from single Higgs production. The values
are taken from refs. [628–630]. In the (m⇢, ⇠) plane, the limits simply corresponds to horizontal lines
and translate into straight lines with varying inclination in the (m⇢, g⇢) plane. In particular, the plots
show the LHC reach with 300 fb�1 and 3 ab�1 corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and
the expected reach of the ILC and a leptonic FCC at

p
s = 500 GeV and

p
s = 350 GeV corresponding

to ⇠ > 0.01 and ⇠ > 0.004. Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to
the leptonic FCC.

In conclusion, the plots demonstrate that direct and indirect searches are complementary and probe
the parameter space of a composite Higgs model from different directions. While direct searches are
more powerful in the low coupling regime, indirect searches win for large couplings.
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In conclusion, the plots demonstrate that direct and indirect searches are complementary and probe
the parameter space of a composite Higgs model from different directions. While direct searches are
more powerful in the low coupling regime, indirect searches win for large couplings.

124

CH Top Partners:                                             [arXiv:1409.0100]
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Fig. 104: Left: Exclusion reach for a top partner T of electric charge 2/3; Right: same plot for an X5/3 of charge
5/3. The plots are obtained by assuming that future searches at 100 TeV will be sensitive to the same number of
signal events as the current 8 TeV ones. Namely, excluded signal yields S

exc

' 25 and S
exc

' 10 are assumed for
the T and the X5/3. Signal selection efficiencies are also extracted from 8 TeV results. In the case of the single
production mode, for which no dedicated searches are currently available, the efficiency (e

s.p.

) is taken equal to
the pair production one for simplicity. Further details can be found in ref. [777].

EW boson decays to jets or charged lepton pairs, heavy lepton pairs can decay into fully reconstructible
final-states with four jets and two high-pT leptons that scale like p`T ⇠ mT /2:

T 0T± ! ``0 + WZ/Wh ! ``0 + 4j / 2j + 2b , (112)
T+T� ! ``0 + ZZ/Zh/hh ! ``0 + 4j / 2j + 2b / 4b . (113)

Assuming a nominal detector acceptance and efficiency of A = 0.75, at 100 TeV and after 10 fb�1, a
5� discovery can be achieved for mT ⇡ 1.4 � 1.6 TeV [772]. Taking instead A = 1.0, The right panel
of Fig. 103 shows the discovery potential of the combined charged current and neutral current processes.
After 3 ab�1, there is 5 (2)� discovery (sensitivity) up to mT ⇡ 6 (8) TeV.

5.2.2 Fermionic Top Partners in Composite Higgs Models
An 100 TeV collider can probe models with a terrific amount of Electro-Weak fine tuning. Even if none of
these models had to be discovered, the result will be extremely informative as it will strongly disfavour (or
exclude) a Natural origin of the Electro-Weak scale, pushing us towards the investigation of alternatives.
We illustrate this point by estimating the reach, in terms of exclusions, for vector-like coloured fermions
with a sizeable coupling to third-generation quarks, the so-called “top partners”. Top partners are a
common prediction of composite Higgs models in which the partial compositeness paradigm is assumed
for the generation of fermion masses (see, e.g., refs. [621,622] for a review). In these models, their mass
M is directly related to the amount of fine-tuning � according to the approximate formula

� ⇠
✓

M

500 GeV

◆
2

. (114)

Top partners are coloured, thus they are unmistakably produced in pair by QCD interactions. They
are also endowed with a sizeable coupling to third generation quarks and SM vector bosons or Higgs.
The latter coupling is responsible for their decay, but also for their single production in association with
a forward jet and a third generation quark. Exclusion contours are displayed in Fig. 104, in the plane
defined by the top partner mass and its single production coupling. Top partners of electric charge 2/3

(and BR(Wb) = 0.5, which is typical for a SM singlet) and 5/3 are shown, respectively, in the left and

144
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Wino DM. (disappearing tracks:)

 [arXiv:1407.7058]
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Fig. 46: Reach of disappearing tracks (left) and monojet (right) searches [348].

�
0

plus very soft pions, which are not reconstructed at the LHC, with a decay length at rest of ⇠ 6 cm.
Since current detectors do not reconstruct tracks shorter than O(30) cm, the bulk of the produced �±

contributes to missing transverse energy in the same way of �
0

. Still, a fraction of the �± can travel far
enough to leave a track in the detector, and then decay to �

0

plus soft pions within it, thus yielding a
disappearing track signal that has no background within the SM [362].

The current best probe of this model at colliders is indeed given by the ATLAS [346] and CMS
[347] searches for disappearing tracks, which obtained the bound

M� > (260 � 270) GeV. (39)

In ref. [348], the reach of the ATLAS search for disappearing tracks is extrapolated to the HL-
LHC, as well as to the 100 TeV proton collider, for both 3 and 30 ab�1 of integrated luminosity (see
also ref. [80]). The result of this procedure is shown in the left-hand plot of fig. 46. The background to
this search comes from detector effects, and the red bands in the reach, for any given future benchmark,
correspond to a conservative quantification of the uncertainty coming from our extrapolation. In the right-
hand plot we show, for comparison, the expected reach in the “standard” monojet channel. Here the blue
bands represent how the reach is expected to change according to the control that will be achieved over
the systematics. The reach of other channels like vector boson fusion [86,348] and monophoton [348] is
somehow weaker, but it will provide a useful complementarity. Both for disappearing tracks and for the
monojet searches we find a very good agreement with the results of ref. [80], and we refer the reader to
ref. [348] for more details.

While the region interesting for thermal WIMP DM is out of reach at any conceived future LHC
stage, the 100 TeV collider has largely the potential to probe it, and say a final word over the existence
of a pure-Wino (independently of DM). The only channel with the potential to discover thermal DM
Winos is that of disappearing tracks, and it would benefit, at any future collider, from the capability of
reconstructing tracks below the current length of O(30) cm.

Relation with future lepton colliders. Given that � is a full EW multiplet, its contributions to
EWPT are very suppressed, at the level of W, Y ⇠ 10

�7 [335]: this sensitivity target is not touched by
LEP2 [363], and looks out of reach at any proposed future lepton collider (see ref. [364] for the expected
reaches of high energy positron collider and CPEC).
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models (bottom left panel), and axial models (bottom right panels) at 100 TeV colliders. The neutrino wall af-
fecting the direct detection experiments is green for all plots expluding the pseudo-scalar mediator, where the
projected indirect detection limit using FERMI-LAT and HESS projections data [308] is shown. The relic density
is additionally computed all allowed mediator and DM masses are contained within the relic density lines.

and compare the resulting constraints to the parameter space compatible with WIMP freeze-out. For
concreteness, we consider the case of a spin-1 mediator, which could e.g. be the massive gauge boson
of an additional broken U(1)

0 gauge symmetry. As discussed in [470], it is important that the couplings
of the mediator are chosen in a way that preserves gauge invariance and that perturbative unitarity is not
violated in the parameter regions under consideration. Following [470], we therefore assume that the
WIMP is a Majorana fermion and that the mediator has only vectorial couplings to SM quarks:

L � �gq
X

q

Z 0µ q̄�µq � gDM

2

Z 0µ �̄�µ�5� . (59)

This choice suppresses constraints from electroweak precision observables, searches for dilepton res-
onances and DM direct detection experiments, which would otherwise rule out most of the parameter
space compatible with thermal freeze-out. In other words, we focus on a typical case that the 100 TeV
collider will have to tackle if no DM detection arises in the next decade.
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Fig. 46: Reach of disappearing tracks (left) and monojet (right) searches [348].
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plus very soft pions, which are not reconstructed at the LHC, with a decay length at rest of ⇠ 6 cm.
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contributes to missing transverse energy in the same way of �
0
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0

plus soft pions within it, thus yielding a
disappearing track signal that has no background within the SM [362].
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concreteness, we consider the case of a spin-1 mediator, which could e.g. be the massive gauge boson
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0 gauge symmetry. As discussed in [470], it is important that the couplings
of the mediator are chosen in a way that preserves gauge invariance and that perturbative unitarity is not
violated in the parameter regions under consideration. Following [470], we therefore assume that the
WIMP is a Majorana fermion and that the mediator has only vectorial couplings to SM quarks:
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This choice suppresses constraints from electroweak precision observables, searches for dilepton res-
onances and DM direct detection experiments, which would otherwise rule out most of the parameter
space compatible with thermal freeze-out. In other words, we focus on a typical case that the 100 TeV
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Fig. 61: Expected sensitivity of monojet (green) and dijet resonance (blue) searches at the 100 TeV collider
(dashed lines) compared to the expected sensitivity of the LHC at 14 TeV (dotted lines) and the parameter values
that reproduce the observed relic abundance (red, solid). The grey regions are excluded by perturbative unitarity
(cf. [470]).

Constraining simplified models. To calculate the expected sensitivity of the 100 TeV collider
for simplified models we assume an integrated luminosity of L = 10 ab�1 at a centre-of-mass energy of
100 TeV. For comparison, we also show the reach of the Large Hadron Collider with L = 300 fb�1 at
14 TeV (LHC14).
Monojets: We implement the analysis strategy suggested in [471], which essentially corresponds to
a scaled-up version of the most recent CMS analysis [431]. Most importantly, the analysis cuts re-
quire missing transverse energy ( /ET ) in excess of 2.6 TeV. We simulate the expected signal using
MadGraph v5 [104] and Pythia v6 [122]. In existing monojet searches, detector effects play a rather
small role, leading to a modest reduction of the monojet cross section by about 20% [472], and we
assume that these effects are of similar size in future colliders.

We also simulate the dominant SM background, which arises from invisibly decaying Z-bosons,
pp ! j + Z(! ⌫⌫̄). In addition to statistical uncertainties, we include 1% systematic uncertainties, im-
plying that statistical and systematic uncertainties are of comparable magnitude. Denoting the expected
number of background events by B, we can then potentially exclude a given set of parameters at 95% CL
if the predicted number of signal events S violates the inequality S2/(S +B +(0.01 B)

2

) < 3.84 [438].
We find that the 100 TeV collider can probe any physics contributions in excess of �crit = 0.15 fb.

For the LHC we implement the analysis strategy proposed in [473], which requires /ET >
800 GeV. For the cuts that we employ, and assuming 2% systematic uncertainties, we find that the
LHC will be able to probe monojet cross section larger than �crit = 0.6 fb.
Dijets: The search for dijet events coming from the pp ! Z

0 ! jj process probes the large-
mDM parameter region [312]. We simulate this signal by means of MadGraph v5, Pythia v6 and
Delphes v3 [123]. The background expectations after imposing the cuts adopted in the CMS dijet anal-
ysis [474] are extracted from [475]. We apply these cuts to the signal using MadAnalysis [476]. The
reach of the 100 TeV collider to this signal is then estimated by applying the CLs method to the distri-
bution of the dijet invariant mass mjj , neglecting systematic uncertainties. This approach allows us to
probe even broad resonances. We proceed in the same way for LHC14.
Combination: In Fig. 61 we show several examples for the expected sensitivity of the 100 TeV collider
compared to the projection for LHC14 TeV and the parameters that reproduce the observed DM relic
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Z2-odd singlet (nightmare scenario?)  
                                       [arXiv:1409.0005]
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Fig. 74: Summary of the Z2-symmetric singlet’s parameter space for a strong EWPT, from [318]. mS is the
physical singlet mass at the EWSB vacuum, while �HS = a2/2, µ2

S = b2 and �S = b4 in the notation of Eq. (56).
All 100 TeV sensitivity projections assume 30ab�1 of luminosity. Gray shaded regions require non-perturbative
�S > 8 and are not under theoretical control. Red shaded region with red boundary: a strong two-step PT from
tree-effects is possible for some choice of �S . Orange shaded region with orange boundary: a strong one-step
PT from zero-temperature loop-effects is possible. Gray-Blue shading in top-right corner indicates the one-loop
analysis becomes unreliable for �HS & 5(6) in the one-step (two-step) region. In the blue shaded region, higgs
triple coupling is modified by more than 10% compared to the SM, which could be excluded at the 2� [214] or
better, see Table 26. In the green shaded region, a simple collider analysis yields S/

p
B � 2 for VBF production

of h⇤ ! SS. (Confirmed in later collider study by [326].) In the purple shaded region, ��Zh is shifted by more
than 0.6%, which can be excluded by TLEP. Note that both EWBG preferred regions are excludable by XENON1T
if S is a thermal relic.

it amenable to full exploration via analytical methods. It also serves as a useful “experimental worst-
case” benchmark scenario of a SFOEWPT, since the the Z2 symmetry turns off most of the signatures of
generic singlet extensions by precluding doublet-singlet mixing.

In the Z2-symmetric xSM, a SFOEWPT can occur in two ways. For b2 < 0, a two-step transition
via the vacuum with a singlet vev can be made very strong for some range of self-couplings b4. For
b2 > 0 and large Higgs-portal couplings, zero-temperature loop effects lift the EWSB vacuum, allowing
SM thermal loops to generate the necessary potential barrier. This is illustrated as the red and orange
shaded/outlined regions in Fig. 74.

This scenario is almost completely invisible at the LHC, and only part of the relevant parameter
space can be probed at lepton colliders. However, as we will review in Section 6.3.3 below, a 100 TeV
collider can probe the entire EWBG-viable parameter space in this scenario, via either direct singlet pair
production or measurements of the Higgs cubic coupling. This demonstrates the tremendous discovery
potential for EWBG contributed by such a machine.

Electroweak scalar multiplets. Extensions of the SM scalar sector containing new color neutral, elec-
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Direct singlet search 

(VBF h*->SS)

Direct reach on new states and few-percent 3H coup.  
can probe strong first order EW phase transition

�g3H/g3H ⇠ 3, 4%
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Fig. 64: Summary of dark photon constraints and prospects (see [483] for references). High-energy colliders
(LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with m

ZD & 10 GeV, while precision QED
observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments probe lower
masses. Dark photons can be detected at high-energy colliders in a significant part of open parameter space in the
exotic decay of the 125 GeV Higgs boson, h ! ZZ

D

! 4`, (blue curves) in Drell-Yan events, pp ! Z
D

!
``, (red curves) and through improved measurements of electroweak precision observables (green/purple dashed
curves). Note that all constraints and prospects assume that the dark photon decays directly to SM particles,
except for the precision measurements of the electron/muon anomalous magnetic moment and the electroweak
observables. Figure taken from [483]. Drell-Yan projections are rescaled from the LHC results of [523, 524], and
we anticipate some further improvement at high masses may be possible.

This is separately motivated in theories of Neutral Naturalness [532, 533] and more generally in Hidden
Valleys [534–537], of which the dark photon scenario is a particular example.

Fig. 66 illustrates the sensitivity to kinetic mixing achievable if dark photon decays within a 1
or 10m detector volume could be reconstructed at the LHC or a 100 TeV collider (assuming prompt
lepton efficiencies and expected signal-to-background). Different contours indicate different assumptions
made for the exotic Higgs decay branching ratio Br(h ! ZDZD), which can be relatively large even if
kinetic mixing is tiny. The enormous rate of Higgs production at a 100 TeV collider compensates for the
overwhelming fraction of dark photons that escape the detector for very small kinetic mixing, allowing
✏ as small as ⇠ 10

�10 to be probed. This opens a window onto a broad swath of otherwise inaccessible
parameter space, and relies on having available a production mechanism for dark sector states that is
separate to the coupling which controls their decay to SM particles. Searches with sensitivity to the
displaced dilepton final state are already underway at the LHC [538, 539].
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Fig. 65: Expected 95% CLs limits on the total exotic Higgs decay branching ratio, Br(h ! Z
D

Z
D

) (top), and
the effective Higgs mixing parameter 0 (bottom) at the LHC (left) and a 100 TeV pp collider (right). Gray
bands correspond to regions where quarkonium background may invalidate these projections. The limits obtained
in [479] from a recast of LHC Run 1 results are shown in red (h ! ZZ⇤ ! 4` search by CMS [529]) and blue
(ATLAS ZZ cross section measurement [530]) shaded regions. The limit from the CMS 8 TeV h ! 2a ! 4µ

search [531] is shaded in orange, assuming the efficiencies for pseudoscalar and dark photon decay to muons are
the same. Figure from [483].

For the Higgs portal, important complementarities with the capabilities of future lepton colliders
can also be identified.

– A sizable Br(h ! ZDZD) is generated through non-negligible mixing of the SM-like Higgs with
the dark Higgs S. This leads to potentially detectable Higgs coupling deviations at lepton colliders.

– Direct production of the SM-singlet dark Higgs s is possible at both lepton and hadron colliders,
either directly or through exotic decays of the SM-like Higgs boson. If s can only decay via its
mixing with the Higgs, the dominant final state will be third-generation fermion pairs ¯bb, ⌧+⌧�

and c̄c. If s is light enough to be produced at lepton colliders, the energy of its decay products may
be so low that reconstruction of these final states without resonances of light leptons is difficult
at a 100 TeV hadron collider. In that case, the clean environment of a lepton collider could prove
invaluable in searching for s ! ¯bb, ⌧+⌧� signals.

Finally, the potentially stunning sensitivity of a 100 TeV collider to dark photon signatures is only
possible if future detector designs allow for the recording and reconstruction of relatively soft objects,
with pT ⇠ O(20 GeV), as well as low-mass ⇠ O(10 GeV) displaced decays. If these requirements are
satisfied, a 100 TeV collider could easily discover hidden sector signatures that cannot be probed by any
other means.
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) at the LHC (left) and a 100
TeV collider (right), assuming a displaced lepton jet search has the same sensitivity to decays within the given
distance from the interaction point as a prompt Z

D

Z
D

search (see Fig. 65). A detector size L of 1 m is assumed
for all plots. Gray shaded regions show current constraints (see [483] for references).

4.5 WIMP, Non-Minimal Models
4.5.1 Gluino, Stop Coannihilation
A non-minimal scenario that can thermally produce the correct relic abundance and may be testable at a
future collider is co-annihilation. For concreteness we consider the DM to be a bino (electroweak singlet)
and the co-annihilator to be a colored sparticle with a mass m = 1.05 m�̃ where m�̃ is the bino mass.
The near mass degeneracy allows the bino annihilation rate (with the co-annihilator) to increase which
decreases the relic abundance. The mass that gives the correct relic abundance depends on the splitting
between the bino and co-annihilator. The collider rate, on the other hand, is determined by the mass of
the co-annihilator.

The first co-annihilator we consider is the gluino which is a color octet fermion. At 100 TeV
one finds a reach for the bino of 5.8 TeV to 6.2 TeV.14 The reach is shown in Fig. 67 (left). In this
figure the upper x-axis shows the bino mass assuming mg̃ = 1.05 m�̃ while the lower x-axis shows the
mg̃ � m�̃ value for which one finds the correct relic abundance [540]. In this projection the gluinos are
pair produced and assumed to decay via g̃ ! �̃+undetected. The most effective search is in the monojet
channel.

The second co-annihilator we consider is the right handed stop which is a color triplet scalar. The
expected exclusion for the bino is 2.4 TeV to 2.8 TeV and in fact the discovery reach is 1.7 TeV to 2.1
TeV and is shown in Fig. 67 (right). The x-axes, the same as in the gluino case, show the bino mass
assuming m

˜t = 1.05 m�̃ and the m
˜t � m�̃ value for the relic abundance [540, 541]. The stops are pair

produced and assumed to decay via ˜t ! �̃ + undetected so the monojet channel is used.
Relative to 14 TeV, the increase is reach is about a factor of 5. Importantly, however, the factor of

5 is enough to cover the thermal relic region for stops and come fairly close to covering the region for
gluinos.

14Actually the reach is 6.1 TeV to 6.5 TeV on the gluino and is not too sensitive to the bino mass.
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… and many SM particles as well (1010 Higgs, 1012 tops, …)
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Energy and Accuracy Frontier @ 100 TeV

Enhanced indirect NP effects in high mass tails

No need of extreme accuracy for indirect NP probe

Only CLIC@3TeV can be competitive: 5

LEP ATLAS8 CMS8 LHC13 100TeV ILC TLEP ILC 500GeV

luminosity 2⇥ 107 Z 19.7 fb�1 20.3 fb�1 0.3 ab�1 3 ab�1 10 ab�1 109 Z 1012 Z 3 ab�1

NC W⇥104 [�19, 3] [�3, 15] [�5, 22] ±1.5 ±0.8 ±0.04 ±3 ±0.7 ±0.3

Y⇥104 [�17, 4] [�4, 24] [�7, 41] ±2.3 ±1.2 ±0.06 ±4 ±1 ±0.2

CC W⇥104 — ±3.9 ±0.7 ±0.45 ±0.02 — — —

TABLE II. Reach on Wand Y from di↵erent machines with various energies and luminosities. The bounds from neutral DY
are obtained setting the unconstrained parameter to zero. Bounds from LEP are extracted from [42], marginalizing over Ŝ and

T̂. Bounds from Z-peak ILC [52] and TLEP [53] are from Ref. [39]. Bounds from o↵-peak measurements of e+e� ! e+e� at
lepton colliders are extracted from [54].

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [58], we find that charged DY measurements pre-
sented in this paper can surpass direct searches of heavy
vector triplets W 0/Z 0 for 3.5TeV < mW 0 < 4TeV and
gV ⇠ g2 at 8TeV and for 6.5TeV<mW 0 < 10TeV and
gV . 2g2 with a luminosity of 300 fb�1 at the LHC.

Outlook.— In this letter, we have demonstrated that
hadron colliders can be used to perform electroweak pre-
cision tests, and in particular that the LHC is now sur-
passing LEP in sensitivity to the universal parameters W
and Y. Our results are summarized in Table II, where
we also compare to future lepton colliders.

We conclude by noting that the universal parameters
W and Y are just two examples from the class of opera-
tors of the SM EFT whose e↵ects grow with energy. The
LHC, and future hadron colliders, therefore have great
potential to perform precision tests, because high center
of mass energy compensates limited accuracy. We advo-
cate exploration of a broad program of precision tests at
hadron colliders, where SM measurements can be lever-
aged as indirect probes of new physics that is too heavy
to produce directly.
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Energy and Accuracy Frontier @ 100 TeV

Enhanced indirect NP effects in high mass tails

No need of extreme accuracy for indirect NP probe

Other example is top couplings from HE ttW/ttZ             [arXiv:1511.03674]


EWPT @ hadron colliders: (W and Y oblique par.s)          [arXiv:1609.08157]

Diboson final states or boosted Higgs under exploration
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Summary

Unique Features of Future pp colliders:


1.sHigh Mass Reach in many channels offering a broad  
scoverage of multi-TeV NP. NP characterisation! 

2.sHuge Variety of NP searches, covering Energy, Intensity, 
sAccuracy (and Energy) frontiers. NP exploration 

3.sCost and technological challenges

But, we must dream !


