
Andrea Wulzer

Future High-Energy 
Colliders Physics



Ideology

HEP before the LHC HEP before the F.C.

W boson

Top

Higgs
SUSY, etc.



Ideology

HEP before the LHC HEP before the F.C.

W boson

Top

Higgs
SUSY, etc.

⇠ GFE
2 ' E2/v2< 16⇡2 mW < 4⇡v

Ultimate Accelerator. 

Drawn by Fermi in the ’50

to reach 3 TeV. 

The manifesto of HEP!

f

f

f

f



Ideology

W boson

Top

Higgs
SUSY, etc.

? ? ?

HEP before the LHC HEP before the F.C.

?



Ideology

W boson

Top

Higgs
SUSY, etc.

? ? ?

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 !!

HEP before the LHC HEP before the F.C.
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Dramatic paradigm shift. E.g. Anthropic or Dynamical
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WIMP invisible to DD if inelastic (automatic if Q=Y=0)

The FC should be capable to tell if DM is WIMP
WIMP models up to 16 TeV mass (large EW multiplets)

Accidental DM: stability from accidental symmetries
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- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)

Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac

triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical

band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the

outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The

relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two

allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same

mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.

The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is

shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function

of the DM mass. The LUX bound does not apply in the region of parameter space where no DM

particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical

band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
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relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two

allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same

mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
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Our knowledge of the Higgs sector is so limited that 
we cannot tell if EW phase transition was first order

EW Baryogenesis 

This requires BSM states (possibly neutral) coupled to 
Higgs. Typically connected with trilinear Higgs.

The FC should be conclusive on this possibility
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Higgs couplings are central, but there is moreEnergy Frontier: 

new particle prod.

Accuracy Frontier:

indirect BSM tests

The Energy and Accuracy Frontier 



“Standard” Future Colliders

The FCC Project: (ee+hh+he)

• Multi-TeV direct reach [e.g., top partners @ 9 TeV]

• Higgs couplings @‰ (Higgs 3-lin. @4%)

• Direct/Indirect complementarity [e.g., compositeness > 10 TeV]

• Conclusive on “nightmare” EWBG scenarios

• Progresses on WIMP DM [but it doesn’t make it to MDM]

CLIC: (380+1.5+3)

• Energy/Accuracy Interplay [e.g., compositeness discovery > 7 TeV]

• Higgs couplings @‰ (Higgs 3-lin. @10%)

• Discovers EW particles in reach [e.g., Higgsino DM]

• Conclusive on “nightmare” EWBG scenarios [NEW!]

• Covers SUSY holes [in case you care about]
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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:                     
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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, tt̄ 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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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 Sexc ' 25 and Sexc ' 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 (es.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
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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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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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Fig. 60: Mass limits for scalar mediator models (top left panel), pseudo-scalar models (top right panel), vector
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. 33: Sensitivity to CH parameter space, in terms of a typical strong sector coupling g⇤ and a mass
m⇤, using the combined fit from h⌫⌫, hZ, WW and tth production at 5� (left panel) and Drell-Yan pro-
cesses (right panel). Two shades of color filling correspond to the strongest and the weakest sensitivities
obtained for a factor of 2 increase and decrease of the operator coefficients.

the LHC.
We will use an EFT approach to CH models, faithfully reflecting their most important features

while remaining minimally model dependent. This approach differs from the generic EFT used in pre-
vious sections in that we apply a theoretical bias to the coefficients of the effective dimension-six oper-
ators. These coefficients now become functions of the typical composite-sector mass m⇤ and coupling
g⇤ [17], as expected for the Wilson coefficients of the operators which are obtained by integrating out
the composite sector characterized by g⇤ and m⇤. For the strong sector coupling one generically expects
1 < g⇤  4⇡, and we assume m⇤ to lie above 3 TeV, the highest centre-of-mass energy envisioned
for CLIC. In the following two sections we will consider separately flavour-independent (universal) and
flavour-dependent NP effects. While the first ones can a priori be probed in various fermionic and
bosonic final states, the latter ones are mostly restricted to the processes of the top and bottom quark
production. Notice, that both universal and non-universal effects can contribute to the same process,
however we will find that the strongest constraints on each type of effects come from different measure-
ments. In both cases, the major role for the CLIC searches will often be played by the operators whose
interference with SM amplitudes grows with energy, which can thus benefit from high-energy collisions.

The scaling of the operators with the strong sector parameters is defined by the following formula
(see e.g. [56])
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where L̂
6

i is a polynomial of its arguments,  are fermionic SM fields, Xµ are SM gauge fields with a
gauge coupling gX . i are dimensionless coefficients which are expected to be of order one, unless cer-
tain symmetry or selection rule suppresses them. The ✏  1 mixing parameters measure the degree of
compositeness of SM fermions. The latter are expected to be a mixture of the elementary and composite
states, with Yukawa interactions given by

� ' ✏ L
✏ R

g?. (50)

Universal effects. Let us first consider the low-energy effects of the strong sector —called universal in
the following— which do not vanish in the limit of absent direct couplings between SM fermions and
composite resonances. In the SILH basis [17], they are described by the following operators (omitting
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Figure 34: “Optimistic” (light color) and “pessimistic” (dark color) 5s discovery regions for the
partial compositeness (left) and the total tR compositeness (right) scenarios. The orange contours
are derived from the tt global fit in Section 10.1, while the green contour is derived from the top
Yukawa analysis in Equation 10.1. Only the optimistic case is shown for the top Yukawa analysis.

The large number of top quarks produced at 380 GeV in combination with the relatively low back-
ground levels and c-tagging capabilities of the CLIC detector concepts allow competitive searches
for FCNC decays with charm quarks in the final state, such as t ! cg and t ! cH.

Pair production of the top quark in electron-positron collisions gives access to its electroweak
couplings. At 380 GeV the jets from top-quark decays are well separated and can be reconstructed
individually. Boosted top tagging techniques based on jet substructure information are needed to
reconstruct top-quark pair production events with sufficient precision at the higher-energy CLIC
stages. Tagging efficiencies for hadronically decaying top quarks in the boosted regime of 50-70%
are achieved due to the low background levels, and the high granularity and excellent jet energy
resolution of detector concepts optimised for PFA.

A global interpretation of top-quark pair production using seven Wilson coefficients requires at
least two energy stages. New physics scales of the order of tens of TeV can be reached. The results
of the EFT fit have been used to assess the CLIC sensitivity for top-quark compositeness. The
reach of CLIC extends to top-quark compositeness scales of up to about 10 TeV.

The higher-energy stages also allow to study top-quark pair production in association with other
particles. At 1.4 TeV the top Yukawa coupling can be measured with a precision of 3.8% using ttH
events. In addition, the ttH process allows to search for a CP-odd contribution to the ttH coupling.
Further, operation at 3 TeV gives access to top-quark pair production in vector boson fusion.
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Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

phase transition can occur with much weaker indirect collider signatures than in the above two exam-
ples. However, it will still be testable with certain future colliders.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential
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The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�

SM
3 in the (mS ,�HS) plane. For

illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.
As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is

correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�

SM
3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase

transition.
One can measure �3 through double higgs production. The cross-section for producing a pair

of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,

– 17 –

-3

-3

-2

-2

-1

-1 -0.8

-0.8
-0.6

-0.6

-0.5

-0.5
-0.4

-0.4
-0.3

-0.3

-0.2

-0.2

-0.1

-0.1

200 400 600 800 1000
-4

-2

0

2

4

6

8

mS [GeV]

λ H
S

Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS ,�HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.
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Find equivalent √sH for Had. Coll. have same cross-section as Lep. Coll. 
for reactions at E~√sL. Use that        is nearly constant in τ.

2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum
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In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
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⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
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dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
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equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
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2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum
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and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution

Fermionic top partners in Composite Higgs:

Estimated reach 
of the FCC-hh

Analogous results for SUSY Stops/Squarks.

Muon Colliders



Plenty of examples can be made to refine the claim

Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
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2) Pair produce more than 100 EW particles:

     sufficient to probe “easy” decay modes (e.g., for top partners/stops) 
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3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, but what about WW scattering, HH prod?
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0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing
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<latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit><latexit sha1_base64="qJ8oKSN4KTr5bhqyW6RSVQYgWzA="></latexit>

0) Reach interesting energies:

     10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing

3) Measure SM cross-sections: 1% needs N=10000

     simple estimate for 2 → 2, much less for WW>HH (3H). Systematics??



Both MAP and LEMMA

claim they can make it

Muon Colliders Requirements Specification
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Lepton Colliders Luminosity

J.P.Delahaye ARIES wokshop (July 03, 2018)

comparable+luminosity+wrt+
standard+design+with+lower+
Nµ/bunch(lower+background)++
Thanks+to+very+small+
emiaance++(and+lower+beta*)+++

Of+course,+a+design+
study+is+needed+to+
have+a+reliable+
esSmate+of+

performances++

Dran+Parameters+

Cg=!
0,000088

5!  !  !
re=! 2,83E-15!  !  !

e++ERL/LINAC+ e++STORAGE+RING+
 !  ! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT! MUFACT!
Parameter! Units! Higgs ! Higgs! ZH! Top! ILC-like! ILC-like-1000! MultiTeV! MultiTeV! MultiTeV!
LUMINOSITY/IP! cm-2 s-1! 4,15E+31! 1,69E+31! 7,06E+31! 1,54E+32! 2,94E+32! 1,18E+33! 5,08E+34! 2,03E+35! 9,03E+35!
Beam Energy spread! %! 0,46! 3,17! 1,65! 1,13! 0,79! 0,40! 0,07! 0,03! 0,01!
Beam Energy ! GeV! 62,50! 62,50! 120! 175! 250! 500! 3000! 6000! 15000!
Hourglass reduction factor!  ! 1,00! 1,00! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000! 1,000!
Muon mass! GeV! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566! 0,10566!
Lifetime @ prod! sec! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06! 2,20E-06!
Lifetime! sec! 0,0013! 0,0013! 0,0025! 0,0036! 0,0052! 0,0104! 0,0625! 0,1249! 0,3123!
c*tau @ prod! m! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00! 658,00!
c*tau! m! 3,89E+05! 3,89E+05! 7,47E+05! 1,09E+06! 1,56E+06! 3,11E+06! 1,87E+07! 3,74E+07! 9,34E+07!
1/tau! Hz! 7,68E+02! 7,68E+02! 4,00E+02! 2,74E+02! 1,92E+02! 9,61E+01! 1,60E+01! 8,00E+00! 3,20E+00!
Circumference! m! 150,00! 150,00! 300! 450! 600! 1200! 6000! 12000! 27000!
Bending Field! T! 15,00! 15,00! 15! 15! 15! 15! 15! 15! 15!
Bending radius! m! 13,89! 13,89! 27! 39! 56! 111! 667! 1333! 3333!

Magnetic rigidity! T m! 208,33! 208,33! 400! 583! 833! 1667! 10000! 20000! 50000!

Gamma (Lorentz factor)!  ! 591,52! 591,52! 1135,72! 1656,26! 2366,08! 4732,16! 28392,96! 56785,92! 141964,79!
N turns before decay!  ! 2594,80! 2594,80! 2491,01! 2421,81! 2594,80! 2594,80! 3113,76! 3113,76! 3459,73!
βx @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
βy @ IP! m! 0,00020! 0,00020! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002! 0,0002!
Beta ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Coupling (full current)! %! 100! 100! 100! 100! 100! 100! 100! 100! 100!
Normalised Emittance x ! m! 5,90E-09! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08! 4,00E-08!
Emittance x ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance y ! m! 9,97E-12! 6,76E-11! 3,52E-11! 2,42E-11! 1,69E-11! 8,45E-12! 1,41E-12! 7,04E-13! 2,82E-13!
Emittance ratio!  ! 1,00! 1,00! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0! 1,0!
Bunch length (full current)! mm! 0,10! 0,10! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1! 0,1!
Beam current! mA! 0,64! 0,04! 0,040! 0,040! 0,040! 0,040! 0,048! 0,048! 0,043!
Revolution frequency! Hz! 2,00E+06! 2,00E+06! 9,99E+05! 6,66E+05! 5,00E+05! 2,50E+05! 5,00E+04! 2,50E+04! 1,11E+04!
Revolution period! s! 0,00! 0,00! 1,00E-06! 1,50E-06! 2,00E-06! 4,00E-06! 2,00E-05! 4,00E-05! 9,00E-05!
Number of bunches! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
N. Particle/bunch! #! 2,00E+09! 1,20E+08! 2,50E+08! 3,75E+08! 5,00E+08! 1,00E+09! 6,00E+09! 1,20E+10! 2,40E+10!
Number of IP! #! 1,00! 1,00! 1! 1! 1! 1! 1! 1! 1!
σx @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σy @ IP! micron! 0,04! 0,12! 8,39E-02! 6,95E-02! 5,81E-02! 4,11E-02! 1,68E-02! 1,19E-02! 7,51E-03!
σx' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!
σy' @ IP! rad! 0,00! 0,00! 4,20E-04! 3,47E-04! 2,91E-04! 2,06E-04! 8,39E-05! 5,93E-05! 3,75E-05!

++ ++

Low+
Emiaance+
Muon+
Muon++
Accelerator+



But also:
5) Comply with radiation limit from neutrino flux

     lower emittance = less ν = less radiation

Muon Colliders Requirements Specification

6) Produce low enough background level

     again pointing towards low emittance 



Conclusions

The FCC Project: (ee+hh+he)

• Challenging, definitely expensive

• Does everything! 
• The Dream Machine

CLIC: (380+1.5+3)

• Ready to be built! 
• Remarkable Exploration Potential 
• Suffers from limited energy

• Possibly expensive

HE-LHC:

• LHC < HE-LHC < FCC

• Better than nothing

Muon collider: [or Plasma]

• 10 TeV >> LHC; 14 TeV ~ FCC-hh; 30 TeV = amazing

• Not yet clear we can dream of it! 
• I discourage focusing on Higgs pole [ask me why]
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Alain Blondel  Experiments at muon colliders CERN 2015-11-18
18 Nov 2015 25
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Patrick Janot

Higgs boson production (2)
� Muons are heavy, unlike electrons: m/me ~ 200

� Large direct coupling to the Higgs boson: (+-ÆH) ~ 40,000 × (e+e-ÆH) 

� Much less synchrotron radiation, hence potentially superb energy definition

z dE/E can be reduced to 3-4 × 10-5 with more longitudinal cooling

Î Albeit with equivalent reduction of luminosity: 2 – 8 × 1031 cm-2s-1

24 Sept 2015
FCC-ee Higgs mini-workshop

10

X

X

(1): with ISR
(2): dE/E = 3×10-5

(3): dE/E = 6×10-5

S. Jadach, R.A. Kycia
arXiV:1509.02406

• (+- → H) ~ 15 pb
(ISR often forgotten...)

• 200 – 800 pb-1 / yr

• 3000 – 12000 Higgs / yr

Reminder: At FCC-ee
400,000 to 800,000 Higgs/yr

√s (GeV) Not quite there, even with factor 10



Backup

Low emittance μ from e+ on target 

                                                 [Antonelli, Boscolo, di Nardo, Raimondi, 2016] 
•avoids cooling
• few circulating μ            little radiological hazard and machine bckg.SchemaSc+Layout+for+muon+source+from+e++

Key%point:%
Positron%source%requirements%strictly%related%
to%the%e+%ring%momentum%acceptance%%

e++

µ++

µP+

Positron+ring++
+

e++injector+

To+
acceleraSng+
complex+

target+

60+m+isochronous+rings+
++recombine+bunches+

µ++accumulator+
µP++accumulator+

+for+~+1+τµ
lab++~2500+turns+

Circumference% 6%km%

ρ # 0.6+km+

number+e++bunches+ 100+

e++bunch+spacing+ 200+ns+

Beam+current++ 240+mA+

e++ParScles/bunch+ 3+k+1011++

Rate+e++on+target+ 1.5+k+1018+e+/s++

U0+ 0.58+GeV+

Ptot+ 139+MW+

B+ 0.245+T+

Ideally muons will copy the positron beam

e+ beam Beam with e+ and µ+µ-  target

Challenges:


•e+ source (embedded?)

• target breakdown
• top up muons?



Backup

Radiological Hazard
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Fig. 4. Some typical geometrical features of the neutrino radiation from an
underground muon collider: L2 = 2Rtd-d2, sinφ = L/Rt, h ≈ z tanφ, θ ≈ 1/γ, a ≈ 2θL,
b ≈ a/φ. Rt is the radius of the Earth.

The last, obvious, solution to decrease the neutrino radiation dose is to
decrease the muon current in the ring. This would imply changes to the machine
parameters requiring substantial R&D work.  The use of Optical Stochastic Cooling
and/or beam-beam tune-shift compensation [13] are speculative proposals to this end.
But the study of parameter sets for muon colliders in the CoM energy range of 5 TeV
and above still offers much scope for invention.

It should be recalled that the present estimates only represent a first approach.
A more comprehensive evaluation of the problem may require a detailed Monte Carlo
calculation by a code treating neutrino transport, which at present is only provided by
MARS [8]. In addition to the collider energy, other relevant parameters to be
considered are the number, location and length of the straight sections. The
enhancement factor of the neutrino fluence due to a straight section is a critical issue
which needs to be carefully assessed. Important is also the choice of orientation,
positioning and possible tilting of the collider ring, as well as the site selection of the
accelerator complex. Disregarding "exotic" solutions such as installing the collider on
top of a mountain (in order that the radiation halo is above ground level) or at a few
hundred metre depth in the sea, in the case of CERN the site selection is limited to the
French region presently housing the SPS and LEP. The actual orography of the region
must be taken into account, as locally there may be significant deviations in the

b

Rt

d

h
L

z

θ∼1/γθ∼1/γ

φ

a

ν

Annual+dose+

+muon+rate:+p+on+target+opSon+3+1013+µ/s+
++++++++++++++++++++e++on+target+opSon++9+1010+µ/s+
+

1+mS/year+

p+on+target++

e++on+target++

Helicoidal Orbits?? 

Rolandi’s pipe??


