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Disclaimer

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

W boson

Top

Higgs
SUSY, etc.

? ? ?

HEP before the LHC HEP before the F.C.

This is good:

next discovery will be revolutionary

This is bad:

F.C. potential cannot be evaluated on few uniquely identifiable  

benchmarks (e.g., Higgs for LHC). Selection made in what follows.
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Unnaturalness is a challenge to Reductionism 
Dramatic paradigm shift. E.g. Anthropic or Dynamical
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Dark Matter

The FC should be capable to tell if DM is WIMP *

WIMP invisible to DD if inelastic (automatic if Q=Y=0)

* Here I mean thermal relics with annihilation due to SM Weak Force
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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

12

*

* wino-like MDM [Cirelli, Sala, Taoso 1407.7058]

**

** MDM [Cirelli, Fornengo, Strumia hep-ph/0512090] 

[Del Nobile, Nardecchia, Panci 1512.05353]

p
s = {380 GeV, 1.5 TeV, 3 TeV} (1)

p
s/2 (2)

m�
0
Majorana Fiveplet

(3)

m�
0
(1,5,0)

& 270 GeV (4)

m�
0
WF

(5)

p
s = 3 TeV (6)

TRH > m� ⇠ TeV (7)

p
s = 13 TeV (8)

� SMH(H†) (9)

� (10)

� (11)

� M (DM)

� [TeV]

(1, 3, ✏)CS 1.5
(1, 3, ✏)DF 2.0
(1, 3, 0)MF 3.0
(1, 5, ✏)CS,DF 6.6
(1, 5, 0)MF 9.6
(1, 7, ✏)CS,DF 16

(1, 3, ✏)CS (12)

� ⇠ (1, n, ✏) (13)

� = 0 (14)

� � · SM · SM (15)

3

 L. Di Luzio (IPPP, Durham) - Accidental Matter                                                       09/16

- mass fixed by relic density

Beyond MDM
• A millicharge can effectively stabilise the DM: � ⇠ (1, n, ✏) (1)

� = 0 (2)

� � · SM · SM (3)

� � · (SM particle) · (SM particle) (4)

� ⌧ 1 (5)

O6 =
c6
⇤2

e↵

qqq` (6)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (7)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (8)

O5 =
c5
⇤e↵

``HH (9)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (10)

� (11)

���H (12)

Q 6= 0 (13)

Y 6= 0 (14)

m� & 45 GeV (15)

�m . 20 GeV (16)

�5 ⇠
m3

�

⇤2

e↵

⇡ (0.1 s)�1 (17)

�6 ⇠
m5

�

⇤4

e↵

⇡ (1020 s)�1 (18)

3

- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)

� � �� ��
����

����

����

����

����

�� ���� �� ���

Ω
�
�
��

������ ± �σ

�
��
��
��
�
��
��
�

�
���
�
�
��
�
��
��
��
��
��
��
��
�

�
���
�
��
��
�

��
�
��
��
��
��
��
��
��
�

�
���
�
�
��
�
��
��
��
��
��
��
��
�

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.
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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



The SM Effective Field Theory

The most minimal (meaningful) SM extension: 

No new states, only d>4 operators. Stopping at d=6 is typically enough


Universal model-independent parametrisation of NP above reach 
Replaces (finally!) SM couplings modifiers, which are not meaningful 

Ideal benchmark to assess impact of SM measurements 

cH cWW cBB cHW cHB cGG×10 cyf c3W cWB cT c2W ×102 c2B×102 c6
10-3

10-2

10-1

1

10

precision reach of the Universal EFT fit
HL-LHC (CMS S1) + LEP/SLD
CLIC 350GeV(1/ab) + 1.4TeV(2.5/ab) + 3TeV(5/ab) + LEP/SLD

blue line: individual reach

Fig. 2: Comparison the HL-LHC and CLIC BSM reach from a global fit to universal new physics in the
context of the SMEFT.

Higgs and top compositeness77

CLIC can discover Higgs and top compositeness, if present, up to 8 TeV compositeness scale. A dis-78

covery might occur even above 30 TeV compositeness scale in particularly favorable conditions. These79

figures are well above what the HL-LHC can exclude. (See section 2.11 and Figure 3.)80

Fig. 3: Discovery reach on Composite Higgs, from Section 2.11.

Baryogenesis81

In models of electroweak baryogenesis new scalar particles are proposed to facilitate a strong first-order82

phase transition during which the electroweak symmetry is broken. We find that CLIC can exhaustively83

probe large classes of such models by combining precision Higgs-gauge boson measurements, Higgs84

self-coupling measurements and direct searches for new scalar particles. CLIC significantly outperforms85

the HL-LHC in all three ways of testing extended scalar sectors which are considered a frequent ingre-86

dient of models for electroweak baryogenesis. (See Chapter 6.)87

4

Far-reaching implications for CH/Extra Higgses/EWBG …

1 TeV, which is the one it must have in order to be responsible for the observed DM density. CLIC can318

be conclusive also on other relevant and less standard DM scenarios discussed in the rest of the chapter.319

EWBG is the possibility to generate the asymmetry between baryons and anti-baryons in the320

Universe during the EW phase transition. It requires, among other things, a strong first order phase321

transition, unlike the one that occurs in the SM Higgs thermal potential. Given that the EW phase322

transition takes at around 100 GeV temperature, it is rather surprising that this possibility is still viable.323

Namely it is surprising that BSM models where the EW phase transition is of strong first order are not324

experimentally excluded in spite of the fact that they radically modify the Higgs potential at relatively325

low temperatures. This signals that our experimental knowledge of the Higgs sector is limited, and326

motivates further investigation. In the first part of Chapter 6 we will see how CLIC can probe these327

models indirectly, by measuring Higgs couplings among which the trilinear coupling, but also directly328

by searching for the states responsible for the modifications of the Higgs potential. The second part deals329

with an alternative mechanism for TeV-scale Baryogenesis, which employs new EW- scale particles330

that decay out of thermal equilibrium via B- and CP-violating interactions. This is the so-called “WIMP331

Baryogenesis” scenario, which predicts long-lived particles and can be probed at CLIC by displaced332

vertices.333

CLIC is ideal to probe TeV-scale models for the origin of neutrino masses. In Chapter 7 we334

consider a number of these models and show the CLIC sensitivity through direct particles production335

and through precision measurements of SM processes such as e+e�
! W+W�H . Finally, in Chapter 8336

we outline the CLIC sensitivity to particles that interact with the SM much more feebly than the weak337

interaction. Benchmark scenarios are particles coupled to the Higgs boson and Axion-like particles.338

The quiet experimental environment of CLIC allows them to be efficiently detected even if they decay339

relatively close to the interaction point. The high available energy allows CLIC to produce these particles340

in a wide range of masses.341

We emphasized at the beginning of this chapter that it is impossible, given the current theoretical342

situation, to identify uniquely the new physics benchmark scenarios to be studied in order to assess343

the potential of future collider projects. Consequently the choice of subjects we made in the present344

Report could be criticized. The choice of the topics and the presentation unavoidably reflects the present-345

day perception of the community, to a lesser extent, our personal taste. However we tried to be as346

inclusive as possible, and we paid special attention to topics and benchmark models that are currently347

being investigated for other future colliders. This should allow for a straightforward comparison.348

2 Standard Model effective field theory349

In this document we describe the potential of CLIC to search indirectly for physics beyond the SM. This350

mode of exploration focusses on heavy BSM dynamics, associated with a mass scale beyond the CLIC351

direct energy reach, and it exploits the fact that such dynamics can still have an impact on processes352

at smaller energy, via virtual effects. In this context the well-established framework of effective field353

theories allows to systematically parametrise BSM effects and how they modify SM processes. The354

leading such effects can be captured by dimension-6 operators,2355

Le↵ = LSM +
1

⇤
2

X

i

ciOi + · · · (1)

for dimensionless coefficients ci and a common suppression scale ⇤; throughout this report we will356

measure ci/⇤
2 in units of TeV�2, equivalent to take ⇤ = 1TeV. We will generically refer to these357

dimension-6 operators as BSM effects. Table 2 proposes a set of operators relevant for the present358

analysis. This set is redundant, in the sense that different combinations of operators might lead to the359

same physical effect. Throughout this chapter we will project into different minimal (non-redundant)360

2Here we assume lepton and baryon number conservation.
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EFT Low-Energy: 
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And why CLIC@3TeV can probe 30 TeV scale!
One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 33 for �sys = 0.1%, 1%.

0 10 20 30 40

1

2

5

10

M*[TeV]

g *

Polarized δsys=1%

Fig. 33: Left) 95% C.L. limit in the g?-M? plane assuming CLIC operation with polarized beams and
0.1% systematics. Right). The same assuming 1% systematic errors. [COMPARE WITH CURRENT
LIMITS]

Status: First draft.

– I will re-check everything in the results looking for possible bugs, etc.
– I will continue working in the text. May make some changes in the presentation.
– References missing. Will add more and fill the blanks.
– Sept 9, 2018: notation fixed to be consistent with table 1. Minor changes.

Important comments:

– Assuming 0.1% or 1% systematics seems to make quite a lot of difference in terms of new
physics reach. We need to figure out what is the right order of magnitude one expects for the
correct systematics to make a final reasonable claim. We will discuss with Philipp about this,

– Also related: all systematics in the study were taken as uncorrelated. I will try to study the
impact of assuming fully correlated systematics.

– Because of the absence of a Whizard beam card for the CLIC run at 1.5 TeV. The simulations
for that part were performed for the ”old” CLIC run of 1.4 TeV (this is also what was done
is the Top paper). We will also check with Philipp about the best way to proceed about this.

– Once final, the results should be taken into account in the composite Higgs part of the docu-
ment. Is there any other section where they may be relevant?

2.7 Global effective-field-theory analysis of top-quark pair production
Gauthier Durieux, Ignacio García García, Martín Perelló Roselló, Philipp Roloff, Rickard Strom, Marcel
Vos, Nigel Watson, Alasdair Winter, Cen Zhang

STATUS: COMPLETE
We discuss in this section the indirect sensitivity to physics beyond the standard model gained

through precision measurements of the top-quark pair production. Various observables are considered in
the framework of the effective field theory introduced in section 2, and the dependence on the centre-of-
mass energy and the beam polarization are quantified. Are considered, all ten dimension-six operators
of the Warsaw basis which involve a top quark and interfere with the leading-order standard-model
e+e�

! t t̄ ! bW+b̄W� amplitudes in the vanishing b mass limit. CP-violating and four-fermion
operators are included. Realistic statistical uncertainties on cross section, forward-backward asymmetry

55
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2) SM rates (e.g., VBF Higgs) enhanced at HE colliders 
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Higgs Compositeness Discovery@CLIC:

BSM Probes on a Plane
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Minimal (Dark) Matter in loops, @CLIC:

BSM Probes on a Plane

Dark matter searches105

The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low106

rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the107

laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC108

capabilities. In particular CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal109

EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2110

and 5.3 for more discussion.)111
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Fig. 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation112

Lepton-number violating and top quark flavour-changing neutral current interactions can be generated113

by SMEFT operators whose effects grow in importance with the energy. These can be probed at the114

CLIC high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for115

more discussion.)116

Neutrino properties117

Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and118

SM precision physics. CLIC is capable to probe directly weakly charged states involved in the generation119

of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models as well as to probe new120

heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of121

leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)122

Hidden sector searches123

The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from124

feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals125

from long lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage126

point to look at these signals both in Higgs boson decays and in more general production of long-lived127

states that may be linked, for instance, to the naturalness problem or to the generation of the baryon128

asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)129

Exotic Higgs boson decays130

Higgs decays directly into exotic states, such as axion-like particles or hidden sector particles, can be131

searched for at CLIC at levels far more sensitive than the LHC or any other facility for large regions of132

parameter space. (See Chapter 8 for more discussion.)133

Impact of the charm Yukawa measurement on flavour models134

Models of new physics at the weak scale typically require of some mechanism of flavour protection, but135
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Fig. 37: The expected 95% C.L. limits on top-quark FCNC operator coefficients from e+e�
! t j

production, with top decaying semi-leptonically, for integrated luminosities of 500 fb
�1 (green), or in

addition 1.5 ab
�1 (orange) and 3 ab

�1 (blue) at centre-of-mass energies of 380 GeV, 1.5 TeV and 3 TeV,
respectively, and equally shared between P (e+, e�

) = (0, ±0.8) polarizations. The constraints from
bounds on BR(t ! j�) and BR(t ! jh), Sec. 3.4.2, are indicated with black arrows. Small dots
indicate the limits obtained without beam polarization.
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Fig. 38: Constraints on top-quark FCNC operator coefficients (c�
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[right panel] that follow from e+e�
! t j, with top decaying semi-leptonically, marginalized over the

other coefficients. Integrated luminosities of 500 fb
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�1 and 3 ab
�1 are equally shared between

P (e+, e�
) = (0, ±0.8) polarizations at centre-of-mass energies of 380 GeV, 1.5 TeV and 3 TeV.

3.2 Lepton flavor violating processes and neutrino mass generation1808

Many of neutrino mass models contain NP scalars, neutral and/or (doubly-)charged. This is the case,1809

for instance, in the left-right symmetric models [128–130] with type-I seesaw [131–135] or type-II see-1810

saw [136–139]. Such new scalars might induce noticeable lepton flavor violating (LFV) signals in the1811

charged lepton sector. In this section we estimate, in a model-independent way, the CLIC prospects1812

for measuring such LFV couplings, both for the neutral and doubly-charged scalars [140, 141]. The1813

CLIC measurements are largely complementary to the searches at the LHC and at the future high-1814

luminosity/high-energy hadron colliders, as well as to the high-precision measurements at the low-energy1815

experiments. Furthermore, the couplings of doubly-charged scalar to the charged leptons are also lep-1816

ton number violating (LNV). These are probed through searches for neutrinoless double-beta decays1817

(0⌫��) [142–148] and the e�e� scattering experiments such as MOLLER [149, 150]. The model-1818
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The FCC Project: (ee+hh+he)

• Multi-TeV (coloured) 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]

“Nightmare” EWBG @ FCC: [Z2-odd singlet]
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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-

117
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(VBF h*->SS)

�g3H/g3H ⇠ 3, 4%
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• Energy/Accuracy Interplay [e.g., compositeness discovery > 7 TeV]

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

• Discovers EW particles in reach [e.g., Higgsino DM]
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“Nightmare” EWBG @ CLIC:
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Fig. 54: Iso-lines of total number of ��⌫⌫̄ events at CLIC in the zero Higgs-singlet mixing limit. Red
lines are for CLIC 1.5 TeV 1.5ab

�1, blue lines are CLIC 3 TeV 3ab
�1. Thin lines correspond to total

number of double singlet production events N�� = 10, thick lines to 100. The region with a possible
first order electroweak phase transition is given by the intersection of the gray and purple regions as
schematically discussed in the text. In addition we show iso-lines for the prediction of this model for
the deviations in triple Higgs couplings and for the overall Higgs coupling strength modifier  defined in
Section 2.1 which may be subject to constraints from Higgs physics studies.

evolves in time. Eventually, the relaxion stops its rolling in a special field value where the Higgs mass3005

is much smaller than the theory’s cutoff, hence addressing the fine tuning problem. Relaxion models do3006

not require top, gauge or Higgs partners at the TeV scale, while a crucial role is played by the relaxion.3007

The possible mass range for the relaxion is very broad, ranging from sub-eV to tens of GeV. Hence this3008

scenario leads to interesting signatures associated with cosmology, the low-energy precision frontier, the3009

intensity frontier, and at colliders.3010

We will briefly summarize the aspects of the relaxion mechanism that are relevant for the phe-
nomenology at lepton colliders. The effective scalar potential of the theory depends both on the Higgs
doublet H and the relaxion �,

V (H, �) = µ2
(�)H†H + �(H†H)

2
+ Vsr(�) + Vbr(h, �) , (143)

µ2
(�) = �⇤

2
+ g⇤� + . . . , (144)

where ⇤ is the cutoff scale of a Higgs loop. The relaxion scans µ2 via the slow-roll potential3011

Vsr(�) = rg⇤
3� , (145)

where g is a small dimension-less coupling and r > 1

16⇡
2 due to naturalness requirements. Once µ2

(�)

becomes negative, the Higgs gets a vacuum expectation value (vev) v2
(�) = �

µ
2
(�)

� . The non-zero vev
activates a periodic (model-dependent) backreaction potential Vbr associated with the backreaction scale
⇤br that eventually stops the rolling of the relaxion at a value �0, where v(�0) = 246 GeV. Generically,
the relaxion mechanism leads to CP violation and as a result, the relaxion � mixes with the Higgs h and
inherits its couplings to SM fields [377, 378]. The relaxion mass m� and the mixing angle sin ✓ can be
expressed as

m� '
⇤

2

br
f

p
c0 , (146)
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Single-H most effective, but complementarity ensures model-independence 
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More general EWBG @ CLIC:

Single-H most effective, but complementarity ensures model-independence 
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• Multi-TeV (coloured) 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]

Higgsino from stub tracks, @ CLIC:

Makes it to thermal mass

Dark matter searches105

The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low106

rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the107

laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC108

capabilities. In particular CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal109

EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2110

and 5.3 for more discussion.)111
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Fig. 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation112

Lepton-number violating and top quark flavour-changing neutral current interactions can be generated113

by SMEFT operators whose effects grow in importance with the energy. These can be probed at the114

CLIC high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for115

more discussion.)116

Neutrino properties117

Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and118

SM precision physics. CLIC is capable to probe directly weakly charged states involved in the generation119

of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models as well as to probe new120

heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of121

leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)122

Hidden sector searches123

The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from124

feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals125

from long lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage126

point to look at these signals both in Higgs boson decays and in more general production of long-lived127

states that may be linked, for instance, to the naturalness problem or to the generation of the baryon128

asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)129

Exotic Higgs boson decays130

Higgs decays directly into exotic states, such as axion-like particles or hidden sector particles, can be131

searched for at CLIC at levels far more sensitive than the LHC or any other facility for large regions of132

parameter space. (See Chapter 8 for more discussion.)133

Impact of the charm Yukawa measurement on flavour models134

Models of new physics at the weak scale typically require of some mechanism of flavour protection, but135
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Higgsino/Wino from stub tracks, @ FCC:

Makes it to thermal mass

SEARCHES FOR DARK MATTER AND DARK SECTORS

ters on a nucleus in an underground detector. This scattering only occurs at one-loop, leading to sup-
pressed rates. Indirect detection signatures arise from Wino DM annihilation in the centre of our galaxy
and in surrounding dwarf galaxies. The final-state annihilation products give rise to photons, which can
be observed with gamma-ray telescopes.

Due to the relatively large annihilation cross section, the mass range that generates the observed
abundance of dark matter falls above the reach of the LHC, and thus higher energy colliders are necessary.

In Fig. 12.1 a compilation of future constraints on Wino DM is presented. While some astrophys-
ical probes can reach the upper limit of ⇠3 TeV, they are subject to large astrophysical uncertainties, and
only the FCC-hh can directly access the entire preferred mass range, providing the only robust discov-
ery opportunity for this well-motivated DM candidate. In this high-mass range, the charged and neutral
Wino are degenerate, up to a small and calculable mass splitting induced by electromagnetic effects. This
selects �± ! ⇡±�0 as the only allowed decay, with a very soft charged pion, prone to escape detection,
and a long lifetime, due to the limited decay phase space. The signature is therefore a heavy charged
track, seemingly disappearing in the detector [325]. Thus combining the high CM energy of FCC-hh
with dedicated search strategies allows this classic WIMP paradigm to be conclusively explored.

The collider reach shown in Fig. 12.1 was the result of an early study, however, in the next section
it is shown that, even with pileup included, the reach for FCC-hh extends beyond the estimate shown in
Fig. 12.1.

12.2.1 The Search for Disappearing Tracks at FCC-hh and FCC-eh
Long-lifetime particles arise in a multitude of BSM models, not necessarily related to DM, and their
exhaustive coverage may require dedicated detectors [325]. The case of heavy DM Winos, on the other
hand, can be addressed by the baseline FCC-hh detector. A thorough analysis of the disappearing track
signal has been performed in the context of the FCC-hh detector performance study, as discussed in
Ref. [326]. The findings are summarised here, but reference should be made to that technical note for all
details.
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Figure 12.2: Expected discovery significance at 30 ab�1 with 500 pileup collisions. The black (red) band
shows the significance using layout #1 (#3), as described in the text and in Ref. [326]. The band width
represents the difference between the two models of the soft QCD processes.

The analysis considers both cases of a Wino and of a Higgsino, namely an SU(2)W doublet,
whose upper mass limit as thermal DM candidate reaches ⇠1 TeV. The charged/neutral mass splittings
are 160 and 355 MeV for Wino and Higgsino, respectively. This leads to lifetimes of 0.2 and 0.023 ns
(60 and 7 mm) for a 3 TeV Wino and a 1 TeV Higgsino. The disappearing-track signature relies on
the detection of a short track, defined by a set of hits in the innermost tracking layers. The generation

P R E P R I N T
127



BSM Probes on a Plane
m

od
er

at
e

Energy

Measurement 
Accuracy

hi
gh

moderate high > 10 TeV

H3 coupling:

Extra Scalars

EWBG

H-portal res.:

Extra Scalars

EWBG

Z-pole

H1 couplings:

CH@large

Extra Scalars

EWBG

g*

HE 

CH@small    /Z’

WIMP in loops

“Direct” FCNC

g*
2 → 2

Indirect Searches

WIMP Long-Liv.

Direct Searches



BSM Probes on a Plane
m

od
er

at
e

Energy

Measurement 
Accuracy

hi
gh

moderate high > 10 TeV

H3 coupling:

Extra Scalars

EWBG

H-portal res.:

Extra Scalars

EWBG

Z-pole

H1 couplings:

CH@large

Extra Scalars

EWBG

g*

HE 

CH@small    /Z’

WIMP in loops

“Direct” FCNC

g*
2 → 2

Indirect Searches

WIMP Long-Liv.

Direct Searches

precision + direct
[Alain’s neutrinos]



BSM Probes on a Plane
m

od
er

at
e

Energy

Measurement 
Accuracy

hi
gh

moderate high > 10 TeV

Top/Vac.Stability 

H3 coupling:

Extra Scalars

EWBG

H-portal res.:

Extra Scalars

EWBG

Z-pole

H1 couplings:

CH@large

Extra Scalars

EWBG

g*

HE 

CH@small    /Z’

WIMP in loops

“Direct” FCNC

g*
2 → 2

Indirect Searches

WIMP Long-Liv.

Direct Searches



BSM Probes on a Plane
m

od
er

at
e

Energy

Measurement 
Accuracy

hi
gh

moderate high > 10 TeV

Top/Vac.Stability 

H3 coupling:

Extra Scalars

EWBG

H-portal res.:

Extra Scalars

EWBG

Z-pole

H1 couplings:

CH@large

Extra Scalars

EWBG

g*

HE 

CH@small    /Z’

WIMP in loops

“Direct” FCNC

g*
2 → 2

Indirect Searches

WIMP Long-Liv.

Direct Searches

(Un-) Naturalness

in SUSY

       ??



Much better direct reach than hadron colliders !

A Muon Collider ??



Much better direct reach than hadron colliders !

A Muon 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
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sH , as function of
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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;
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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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
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Figure 7. Sensitivies of very high energy hadron and muon colliders at 95% C.L. in the plane (m�, sin
2 �).

The red lines show the reach in � ! ZZ of HE-LHC at
p
s = 27 TeV (dashed) and FCC-hh at

p
s = 100 TeV

(dotted), both with 3 ab�1. The solid lines show the reach in � ! hh(4b) of a muon collider at
p
s = 6 TeV

with 6 ab�1 (green), and at
p
s = 14 TeV with 14 ab�1 (blue). We have fixed BR�!hh = BR�!ZZ = 25%. The

grey dashed lines show two possible scalings for s� , as described in Section 2.1 (g⇤ = 1 in both cases).

production cross-section of a generic resonance decaying to hh, at lepton machines from 1.5 TeV to
14 TeV of center-of-mass energy. Since these searches are essentially background-free for large masses,
they are dominated by statistical errors. We discuss the impact of systematic errors in more detail in
Appendix B, also in relation with possible target luminosities for muon colliders.

Here, we show in Figure 7 the 95% C.L. sensitivities in the plane (m�, sin
2 �) at

p
s = 6 TeV

and 14 TeV, for total integrated luminosities of 6 ab�1 and 14 ab�1, respectively. We also compare
the reach of muon colliders to the one of high-energy hadron collider proposals such as HE-LHC and
FCC-hh. The take-home message of this comparison is that HELCs in the very high energy regime
could become very powerful discovery machines, even stronger than future hadronic colliders, at least
for New Physics mostly coupled to the Higgs sector.

4 Single Production & Beyond the Standard Model Scenarios

In this section we discuss the implication of the CLIC reach on singlet resonances in well motivated
Beyond the Standard Model (BSM) scenarios.

4.1 NMSSM

In the NMSSM, the particle content of the MSSM is extended with a singlet of the SM gauge group S,
so that the superpotential reads W = WMSSM + �SHuHd + f(S), with f a polynomial up to degree 3.
The SM-like Higgs boson mass receives an extra tree-level contribution, which lifts its upper limit to
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Will it ever be an option? 
     radiation from neutrinos 
     LEMMA as a way out? lower emittance = less ν = less radiation
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Conclusions

We need energy!

  Both for a satisfactory Direct and Indirect search program

High Complementarity! (Direct/Indirect or Energy/Accuracy)

  Essential for complete and robust BSM exploration

CLIC and FCC both exploit this complementarity
CLIC: (380+1.5+3)

•Remarkable Exploration Potential 
•No direct Multi-TeV is limitation

HE-LHC: Better than nothing!
Muon collider (or “Alegro” plasma):

  Can we dream of it ??

The FCC Project: (ee+hh+he)

•Does everything! 
•The Dream Machine

ILC: Higgs coupling, now. First step for ambitious LC project?
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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
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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?
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Radiological Hazard

10

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??


