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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

Open Questions on the “big picture” on fundamental physics as of 2020s

EFT

EFT

?

EACH of  these issues one day will teach us a lesson

EFT

?

Adjusting one SM parameter might do

Adjusting several SM parameters might do

Separation of scales as an organizing principle might fail

Need new matter (or even bigger modifications to the SM)
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A gauge of the progress we can make with any 
future collider

• The guaranteed discovery of the Higgs (or its substitute) at the LHC is 
a very enviable position under which ambitious projects could be 
envisioned and implemented. 

• None of the future colliders currently under study enjoys this enviable 
position … back to regular science exploration
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1897

e
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e�
e+

B = 1.5 T

⌫e
e

196x-1973

Volume 46B, number 1 PHYSICS LETTERS 3 September 1973 

vu + e - ~ v u  + e -  (2) 

which are forbidden to first order in the conventional 
Feynman Gell-Mann theory. The predicted cross-sec- 
tions are of  the order of  10 -41 cm2/electron at 1 
GeV, depending on the Weinberg angle 0 w , which is 
the only free parameter of  the theory. 

A search for these processes has been carried out 
in the large heavy liquid bubble chamber Gargamelle, 
useful volume 6.2 m 3, filled with freon CF3Br , ex- 
posed to both the neutrino and antineutrino beams 
at the CERN PS. The large length of  the chamber, 
4.8 metres, compared to the radiation length of  freon, 
11 cm, ensured that electrons were unambiguously 
identified. 

These interactions are characterized by a single 
electron ( e - )  originating in the liquid, unaccompanied 
by nuclear fragments, hadrons or ~, rays correlated to 
the vertex. The kinematics o f  the reactions are such 
that the electron is emitted at small angle, 0e, with 
respect to the neutrino beam; the electron is expected 
to carry typically one third of the energy of  the inci- 
dent neutrino which is peaked between 1 and 2 GeV. 
As the neutrino interactions in the surrounding mag- 
net and shielding produce a low energy background 
of photons and electrons, a lower limit on the elec- 
tron energy was set at 300 MeV. This energy cut en- 
sures that all electrons from reactions (1) and (2) will 
have 0 e < 5 °. 

A total of  375 000 v and 360 000 Y pictures were 
scanned twice and one single electron event satisfying 
the selection criteria was found in the ~ film. This 
event is shown in fig. 1. The curvature o f  the initial 
part of  the track shows the negative charge, and the 
spiralisation and bremsstrahlung prove unambiguously 
that the track is due to an electron. The electron en- 
ergy is 385 + 100 MeV, and the angle to the beam axis 

1 a ° + l . 6  ° is , . - ,  -1.4" The electron vertex is 60 cm from the be- 
ginning of  the visible volume of  the chamber and 16 
cm from the chamber axis. 

The scanning efficiency for single electrons with an 
energy > 300 MeV was determined to be 86% using 
the isolated electronpositron pairs found in the cham- 
ber. 

The main source of  background is from the process 

v e + n ~ e - ( 0 e <  5 ° ) + p (3) 

where the proton is either of  too low an energy to be 

Fig. 1. Possible event of the type ~~ + e ~ v~t + e_ 

observed or is captured in the nucleus and no visible 
evaporation products are formed. This is due to the 
small ( <  1%) v e flux present in the predominantly v u 
or ~u beam. 

This background has been determined empirically 
using the observed events of  the type 

v u + n o u - ( 0  < 5  ° ) + p  (4) 

where the proton is not observed, and the v e flux cal- 
culated from the observed electron-neutrino events. 

This is a good estimate as the two processes are 
kinematically similar at these energies and the v u a n d  

v e spectra have nearly the same shape. In a partial 
sample of  the film we have observed 450 events, occur- 
ring in a fiducial volume of 3 m 3, of  the type: 

# -  + m protons (m i> 0) 

where the visible energy is > 1 GeV, and the momen- 
tum in the beam direction is > 0.6 GeV/c. These cuts 
eliminate the background due to incoming charged 
particles. 

In these events, only 3 have no protons and a / a -  
angle < 5 °. The scanning efficiency for single/a- has 

122 

B = 2 T

Symmetries and particles

MeV GeV TeV
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Especially in absence of (Direct) Discoveries

A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY ? ? ? ? ?

L= c + m2 H2 + l H4

Cosmological Constant
(galaxy formation)

 Fermi constant
(periodic table)

Higgs boson mass
(meta-)stability of the Universe

arXiv:hep-ph/9707380 Agrawal et al. -  If μ> 5⋅μSM  periodic table disappears! (neutron decay too fast)
Steven Weinberg Phys. Rev. Lett. 59, 2607 - If c >  200   galaxies would not be able to form (matter-domination phase too short)cmeasured

arXiv:1205.6497 - Degrassi et al. - If mHiggs grew by 1%, Universe would be unstable (in the SM)

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life
Phys.Rept. 807 (2019) 1-111 - Adams, F.~C. - The Degree of Fine-Tuning in our Universe - and Others 

Coincidences ?
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,
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plot illustrates the remarkable coincidence for which the SM appears to live right at the
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which zooms into the relevant region, there is significant preference for meta-stability of the
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• One of the ways in which, even in absence of discoveries, 
we still make progress in understanding the Universe

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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inevitably linked to Indirect Hints for New Physics 
Direct discovery
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TA R G E T S

Higgs factory
pp colliders make a large number of Higgs bosons  σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf

21/58

1905.03764

OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6

10-3

10-2

10-1

1

10

32.

10

3.2

1

0.32

c i
/�
2 [
Te
V-

2 ]

�/
c i

[T
eV

]

HL-LHC HL+LHeC HL+HELHC
HL+ILC500 HL+CLIC3000

HL+CEPC
HL+FCCee365

HL+ILC250 HL+CLIC1500 HL+FCCee�eh�hh

Global fit to �SILHMay 2019

Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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TA R G E T S

Higgs factory
pp colliders make a large number of Higgs bosons  σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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TA R G E T S

Higgs factory
pp colliders make a large number of Higgs bosons  σ(gg → h) = 54.72 pb at LHC14

• LHC will make some 200M Higgs bosons in the High Luminosity 
phase, but  

• we observed clearly only final states with  

• there are backgrounds and degenerations 

BR ≃ 10−3

Table 7. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as
SMEFTFU and SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3rd column).

HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFTFU 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13

SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTND 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

geff
Hgg [%] SMEFTFU 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33

SMEFTND 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34
geff

HZg [%] SMEFTFU 11. 10. 4.3 9.6 6.6 9.7 4.7 3.7 6.2 9.9 9.3 0.66
SMEFTND 11. 10. 4.5 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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SMEFTND 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13
geff

HWW [%] SMEFTFU 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
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geff
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geff
Hgg[%] SMEFTFU 2.2 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42

SMEFTND 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49
geff

Htt [%] SMEFTFU 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65
SMEFTND 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

geff
Hcc[%] SMEFTFU Same as geff

Htt Same as geff
Htt

SMEFTND � 4. � 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95
geff

Hbb[%] SMEFTFU 4.7 1.6 3. 0.79 0.51 1. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTND 5.1 1.9 3.4 0.83 0.52 1. 0.47 0.38 0.67 0.7 0.56 0.44

geff
Htt [%] SMEFTFU 3.2 2. 2.3 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3

SMEFTND 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45
geff

Hµµ [%] SMEFTFU Same as geff
Htt Same as geff

Htt
SMEFTND 5.5 4.6 3.1 4.1 3.9 4.3 4. 3.4 3.8 3.9 3.8 0.42

dg1Z [⇥102] SMEFTFU 0.64 0.47 0.43 0.086 0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTND 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019

dkg [⇥102] SMEFTFU 3. 2.2 2.4 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTND 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047

lZ [⇥102] SMEFTFU 3.2 3. 3. 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTND 3.2 3. 3.1 0.042 0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters (which can be mapped into c2W,2B) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41, 43]12 and CLIC [41].

• The study in Ref. [44] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

• The pTV distribution in pp !WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47, 48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

It is interesting to note that a large fraction of the region compatible with a first-order
phase transition could be probed by the full CLIC or FCC programmes. For illustration pur-
poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [456].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [338]), and for ep colliders (using disappearing tracks [451]).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [436]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [436], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [421] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [447].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [436], stud-
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decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [338]), and for ep colliders (using disappearing tracks [451]).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [436]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [436], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [421] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0
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8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [436], stud-

This could be Dark Matter
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [338]), and for ep colliders (using disappearing tracks [451]).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [436]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [436], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [421] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [447].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [436], stud-
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Yes, after HL-LHC there is going to be a 
uncharted territory as low as

• Fermionic pure Doublet: 200 GeV; 400 GeV if you are really pessi/opti-misitc  
• Scalar Doublet: 1 TeV  
• Scalar Singlet: 500-900 GeV (depending on the UV origin of the singlet)* 
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Types of Higgs Factories

Not all the Higgs Factories are the 
same for direct discovery
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Table 4: Expected reach on i parameters from a global fit of Higgs couplings, from Ref. [1]; theoretical
uncertainties not included; stage 2 at 1.4 TeV. For comparison, the last column shows estimates for
HL-LHC in two scenarios for the extrapolated systematics, see [21].

Stage 1 Stage 1+2 Stage 1+2+3 HL-LHC S1 (S2)
HZZ 0.4 % 0.3 % 0.2 % 2.2(1.6) %
HWW 0.8 % 0.2 % 0.1 % 2.3(1.7) %
Hbb 1.3 % 0.3 % 0.2 % 4.8(3.4) %
Hcc 4.1 % 1.8 % 1.3 % �

Htt 2.7 % 1.2 % 0.9 % 2.6(1.9) %
Hµµ � 12.1 % 5.6 % 6.6(5.0) %
Htt � 2.9 % 2.9 % 4.7(2.8) %
Hgg 2.1 % 1.2 % 0.9 % 3.6(2.3) %
Hgg � 4.8 % 2.3 % 2.7(2.0) %
HZg � 13.3 % 6.6 %

iii) Operators that are very tightly constrained from other measurements and are not expected to have
a substantial impact on Higgs physics.

iv) Operators that enter at loop-level in Higgs processes.

Let us discuss these in turn. Table 2 represents a redundant set of operators, meaning that two
different combinations might lead to exactly the same physical effect. These redundancies can be elim-
inated, using integration by parts and field redefinitions, which in practice eliminate any combination of
operators proportional to the SM equations of motion. These imply relations between the operators of

18

σ(e+e− → ννH) ≫ σ(e+e− → Zh) at s > TeV

Maximum σ(e+e− → Zh) at s ≃ 0.24 TeV

σ(Zh) ∼ 1
s

σ(hνν) ∼ 1
v2 log s

v

1608.07538

Zh Higgs factories

hνν Higgs factories

Zh ≃ hνν
 Cross-Section Equality 

s ≃ 500 GeV
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s = mh s ≃ mh + mZ
s ⋙ mhs ≫ mh

Types of Higgs factory
type-1 type-2 type-4type-3

Direct Search inevitably limited by available energy

(Very) light new physics possibly 
(very) weakly coupled

Much larger range of new physics 
mass scale directly accessible
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s = mh s ≃ mh + mZ
s ⋙ mhs ≫ mh

Types of Higgs factory
type-1 type-2 type-4type-3

Direct Search inevitably limited by available energy

(Very) light new physics possibly 
(very) weakly coupled

Much larger range of new physics 
mass scale directly accessible

• The  type of Higgs factory can probe light new 
physics up to very weak couplings 

• The  type of Higgs factory can probe heavy new 
physics & potentially observe the particles responsible 
for the  couplings deviations measured at the same 
machine 

Zh

hνν

h
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You got an overall mismatch 
of the Higgs couplings?
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cos γ
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

It is interesting to note that a large fraction of the region compatible with a first-order
phase transition could be probed by the full CLIC or FCC programmes. For illustration pur-
poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [456].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
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Search for a new scalar 
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Figure 1: Diagrammatic contributions to the qq ! q
0
q
0
WW process. On the left, the scattering

topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell �WWWW � correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e�ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P� outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.

2

̂s

?†

Abstract
The perspective of designing muon colliders with high energy and luminosity,
which is being investigated by the International Muon Collider Collaboration,
has triggered a growing interest in their physics reach.

We present a concise summary of the muon collider potential to explore new
physics, leveraging on the unique possibility of combining high available en-
ergy with very precise measurements.

† The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis
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Fig. 2: Left panel: the number of expected events (from Ref. [6], see also [2]) at a 10 TeV muon collider,
with 10 ab�1 luminosity, for several BSM particles. Right panel: 95% CL mass reach, from Ref. [5], at
the HL-LHC (solid bars) and at the FCC-hh (shaded bars). The tentative discovery reach of a 10, 14 and
30 TeV muon collider are reported as horizontal lines.

particles can be definitely discovered up to the kinematical threshold. Taking into account that entire
target integrated luminosity will be collected in 5 years, a few months of run could be sufficient for a
discovery. Afterwards, the large production rate will allow us to observe the new particles decaying
in multiple final states and to measure kinematical distributions. We will thus be in the position of
characterizing the properties of the newly discovered states precisely. Similar considerations hold for
muon colliders with higher Ecm, up to the fact that the kinematical mass threshold obviously grows to
Ecm/2. Notice however that the production cross-section decreases as 1/E

2
cm.1 Therefore we obtain as

many events as in the left panel of Figure 2 only if the integrated luminosity grows as

Lint = 10 ab�1
✓

Ecm

10 TeV

◆2

. (1)

A luminosity that is lower than this by a factor of around 10 would not affect the discovery reach, but it
might, in some cases, slightly reduce the potential for characterizing the discoveries.

The direct reach of muon colliders vastly and generically exceeds the sensitivity of the High-
Luminosity LHC (HL-LHC). This is illustrated by the solid bars on the right panel of Figure 2, where
we report the projected HL-LHC mass reach [5] on several BSM states. The 95% CL exclusion is
reported, instead of the discovery, as a quantification of the physics reach. Specifically, we consider
Composite Higgs fermionic top-partners T (e.g., the X5/3 and the T2/3) and supersymmetric particles
such as stops et , charginos e�±

1 , stau leptons e⌧ and squarks eq . For each particle we report the highest
possible mass reach, as obtained in the configuration for the BSM particle couplings and decay chains
that maximizes the hadron colliders sensitivity. The reach of a 100 TeV proton-proton collider (FCC-hh)
is shown as shaded bars on the same plot. The muon collider reach, displayed as horizontal lines for
Ecm = 10, 14 and 30 TeV, exceeds the one of the FCC-hh for several BSM candidates and in particular,
as expected, for purely electroweak charged states.

Several interesting BSM particles do not decay to easily detectable final states, and an assessment
of their observability requires dedicated studies. A clear case is the one of minimal WIMP Dark Matter
(DM) candidates (see e.g. [4] and references therein). The charged state in the DM electroweak multiplet
is copiously produced, but it decays to the invisible DM plus a soft undetectable pion, owing to the

1The scaling is violated by the vector boson annihilation channel, which however is relevant only at low mass.
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New physics might be not be 
(immediately) related to the Higgs 

boson couplings
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s ≃ mZ

Θ ≲ eV
M

M ≃ 100 GeV

illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;

12

⇒ Θ ≲ 3 ⋅ 10−6

⇒ Θ ≲ 0.3 ⋅ 10−2
  up to M ≫ 100 GeV
 high-precision Z pole
 indirect from

mν ∼ y2v2

M
= Θ2M ≃ 0.1 eV
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Figure 2. Feynman diagrams for the process µ+µ�
! N(qq`±)⌫. For the collider energies above

mZ , such as the scenarios under consideration in this paper, the dominant production channel is
given by the left-hand diagram of t-channel W exchange.

possible to include the structure function for initial state radiation (ISR) for muon beams.
Additionally, Whizard 3 allows for the use of the equivalent photon approximation (EPA)
for the inclusion of photon-induced background events due to the collinear splitting of
µ ! µ�. Furthermore, the implementations of ISR and EPA in Whizard 3 allow for the
insertion of pT recoil of the hard scattering processes into the event record. The following
perturbative parton shower and hadronization steps are done using Pythia 8 [97].

For the generation of signal events, we use the HeavyN UFO files SM_HeavyN_NLO
and SM_HeavyN_Dirac_NLO, for Majorana and Dirac HNLs, respectively. We focus on
the case in which only one HNL mixes with the SM. Furthermore, we assume that |V1e| =

|V1µ| and |V1⌧ | = 0. As we only consider one HNL, we use the notation |V1e| = |V1µ| ⌘ |V`|

with no ambiguity. We simulate the signal process by first generating the production of
HNLs, µ+µ�

! N⌫, the Feynman diagrams of which are shown in figure 2.
We then decay the HNL via N ! qq`±, where q = u, d, c, s and `± = e±, µ±. As we

decay N using the narrow-width approximation (NWA), we choose |V`| = 0.002, as this en-
forces �N ⌧ mN .1 We are free to make this choice as the quantity � (µ+µ�

! N(qq`±)⌫) / |V`|
2

is independent of |V`| for a given mN . Furthermore, for the values of
p
s and mN considered

in this work, this choice of |V`|
2 is still large enough to ensure prompt decays of the HNLs,

as even in the most boosted, lowest width scenario under consideration (i.e
p
s = 10 TeV

and mN = 200 GeV), the decay length in the lab frame is of order 10�4 µm. This is sig-
nificantly smaller than the anticipated spatial resolution of detectors under consideration
in [31]. Note, however, that in non-trivial model extensions where the HNL production is
governed by another operator or mediator, the HNL production rate may be independent
of V`. In such a case it is then possible to have V` . 10�6 while still producing an appre-
ciable collider signature. In this case, it might be such that the decay length of HNL is
macroscopic and the HNL becomes a long-lived particle [77, 98]. However, this approach
deviates from the focus of this work, which is conservative and model-independent.

In this work, we consider two of the muon collider benchmarks given in [31]: a scenario
in which

p
s = 3 TeV and L = 1 ab�1, and a scenario in which

p
s = 10 TeV and L =

10 ab�1. For analysis in a potential 3 TeV (10 TeV) muon collider, we consider benchmark
1
This choice of |V`| is actually much smaller than required for the validity of the NWA, but, as noted

in [19], our choice is advantageous in that larger mixings that still satisfy the NWA might allow for increased

virtuality of the HNL, leading to large variations in the kinematic distributions of the HNL’s decay products

across events.
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This allowed for combining the electron and muon channels. The impact of systematic uncertainties has been neglected
at this stage, as they are not expected to significantly affect the final conclusions.

Results In Figure 3, limits on the coupling V 2
lN

for the two Muon Collider setups are presented and compared
with the current limits coming from the CMS experiment (Majorana neutrinos, Fig. 2 in [1]), as well as with the
results obtained for future hadron colliders (Dirac neutrinos, Fig. 25b in [5]) and e+e� colliders (Dirac neutrinos,
Fig. 12 in [16]). It should be noted that in the hadron collider analyses, heavy neutrino decays into taus were not
considered, and thus their sensitivity is enhanced relative to the results presented for the lepton colliders, where the
tau-channel decays are included. As shown in Figure 3, limits expected from the e+e� colliders, ILC running at 1TeV
and CLIC running at 3TeV, are more stringent for masses of the heavy neutrinos up to about 700 GeV. The fact that
the results for CLIC and a Muon Collider operating at the same energy of 3 TeV do not coincide may be surprising.
However, several effects must be taken into account for a proper comparison: the most important factors are different
integrated luminosities and beam polarizations. In addition, the beam spectra and the beam-induced background
channels cannot be neglected for e+e� colliders, while their impact is significantly reduced for µ+µ� machines due
to the larger mass of the muon. It was verified that, for the same generation setup (no beam polarization, no
beam spectrum, no beam-induced background channels, but different initial-state particles and detector designs), the
expected CLIC limits are consistent with the Muon Collider ones, giving the analysis precision. The discrepancy
visible in Figure 3 could then be explained as follows: at lower neutrino masses, the expected limits from CLIC are
more stringent due to the higher integrated luminosity and electron beam polarization, and at higher masses, they
are worse because of the impact of the luminosity spectra and beam-induced backgrounds.

In the analysis, we assumed that all the mixing parameters VlN have the same value. It is important to note that
this approach is not unique. Using data from both electron-positron and muon colliders, one could potentially loosen
this assumption and constrain the parameters VeN and VµN separately, by either excluding taus from the physical
model or implementing a proper tau tagging procedure. Such a method would give limits not only on the couplings
themselves but also on their product in the framework where couplings are treated independently, possibly hinting at
a flavor-universality violation. The details are, however, beyond the scope of this letter.

Conclusions Extensions of the Standard Model introducing heavy neutrinos offer interesting solutions to several
of its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be efficiently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for
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illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;
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Figure 2. Feynman diagrams for the process µ+µ�
! N(qq`±)⌫. For the collider energies above

mZ , such as the scenarios under consideration in this paper, the dominant production channel is
given by the left-hand diagram of t-channel W exchange.

possible to include the structure function for initial state radiation (ISR) for muon beams.
Additionally, Whizard 3 allows for the use of the equivalent photon approximation (EPA)
for the inclusion of photon-induced background events due to the collinear splitting of
µ ! µ�. Furthermore, the implementations of ISR and EPA in Whizard 3 allow for the
insertion of pT recoil of the hard scattering processes into the event record. The following
perturbative parton shower and hadronization steps are done using Pythia 8 [97].

For the generation of signal events, we use the HeavyN UFO files SM_HeavyN_NLO
and SM_HeavyN_Dirac_NLO, for Majorana and Dirac HNLs, respectively. We focus on
the case in which only one HNL mixes with the SM. Furthermore, we assume that |V1e| =

|V1µ| and |V1⌧ | = 0. As we only consider one HNL, we use the notation |V1e| = |V1µ| ⌘ |V`|

with no ambiguity. We simulate the signal process by first generating the production of
HNLs, µ+µ�

! N⌫, the Feynman diagrams of which are shown in figure 2.
We then decay the HNL via N ! qq`±, where q = u, d, c, s and `± = e±, µ±. As we

decay N using the narrow-width approximation (NWA), we choose |V`| = 0.002, as this en-
forces �N ⌧ mN .1 We are free to make this choice as the quantity � (µ+µ�

! N(qq`±)⌫) / |V`|
2

is independent of |V`| for a given mN . Furthermore, for the values of
p
s and mN considered

in this work, this choice of |V`|
2 is still large enough to ensure prompt decays of the HNLs,

as even in the most boosted, lowest width scenario under consideration (i.e
p
s = 10 TeV

and mN = 200 GeV), the decay length in the lab frame is of order 10�4 µm. This is sig-
nificantly smaller than the anticipated spatial resolution of detectors under consideration
in [31]. Note, however, that in non-trivial model extensions where the HNL production is
governed by another operator or mediator, the HNL production rate may be independent
of V`. In such a case it is then possible to have V` . 10�6 while still producing an appre-
ciable collider signature. In this case, it might be such that the decay length of HNL is
macroscopic and the HNL becomes a long-lived particle [77, 98]. However, this approach
deviates from the focus of this work, which is conservative and model-independent.

In this work, we consider two of the muon collider benchmarks given in [31]: a scenario
in which

p
s = 3 TeV and L = 1 ab�1, and a scenario in which

p
s = 10 TeV and L =

10 ab�1. For analysis in a potential 3 TeV (10 TeV) muon collider, we consider benchmark
1
This choice of |V`| is actually much smaller than required for the validity of the NWA, but, as noted

in [19], our choice is advantageous in that larger mixings that still satisfy the NWA might allow for increased

virtuality of the HNL, leading to large variations in the kinematic distributions of the HNL’s decay products

across events.
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This allowed for combining the electron and muon channels. The impact of systematic uncertainties has been neglected
at this stage, as they are not expected to significantly affect the final conclusions.

Results In Figure 3, limits on the coupling V 2
lN

for the two Muon Collider setups are presented and compared
with the current limits coming from the CMS experiment (Majorana neutrinos, Fig. 2 in [1]), as well as with the
results obtained for future hadron colliders (Dirac neutrinos, Fig. 25b in [5]) and e+e� colliders (Dirac neutrinos,
Fig. 12 in [16]). It should be noted that in the hadron collider analyses, heavy neutrino decays into taus were not
considered, and thus their sensitivity is enhanced relative to the results presented for the lepton colliders, where the
tau-channel decays are included. As shown in Figure 3, limits expected from the e+e� colliders, ILC running at 1TeV
and CLIC running at 3TeV, are more stringent for masses of the heavy neutrinos up to about 700 GeV. The fact that
the results for CLIC and a Muon Collider operating at the same energy of 3 TeV do not coincide may be surprising.
However, several effects must be taken into account for a proper comparison: the most important factors are different
integrated luminosities and beam polarizations. In addition, the beam spectra and the beam-induced background
channels cannot be neglected for e+e� colliders, while their impact is significantly reduced for µ+µ� machines due
to the larger mass of the muon. It was verified that, for the same generation setup (no beam polarization, no
beam spectrum, no beam-induced background channels, but different initial-state particles and detector designs), the
expected CLIC limits are consistent with the Muon Collider ones, giving the analysis precision. The discrepancy
visible in Figure 3 could then be explained as follows: at lower neutrino masses, the expected limits from CLIC are
more stringent due to the higher integrated luminosity and electron beam polarization, and at higher masses, they
are worse because of the impact of the luminosity spectra and beam-induced backgrounds.

In the analysis, we assumed that all the mixing parameters VlN have the same value. It is important to note that
this approach is not unique. Using data from both electron-positron and muon colliders, one could potentially loosen
this assumption and constrain the parameters VeN and VµN separately, by either excluding taus from the physical
model or implementing a proper tau tagging procedure. Such a method would give limits not only on the couplings
themselves but also on their product in the framework where couplings are treated independently, possibly hinting at
a flavor-universality violation. The details are, however, beyond the scope of this letter.

Conclusions Extensions of the Standard Model introducing heavy neutrinos offer interesting solutions to several
of its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be efficiently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for
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illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;
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Figure 2. Feynman diagrams for the process µ+µ�
! N(qq`±)⌫. For the collider energies above

mZ , such as the scenarios under consideration in this paper, the dominant production channel is
given by the left-hand diagram of t-channel W exchange.

possible to include the structure function for initial state radiation (ISR) for muon beams.
Additionally, Whizard 3 allows for the use of the equivalent photon approximation (EPA)
for the inclusion of photon-induced background events due to the collinear splitting of
µ ! µ�. Furthermore, the implementations of ISR and EPA in Whizard 3 allow for the
insertion of pT recoil of the hard scattering processes into the event record. The following
perturbative parton shower and hadronization steps are done using Pythia 8 [97].

For the generation of signal events, we use the HeavyN UFO files SM_HeavyN_NLO
and SM_HeavyN_Dirac_NLO, for Majorana and Dirac HNLs, respectively. We focus on
the case in which only one HNL mixes with the SM. Furthermore, we assume that |V1e| =

|V1µ| and |V1⌧ | = 0. As we only consider one HNL, we use the notation |V1e| = |V1µ| ⌘ |V`|

with no ambiguity. We simulate the signal process by first generating the production of
HNLs, µ+µ�

! N⌫, the Feynman diagrams of which are shown in figure 2.
We then decay the HNL via N ! qq`±, where q = u, d, c, s and `± = e±, µ±. As we

decay N using the narrow-width approximation (NWA), we choose |V`| = 0.002, as this en-
forces �N ⌧ mN .1 We are free to make this choice as the quantity � (µ+µ�

! N(qq`±)⌫) / |V`|
2

is independent of |V`| for a given mN . Furthermore, for the values of
p
s and mN considered

in this work, this choice of |V`|
2 is still large enough to ensure prompt decays of the HNLs,

as even in the most boosted, lowest width scenario under consideration (i.e
p
s = 10 TeV

and mN = 200 GeV), the decay length in the lab frame is of order 10�4 µm. This is sig-
nificantly smaller than the anticipated spatial resolution of detectors under consideration
in [31]. Note, however, that in non-trivial model extensions where the HNL production is
governed by another operator or mediator, the HNL production rate may be independent
of V`. In such a case it is then possible to have V` . 10�6 while still producing an appre-
ciable collider signature. In this case, it might be such that the decay length of HNL is
macroscopic and the HNL becomes a long-lived particle [77, 98]. However, this approach
deviates from the focus of this work, which is conservative and model-independent.

In this work, we consider two of the muon collider benchmarks given in [31]: a scenario
in which

p
s = 3 TeV and L = 1 ab�1, and a scenario in which

p
s = 10 TeV and L =

10 ab�1. For analysis in a potential 3 TeV (10 TeV) muon collider, we consider benchmark
1
This choice of |V`| is actually much smaller than required for the validity of the NWA, but, as noted

in [19], our choice is advantageous in that larger mixings that still satisfy the NWA might allow for increased

virtuality of the HNL, leading to large variations in the kinematic distributions of the HNL’s decay products

across events.

– 5 –

heavy  can be tested at FCC  and even deeper at N hh μμ

102 GeVmN [GeV]

4

310 410 [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV

Muon Collider 10 TeV

Muon Collider 3 TeV

FIG. 3: Limits on the coupling V 2
`N

for different Muon Collider setups (solid lines: 3 TeV – turquoise, 10 TeV –
orange). Dashed lines indicate limits from current and future hadron [1, 5] machines, dashed-dotted for e+e�

colliders [16]. See text for details.

This allowed for combining the electron and muon channels. The impact of systematic uncertainties has been neglected
at this stage, as they are not expected to significantly affect the final conclusions.

Results In Figure 3, limits on the coupling V 2
lN

for the two Muon Collider setups are presented and compared
with the current limits coming from the CMS experiment (Majorana neutrinos, Fig. 2 in [1]), as well as with the
results obtained for future hadron colliders (Dirac neutrinos, Fig. 25b in [5]) and e+e� colliders (Dirac neutrinos,
Fig. 12 in [16]). It should be noted that in the hadron collider analyses, heavy neutrino decays into taus were not
considered, and thus their sensitivity is enhanced relative to the results presented for the lepton colliders, where the
tau-channel decays are included. As shown in Figure 3, limits expected from the e+e� colliders, ILC running at 1TeV
and CLIC running at 3TeV, are more stringent for masses of the heavy neutrinos up to about 700 GeV. The fact that
the results for CLIC and a Muon Collider operating at the same energy of 3 TeV do not coincide may be surprising.
However, several effects must be taken into account for a proper comparison: the most important factors are different
integrated luminosities and beam polarizations. In addition, the beam spectra and the beam-induced background
channels cannot be neglected for e+e� colliders, while their impact is significantly reduced for µ+µ� machines due
to the larger mass of the muon. It was verified that, for the same generation setup (no beam polarization, no
beam spectrum, no beam-induced background channels, but different initial-state particles and detector designs), the
expected CLIC limits are consistent with the Muon Collider ones, giving the analysis precision. The discrepancy
visible in Figure 3 could then be explained as follows: at lower neutrino masses, the expected limits from CLIC are
more stringent due to the higher integrated luminosity and electron beam polarization, and at higher masses, they
are worse because of the impact of the luminosity spectra and beam-induced backgrounds.

In the analysis, we assumed that all the mixing parameters VlN have the same value. It is important to note that
this approach is not unique. Using data from both electron-positron and muon colliders, one could potentially loosen
this assumption and constrain the parameters VeN and VµN separately, by either excluding taus from the physical
model or implementing a proper tau tagging procedure. Such a method would give limits not only on the couplings
themselves but also on their product in the framework where couplings are treated independently, possibly hinting at
a flavor-universality violation. The details are, however, beyond the scope of this letter.

Conclusions Extensions of the Standard Model introducing heavy neutrinos offer interesting solutions to several
of its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be efficiently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for
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illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;
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Figure 2. Feynman diagrams for the process µ+µ�
! N(qq`±)⌫. For the collider energies above

mZ , such as the scenarios under consideration in this paper, the dominant production channel is
given by the left-hand diagram of t-channel W exchange.

possible to include the structure function for initial state radiation (ISR) for muon beams.
Additionally, Whizard 3 allows for the use of the equivalent photon approximation (EPA)
for the inclusion of photon-induced background events due to the collinear splitting of
µ ! µ�. Furthermore, the implementations of ISR and EPA in Whizard 3 allow for the
insertion of pT recoil of the hard scattering processes into the event record. The following
perturbative parton shower and hadronization steps are done using Pythia 8 [97].

For the generation of signal events, we use the HeavyN UFO files SM_HeavyN_NLO
and SM_HeavyN_Dirac_NLO, for Majorana and Dirac HNLs, respectively. We focus on
the case in which only one HNL mixes with the SM. Furthermore, we assume that |V1e| =

|V1µ| and |V1⌧ | = 0. As we only consider one HNL, we use the notation |V1e| = |V1µ| ⌘ |V`|

with no ambiguity. We simulate the signal process by first generating the production of
HNLs, µ+µ�

! N⌫, the Feynman diagrams of which are shown in figure 2.
We then decay the HNL via N ! qq`±, where q = u, d, c, s and `± = e±, µ±. As we

decay N using the narrow-width approximation (NWA), we choose |V`| = 0.002, as this en-
forces �N ⌧ mN .1 We are free to make this choice as the quantity � (µ+µ�

! N(qq`±)⌫) / |V`|
2

is independent of |V`| for a given mN . Furthermore, for the values of
p
s and mN considered

in this work, this choice of |V`|
2 is still large enough to ensure prompt decays of the HNLs,

as even in the most boosted, lowest width scenario under consideration (i.e
p
s = 10 TeV

and mN = 200 GeV), the decay length in the lab frame is of order 10�4 µm. This is sig-
nificantly smaller than the anticipated spatial resolution of detectors under consideration
in [31]. Note, however, that in non-trivial model extensions where the HNL production is
governed by another operator or mediator, the HNL production rate may be independent
of V`. In such a case it is then possible to have V` . 10�6 while still producing an appre-
ciable collider signature. In this case, it might be such that the decay length of HNL is
macroscopic and the HNL becomes a long-lived particle [77, 98]. However, this approach
deviates from the focus of this work, which is conservative and model-independent.

In this work, we consider two of the muon collider benchmarks given in [31]: a scenario
in which

p
s = 3 TeV and L = 1 ab�1, and a scenario in which

p
s = 10 TeV and L =

10 ab�1. For analysis in a potential 3 TeV (10 TeV) muon collider, we consider benchmark
1
This choice of |V`| is actually much smaller than required for the validity of the NWA, but, as noted

in [19], our choice is advantageous in that larger mixings that still satisfy the NWA might allow for increased

virtuality of the HNL, leading to large variations in the kinematic distributions of the HNL’s decay products

across events.
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This allowed for combining the electron and muon channels. The impact of systematic uncertainties has been neglected
at this stage, as they are not expected to significantly affect the final conclusions.

Results In Figure 3, limits on the coupling V 2
lN

for the two Muon Collider setups are presented and compared
with the current limits coming from the CMS experiment (Majorana neutrinos, Fig. 2 in [1]), as well as with the
results obtained for future hadron colliders (Dirac neutrinos, Fig. 25b in [5]) and e+e� colliders (Dirac neutrinos,
Fig. 12 in [16]). It should be noted that in the hadron collider analyses, heavy neutrino decays into taus were not
considered, and thus their sensitivity is enhanced relative to the results presented for the lepton colliders, where the
tau-channel decays are included. As shown in Figure 3, limits expected from the e+e� colliders, ILC running at 1TeV
and CLIC running at 3TeV, are more stringent for masses of the heavy neutrinos up to about 700 GeV. The fact that
the results for CLIC and a Muon Collider operating at the same energy of 3 TeV do not coincide may be surprising.
However, several effects must be taken into account for a proper comparison: the most important factors are different
integrated luminosities and beam polarizations. In addition, the beam spectra and the beam-induced background
channels cannot be neglected for e+e� colliders, while their impact is significantly reduced for µ+µ� machines due
to the larger mass of the muon. It was verified that, for the same generation setup (no beam polarization, no
beam spectrum, no beam-induced background channels, but different initial-state particles and detector designs), the
expected CLIC limits are consistent with the Muon Collider ones, giving the analysis precision. The discrepancy
visible in Figure 3 could then be explained as follows: at lower neutrino masses, the expected limits from CLIC are
more stringent due to the higher integrated luminosity and electron beam polarization, and at higher masses, they
are worse because of the impact of the luminosity spectra and beam-induced backgrounds.

In the analysis, we assumed that all the mixing parameters VlN have the same value. It is important to note that
this approach is not unique. Using data from both electron-positron and muon colliders, one could potentially loosen
this assumption and constrain the parameters VeN and VµN separately, by either excluding taus from the physical
model or implementing a proper tau tagging procedure. Such a method would give limits not only on the couplings
themselves but also on their product in the framework where couplings are treated independently, possibly hinting at
a flavor-universality violation. The details are, however, beyond the scope of this letter.

Conclusions Extensions of the Standard Model introducing heavy neutrinos offer interesting solutions to several
of its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be efficiently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for
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s ≃ mZ

Neutrino masses The “first” kind of  see-saw

illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;

12

FCCee direct

FCCee
EWPT*

 zero background

W

N
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µ
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q

q

`

Z

N
W

µ

µ

⌫

q

q

`

Figure 2. Feynman diagrams for the process µ+µ�
! N(qq`±)⌫. For the collider energies above

mZ , such as the scenarios under consideration in this paper, the dominant production channel is
given by the left-hand diagram of t-channel W exchange.

possible to include the structure function for initial state radiation (ISR) for muon beams.
Additionally, Whizard 3 allows for the use of the equivalent photon approximation (EPA)
for the inclusion of photon-induced background events due to the collinear splitting of
µ ! µ�. Furthermore, the implementations of ISR and EPA in Whizard 3 allow for the
insertion of pT recoil of the hard scattering processes into the event record. The following
perturbative parton shower and hadronization steps are done using Pythia 8 [97].

For the generation of signal events, we use the HeavyN UFO files SM_HeavyN_NLO
and SM_HeavyN_Dirac_NLO, for Majorana and Dirac HNLs, respectively. We focus on
the case in which only one HNL mixes with the SM. Furthermore, we assume that |V1e| =

|V1µ| and |V1⌧ | = 0. As we only consider one HNL, we use the notation |V1e| = |V1µ| ⌘ |V`|

with no ambiguity. We simulate the signal process by first generating the production of
HNLs, µ+µ�

! N⌫, the Feynman diagrams of which are shown in figure 2.
We then decay the HNL via N ! qq`±, where q = u, d, c, s and `± = e±, µ±. As we

decay N using the narrow-width approximation (NWA), we choose |V`| = 0.002, as this en-
forces �N ⌧ mN .1 We are free to make this choice as the quantity � (µ+µ�

! N(qq`±)⌫) / |V`|
2

is independent of |V`| for a given mN . Furthermore, for the values of
p
s and mN considered

in this work, this choice of |V`|
2 is still large enough to ensure prompt decays of the HNLs,

as even in the most boosted, lowest width scenario under consideration (i.e
p
s = 10 TeV

and mN = 200 GeV), the decay length in the lab frame is of order 10�4 µm. This is sig-
nificantly smaller than the anticipated spatial resolution of detectors under consideration
in [31]. Note, however, that in non-trivial model extensions where the HNL production is
governed by another operator or mediator, the HNL production rate may be independent
of V`. In such a case it is then possible to have V` . 10�6 while still producing an appre-
ciable collider signature. In this case, it might be such that the decay length of HNL is
macroscopic and the HNL becomes a long-lived particle [77, 98]. However, this approach
deviates from the focus of this work, which is conservative and model-independent.

In this work, we consider two of the muon collider benchmarks given in [31]: a scenario
in which

p
s = 3 TeV and L = 1 ab�1, and a scenario in which

p
s = 10 TeV and L =

10 ab�1. For analysis in a potential 3 TeV (10 TeV) muon collider, we consider benchmark
1
This choice of |V`| is actually much smaller than required for the validity of the NWA, but, as noted

in [19], our choice is advantageous in that larger mixings that still satisfy the NWA might allow for increased

virtuality of the HNL, leading to large variations in the kinematic distributions of the HNL’s decay products

across events.
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This allowed for combining the electron and muon channels. The impact of systematic uncertainties has been neglected
at this stage, as they are not expected to significantly affect the final conclusions.

Results In Figure 3, limits on the coupling V 2
lN

for the two Muon Collider setups are presented and compared
with the current limits coming from the CMS experiment (Majorana neutrinos, Fig. 2 in [1]), as well as with the
results obtained for future hadron colliders (Dirac neutrinos, Fig. 25b in [5]) and e+e� colliders (Dirac neutrinos,
Fig. 12 in [16]). It should be noted that in the hadron collider analyses, heavy neutrino decays into taus were not
considered, and thus their sensitivity is enhanced relative to the results presented for the lepton colliders, where the
tau-channel decays are included. As shown in Figure 3, limits expected from the e+e� colliders, ILC running at 1TeV
and CLIC running at 3TeV, are more stringent for masses of the heavy neutrinos up to about 700 GeV. The fact that
the results for CLIC and a Muon Collider operating at the same energy of 3 TeV do not coincide may be surprising.
However, several effects must be taken into account for a proper comparison: the most important factors are different
integrated luminosities and beam polarizations. In addition, the beam spectra and the beam-induced background
channels cannot be neglected for e+e� colliders, while their impact is significantly reduced for µ+µ� machines due
to the larger mass of the muon. It was verified that, for the same generation setup (no beam polarization, no
beam spectrum, no beam-induced background channels, but different initial-state particles and detector designs), the
expected CLIC limits are consistent with the Muon Collider ones, giving the analysis precision. The discrepancy
visible in Figure 3 could then be explained as follows: at lower neutrino masses, the expected limits from CLIC are
more stringent due to the higher integrated luminosity and electron beam polarization, and at higher masses, they
are worse because of the impact of the luminosity spectra and beam-induced backgrounds.

In the analysis, we assumed that all the mixing parameters VlN have the same value. It is important to note that
this approach is not unique. Using data from both electron-positron and muon colliders, one could potentially loosen
this assumption and constrain the parameters VeN and VµN separately, by either excluding taus from the physical
model or implementing a proper tau tagging procedure. Such a method would give limits not only on the couplings
themselves but also on their product in the framework where couplings are treated independently, possibly hinting at
a flavor-universality violation. The details are, however, beyond the scope of this letter.

Conclusions Extensions of the Standard Model introducing heavy neutrinos offer interesting solutions to several
of its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be efficiently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for
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Types of Electroweak factories
s ≃ mZ

s ⋙ mhs ≫ mhLEP style LHC style

multibody
 weak boson collisions

massless
W boson!!!

CMS-PAS-SMP-22-010 

• The  style Electroweak factory can probe light new physics 
up to very weak couplings 

• The  style of Electroweak factory can probe heavy new 
physics  plus study  “new electroweak physics”: the 
unprecedented “massless W bosons”

LEP

LHC



A couple of problems on which 
we might see the “bottom line”



EW phase transition
Was the electroweak symmetry broken abruptly in the early universe?
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Electroweak phase transition
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Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2
Singlet loop makes 

V(0,v) deeper

high T

• We need to study all possible new states that induce a change 
in the Higgs boson potential.

• For these new state to have sizable effects in the early Universe 
they must be light, around 1 TeV at most. 

• All searches for new Higgs bosons (or general electroweak 
particles) probe such fundamental issue of the origin of matter 
in the early Universe!
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pp or ℓ+ℓ− → hh

• High-Energy lepton collider has 
large flux of “partonic” W bosons

ξ ≃ ( mW

mnew )
2

∼ 1
E ℒ

Singlet tree and loop makes V(0,v) deeper

vc
H

V(H)

H

V(H)

H

V(H)

T=Tc+Δ T=Tc

Vtherm~T2

Electroweak phase transition

•  collisions as usualgg
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)

– 7 –

 2101.10469

independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s
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2
s

 
h

s

!
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,
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�
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i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
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b1 +m1T

2
�
S +

b2 + cST 2

2
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3
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b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)

– 3 –

Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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2 with v = 246 GeV. We note that a shift
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b1 = �a1v
2
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2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2
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c2
✓
+M2

h2
s2
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2v2
,

a1 =
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
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i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +
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2
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2
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2
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4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
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+
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2
+

a2
24

, cS =
a2
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+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
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S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
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2
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2
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
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|H|
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where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02
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, cS =
a2
6

+
b4
4
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while

V = c✓, 3 =
2v

M2
h


�vc3
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+

1

4
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✓
s✓ (2a2vs + a1) +
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a2vc✓s

2
✓
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3
s3
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(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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m
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2
2
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
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!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]
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where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,
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with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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where we only keep the gauge invariant T 2-order terms [82, 83], and
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Figure 5. Indirect limits from the measurements of the Higgs couplings. The scatter points are
the FOEWPT data, in which red, green and blue colors represent SNR 2 [50,+1), [10, 50) and
[0, 10), respectively. The colored vertical and horizontal lines are the projections of di↵erent setups
of muon colliders. The projections of CEPC (

p
s = 250 GeV) are also shown in dashed lines for

comparison.

at tree level we obtain V = 3 = 1 for the SM, while
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, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

we project the FOEWPT data points into the �3-�V plane in Fig. 5. One finds that

�3 is always positive (and . 0.8). This can be understood by expanding the deviation at

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

h
term dominates the terms in the bracket, implying an enhanced Higgs

triple coupling. Since we set ✓ 6 0.15 when scanning over the parameter space (see

Appendix A), the �V distribution has a sharp edge at around 0.152/2 ⇡ 0.01.

Also shown in Fig. 5 are the projections of the reach for di↵erent setups of muon

colliders. The corresponding probe limits are adopted from Ref. [74], which uses the

VBF single Higgs production to study the h1V V coupling and the vector boson scattering

di-Higgs production to study the triple Higgs coupling. It is clear that the FOEWPT

parameter space can be probed very e�ciently using via such indirect approach. A 3 TeV

muon collider is already able to cover most of the data points, and a 30 TeV muon collider

could test almost the whole parameter space.
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Figure 3. Left: after the basic acceptance cuts, the invariant mass distributions of the jet pairs and
four-jet system for the signal and main backgrounds at the 10 TeV muon collider. Here we select
Mh2 = 600 GeV as the signal benchmark. Right: the expected probe limits on s2✓ ⇥Br(h2 ! h1h1)
for di↵erent muon collider setups. The scatter points are the FOEWPT data, in which red, green
and blue colors represent SNR 2 [50,+1), [10, 50) and [0, 10), respectively. The limit from ATLAS
at the 13 TeV LHC with L = 36.1 fb�1 [114] and its extrapolation to the HL-LHC [12] are also
shown for comparison.

as illustrated in orange in the left panel of Fig. 3. The cut flows for three chosen signal

benchmarks at a 10 TeV muon collider are shown in Table 1, indicating Cut III is fairly

powerful to improve the signal over background factor.

Given the collision energy
p
s and the integrated luminosity L, the signal and back-

ground event numbers are

S = �S ⇥ ✏S ⇥ L = �SM
h2

⇥ s2
✓
⇥ Br(h2 ! h1h1)⇥ ✏S ⇥ L,

B = �B ⇥ ✏B ⇥ L,
(3.14)

where �S,B are the signal and background production rates, and ✏S,B are the corresponding

cut e�ciencies, respectively. Note that �B is already fixed, and �SM
h2

as well as ✏S,B depends

only on Mh2 . This implies that we can generate events for several Mh2 benchmarks and

derive the collider probe limits for s2
✓
⇥ Br(h2 ! h1h1) by the 2� exclusion criterion

S/
p

B = 2, (3.15)

and make the interpolation to derive the s2
✓
⇥Br(h2 ! h1h1) reach as a function ofMh2 . The

sensitivity of the muon collider to FOEWPT can be obtained by projecting the FOEWPT

parameter space to such 2-dimension plane. This is done in the right panel of Fig. 3, in

which the reach of di↵erent collider setups are plotted as di↵erent colored solid lines, and

the FOEWPT data points lying above a specific line can be probed by the corresponding

muon collider. Note that our projections are derived without b-tagging. We have checked

that by assuming a 90% b-tagging e�ciency the probe limits can be improved by a factor

of 3 ⇠ 5, which has little visual e↵ect in the log coordinate.
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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I N T E R P L AYD I R E C T  &  I N D I R E C T

EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
M

2
s

 
h

s

!
; M

2
s =

 
@
2
V

@h2
@
2
V

@h@s

@
2
V

@h@s

@
2
V

@s2

!
. (2.3)

Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

where the coe�cients �, a1 and a2 can be further expressed in terms of Mh1 , Mh2 and ✓,

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,

a1 =
4vs
v2


v2s

✓
2b4 +

b3
vs

◆
�M2

h1
s2
✓
�M2

h2
c2
✓

�
,

a2 =
1

2vs

hs2✓
v

�
M2

h1
�M2

h2

�
� a1

i
,

(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
b1 +m1T

2
�
S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4,

(2.8)

where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)
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EW phase transition
3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
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+
a2

2

⇣
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⌘
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2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓
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2
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with µ
2 = � v

2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)
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independent parameters

and then the mass term of the two neutral scalars reads
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Diagonalizing M
2
s yields the mass eigenstates h1, h2 and the mixing angle ✓ between them,

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

The requirement that (v, vs) is an extremum of Eq. (2.1) yields two relations [12]

µ2 = �v2 +
vs
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(a1 + a2vs), b2 = �
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(2.6)

with c✓ and s✓ being short for cos ✓ and sin ✓, respectively. Fixing Mh1 = Mh = 125.09

GeV and v = 246 GeV, we can use the following five parameters

{Mh2 , ✓, vs, b3, b4} , (2.7)

as input, and derive other parameters such as µ2, � via Eq. (2.5) and Eq. (2.6).

We use the strategy described in Appendix A to obtain the parameter space that

satisfies the SM constraints. The dataset is stored in form of a list of the five input

parameters in Eq. (2.7), and then used for the calculation of FOEWPT and GWs in the

following subsection.

2.2 FOEWPT and GWs

The scalar potential V in Eq. (2.1) receives thermal corrections at finite temperature,

becoming

VT =�
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where we only keep the gauge invariant T 2-order terms [82, 83], and

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =

a1 + b3
12

. (2.9)

– 3 –

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Parameter space scan for a singlet model extension 
of the Standard Model. The points indicate a first 
order phase transition. 
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Recoil on “nothing”
S E A R C H  I N T E R P R E T E D  F O R  D A R K  M AT T E RG E N E R I C

10

Mono-W reach — Majorana 3-plet Mono-W reach — Majorana 5-plet

FIG. 4. Reach from mono-W searches at a muon collider, as a function of collider center-of-mass energy
p
s and integrated

luminosity L. The blue contours show the 95% C.L. reach on the WIMP mass; the prediction from thermal freeze-out is shown
as a red line. The precision of the measurement is shown by the blue shadings. Systematic uncertainties are assumed to be
negligible. The white line corresponds to the luminosity scaling Eq. (24), with various collider benchmarks shown as colored
squares:

p
s = 6 TeV green,

p
s = 10 TeV blue,

p
s = 14 TeV orange and

p
s = 30 TeV red. The yellow square corresponds to

the 3 TeV CLIC [54]. Left: Majorana 3-plet. Right: Majorana 5-plet.
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FIG. 5. Di↵erent bars show the 2� (solid wide) and 5� (hatched thin) reach on the WIMP mass at a muon collider for
di↵erent search channels. The first seven bars show the channels discussed in Sec. VA where DM would appear as missing
invariant mass (MIM) recoiling against one or more SM objects: mono-gamma, inclusive mono-W, leptonic mono-W, mono-Z,
di-gamma, same sign di-W, and the combination of all these MIM channels (blue). The last two bars show the reach of
disappearing tracks as discussed in Sec. VB, requiring at least 1 disappearing track (red), or at least 2 tracks (orange). All the
results are shown assuming systematic uncertainties to be 0 (light), 1h (medium), or 1% (dark). The vertical red bands show
the freeze-out prediction. Left: Majorana 3-plet for

p
s = 14TeV and L = 20 ab�1. Right: Majorana 5-plet for

p
s = 30TeV

and L = 90 ab�1.

is negative (positive). Since the charge of the W bo-
son is potentially observable for leptonic decays, we can
envisage a strategy to isolate the signal from the back-
ground using the full distribution in ⌘W (instead of its
absolute value). We thus also perform an analysis of lep-
tonic mono-W events, where we impose the additional

cut ⌘W± 7 0. We find the reach of this search to be
weaker than the one of the inclusive mono-W because
of the small leptonic branching ratio. However, the lep-
tonic mono-W search possesses signal-free regions of the
⌘W distribution which would allow for an in situ calibra-
tion of the background from the data itself, leading to

2107.09688

Eγ

dσ
dEγ Typical Event Display
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

• fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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pp or ℓ+ℓ− → ff̄, W+W−

T O TA L  C R O S S - S E C T I O NP R E C I S I O N

1810.10993 , 2212.11900 

� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).

5

18
54
48MF

*
*

• Comprehensive tool to explore new electroweak particles 

• Can probe valid dark matter candidates! • fiducial cross-sections are significantly 
affected by off-shell new physics heavier 
than the collider kinematic reach

χ  is heavy new physics

χ  is light new physics
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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• For the first time ever there is a concrete path to fully test the 
idea of Dark Matter as a thermal relic up to maximal allowed 
thermals mass O(100) TeV
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• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

Future Colliders can provide significant advances on these issues

Several deep open questions open for investigation
Conclusions
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Future Colliders can provide significant advances on these issues

Conclusions
The SM has many open issues. It is not possible to “guarantee a discovery”, but we can guarantee learning from trying!

Is there only one Higgs boson?

Is the Higgs boson point-like or composite?

Is Dark Matter a thermal relic?

Was  the electroweak symmetry broken abruptly in the early Universe?
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Future Colliders can provide conclusive results on  some issues

Conclusions
The SM has many open issues. It is not possible to “guarantee a discovery”, but we can guarantee learning from trying!

Is there only one Higgs boson?

Is the Higgs boson point-like or composite?

Is Dark Matter a thermal relic?

Was  the electroweak symmetry broken abruptly in the early Universe?
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Conclusions
The SM has many open issues. It is not possible to “guarantee a discovery”, but we can guarantee learning from trying!

Is new physics light and very weakly coupled? or is it heavy? 

When do you expect to be able to probe directly the causes of “deviations” from the SM?
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Thank You!
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Dark Matter as  SU(2) n − plet
P U R E  S U ( 2 )  N - P L E T

2

ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
�

1

2
M

2
�
�
2
�

�H

2
�
2
|H|

2
�

��

4
�
4
, (1)

Lf =
1

2
� (i�̄µ

Dµ �M�)� , (2)

for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.

2107.09688
3

DM spin EW n-plet M� (TeV) (�v)J=0
tot /(�v)J=0

max ⇤Landau/MDM ⇤UV/MDM

Real scalar

3 2.53± 0.01 – 3⇥ 1037 4⇥ 1024*

5 15.4± 0.7 0.002 5⇥ 1036 2⇥ 1024

7 54.2± 3.1 0.022 2⇥ 1019 2⇥ 1024

9 117.8± 15.4 0.088 3⇥ 103 2⇥ 1024

11 199± 42 0.25 20 3⇥ 1024

13 338± 102 0.6 3.5 3⇥ 1024

Majorana fermion

3 2.86± 0.01 – 3⇥ 1037 8⇥ 1012*

5 13.6± 0.8 0.003 3⇥ 1017 5⇥ 1012

7 48.8± 3.3 0.019 1⇥ 104 4⇥ 107

9 113± 15 0.07 30 3⇥ 107

11 202± 43 0.2 6 3⇥ 107

13 324.6± 94 0.5 2.6 3⇥ 107

TABLE I. Freeze-out mass predictions for WIMP DM in real EW multiplets with Y = 0. The annihilation cross-section
includes both the contribution of SE and BSF. We provide a measure of how close the DM annihilation cross-section is to the
unitarity bound for s-wave annihilation (�v)J=0

max = 4⇡/M2
DMv. Approaching the unitarity bound, the error on the WIMP mass

grows proportionally to the enhancement of the next-to-leading order (NLO) contributions estimated in Eq. (23). We derive
the scale where EW gauge coupling will develop a Landau pole by integrating-in the WIMP multiplet at its freeze-out mass.
The stability of both scalar and fermionic DM can always be enforced by requiring a Z2 symmetry in the DM sector to forbid
DM decays. This symmetry forbids the scalar and fermionic 3-plets decay at renormalizable level as indicated by the *. The
value of the UV cut-o↵ ⇤UV gives an idea of the required quality for this symmetry to make DM stable and avoid stringent
bounds on decaying DM (⌧DM > 1028sec) [26]: a new physics scale lower than ⇤UV would require a Z2 to explain DM stability,
while a cut-o↵ higher than ⇤UV would make DM stability purely accidental.

with the uncertainty dominated by 2-loop contributions
proportional to ↵

2
2mt/16⇡. These have been explicitly

computed in Ref.s [31, 32] giving a precise prediction for
the lifetime of the singly-charged component, which de-
cays to the neutral one mainly by emitting a charged pion
with

c⌧�+ '
120 mm

T (T + 1)
, (4)

where 2T + 1 = n. The suppression of the lifetime
with the size of the EW multiplet can be understood
in the M� � mW limit where the mass splitting between
the charged and neutral components is independent of n
while the coupling to W is controlled by

p
T (T + 1)/2.

As we will discuss in Sec. VB, the production of a singly
charged DM component at colliders gives the unique op-
portunity of probing EWmultiplets with n = 3 and n = 5
through disappearing tracks [4, 24, 33–35].

Interestingly, the IR generated splitting from gauge bo-
son loops is not modified substantially by UV contribu-
tions. The latter are generated only by dimension 7 (di-

mension 6) operators if the DM is a Majorana fermion
(real scalar) and can be written as

�LI �
cI

⇤nI
UV

�
a
�
b(H†

T
a
H)(H†

T
b
H) , (5)

with nI = 3, 2 for I = f, s. This corresponds to a split-
ting �MI ' cIv

4
/⇤nI

UVM
3�nI
�

which is always negligible
with respect to the residual error on the 2-loop splitting
for ⇤UV & 100 TeV and cI ⇠ O(1).
We now move to discuss DM stability. In the case of

the EW 3-plet, the renormalizable operators �H†
H and

�HL, for scalars and fermions, respectively, can induce
fast DM decay. We assume these operators to be forbid-
den by a symmetry (e.g. a discrete Z2-symmetry) acting
only on the DM sector. For all the other n-plets with
n � 5, instead, Z2-odd operators are accidentally absent
at renormalizable level.

Higher dimensional operators that break the Z2-
symmetry are in general expected to be generated at the
ultraviolet cut-o↵ scale ⇤UV. We sketch here the oper-
ators of lowest dimension that can induce the decay of
scalar and fermionic WIMPs for generic n:

2107.09688, 2205.04486

I N T E R P O L AT O R  U P  T O   PeV
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Higgsino DM
E X O T I C  S I G N A LS T U B - T R A C K S

• Heavy -plet of  

• Mass splitting ~  ~ 0.1 GeV - GeV

n SU(2)

αW ⋅ mW

L A R G E  R AT E S ,  B U T  N E E D S  T O  L I G H T  U P  T H E  
D E T E C T O R  I N  A  D I S C E R N I B L E  WAY
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Fig. 3: Left panel: exclusion and discovery mass reach on Higgsino and Wino Dark Matter candidates at
muon colliders from disappearing tracks, and at other facilities. The plot is adapted from Ref. [9]. Right:
exclusion contour [4] for a scalar singlet of mass m� mixed with the Higgs boson with strength sin �

is copiously produced, but it decays to the invisible DM plus a soft undetectable pion, owing to the
small mass-splitting. WIMP DM can be studied at muon colliders in several channels (such as mono-
photon) without directly observing the charged state [7, 8]. Alternatively, one can instead exploit the
disappearing tracks produced by the charged particle [9]. The result is displayed on the left panel of
Figure 3 for the simplest candidates, known as Higgsino and Wino. A 10 TeV muon collider reaches
the “thermal” mass, marked with a dashed line, for which the observed relic abundance is obtained by
thermal freeze out. Other minimal WIMP candidates become kinematically accessible at higher muon
collider energies [7,8]. Muon colliders could actually even probe some of these candidates when they are
above the kinematical threshold, by studying their indirect effects on high-energy SM processes [10,11].

New physics particles are not necessarily coupled to the SM by gauge interaction. One setup
that is relevant in several BSM scenarios (including models of baryogenesis, dark matter, and neutral
naturalness) is the “Higgs portal” one, where the BSM particles interact most strongly with the Higgs
field. By the Goldstone Boson Equivalence Theorem, Higgs field couplings are interactions with the
longitudinal polarizations of the SM massive vector bosons W and Z, which enable Vector Boson Fusion
(VBF) production of the new particles. A muon collider is extraordinarily sensitive to VBF production,
owing to the large luminosity for effective vector bosons. This is illustrated on the right panel of Figure 3,
in the context of a benchmark model [4, 12] (see also [13]) where the only new particle is a real scalar
singlet with Higgs portal coupling. The coupling strength is traded for the strength of the mixing with
the Higgs particle, sin �, that the interaction induces. The scalar singlet is the simplest extension of the
Higgs sector. Extensions with richer structure, such as involving a second Higgs doublet, are a priori
easier to detect as one can exploit the electroweak production of the new charged Higgs bosons, as well
as their VBF production. See Ref.s [14, 15] for dedicated studies, and Ref. [16] for a review.

We have seen that in several cases the muon collider direct reach compares favorably to the one
of the most ambitious future proton collider project. This is not a universal statement, in particular it is
obvious that at a muon collider it is difficult to access heavy particles that carry only QCD interactions.
One might also expect a muon collider of 10 TeV to be generically less effective than a 100 TeV proton
collider for the detection of particles that can be produced singly. For instance, for additional Z

0 massive
vector bosons, that can be probed at the FCC-hh well above the 10 TeV mass scale. We will see in
Section 5 that the situation is slightly more complex and that, in the case of Z

0s, a 10 TeV muon collider
sensitivity actually exceeds the one of the FCC-hh dramatically (see the right panel of Fig. 6).

9

Thermal Higgsino

pp 100 TeV 30 ab−1

μ+μ− 10 TeV 10 ab−1

e+e− 3 TeV 5 ab−1
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Direct Detection

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation 
(many excesses in the past in this type of experiments, though most were at the lowest 

accessible masses)

2030s
up to O(PeV)

Eur. Phys. J. C            (2022) 82:31 Page 15 of 28    31 

Fig. 8 In dark green we show the present constraints from XENON-
1T [83] and PandaX-4T [84], the green dashed line shows the reach
of LZ [85] and the brown green dot-dashed line the ultimate reach of
DARWIN [19]. The light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [86]. Left: expected spin independent
(SI) direct detection cross-section for Majorana n-plets (red) and for
real scalar n-plets (blue) (assuming the Higgs portal coupling λH = 0).

The vertical error bands correspond to LQCD uncertainties on the elastic
cross-section in Eq. (41) while the horizontal error band comes from the
theory determination of the WIMP freeze out mass. Right: current and
future reach on the Higgs portal quartic λH defined in Eq. (1) for scalar
DM. In the shaded dark red region the quartic modifies the freeze-out
cross-section byO(1) or more. The dashed red contours indicate smaller
ratios of the Higgs-portal and the EW annihilation cross-sections

with fN ≃ 0.31 obtained from lattice QCD results (see [95]
for a more detailed discussion on the scalar triplet). In the
right panel of Fig. 8 we show the regions of parameter-
space where the Higgs-portal interaction can be tested in
direct detection. The requirement of not significantly affect-
ing the freeze-out dynamics bounds the annihilation cross-
section induced by the Higgs portal to be smaller than the
EW cross-section, σ H

ann/σ
EW
ann ! 1, which results in an upper

bound on the quartic coupling λH shown by the red shad-
ing in Fig. 8. An estimate for this bound can be obtained
by comparing the hard annihilation cross-sections, and reads
λ2
H ! (n2 − 3)(n2 − 1)g4

2/8. Interestingly, XENON1T and
PANDAX-4T already exclude a large part of the region where
the Higgs portal inducesO(1)modifications of the freeze-out
predictions, while LZ will completely exclude this possibil-
ity.

7 Conclusions

After many years of hard experimental and theoretical work,
the possibility that Dark Matter is part of an EW multiplet
is still open and deserves theoretical attention in view of the
future plans for experimental searches. In this paper we made
a first step in sharpening the theoretical predictions comput-
ing all the calculable thermal WIMP masses for real EW rep-
resentations with vanishing hypercharge. We included both
Sommerfeld enhancement and bound-state-formation effects
at LO in gauge boson exchange and emission. Our results are
summarized in Table 1.

We find that the largest calculable SU(2) n-plet at LO is
the 13-plet, which is as heavy as 350 TeV. Stronger require-
ments about the perturbativity of the EW sector up at high

scales can further lower the number of viable candidates.
We consistently assign a theory error to our predictions by
estimating the NLO corrections to the SE. The latter dom-
inate the theory uncertainty for n ≥ 7, while for n = 5
the error is dominated by the approximate treatment of EW
symmetry-breaking effects in the computation of the BSF
cross-sections.

Given the updated mass predictions from thermal freeze-
out, we re-examined various phenomenological probes of
WIMP DM.

High energy lepton colliders in the 10–30 TeV range, such
as a future muon collider, can directly produce EW multiplets
with n ≤ 5. In order to probe a Majorana fermion with n = 3
(n = 5) with missing-mass searches, a collider with at least√
s ∼ 12 TeV (

√
s ∼ 35 TeV) and the baseline integrated

luminosity of Eq. (24) would be required. The highest mass
reach is obtained by means of an inclusive mono-W search.

Interestingly, disappearing tracks originating from the
decay of the singly-charged state into the neutral one are
robust predictions of real EW multiplets with Y = 0, and
ameliorate the sensitivity for the 3-plet compared to missing-
mass searches. For the 5-plet we find the expected sensitiv-
ity of disappearing tracks to be very similar to the one of
missing-mass searches due to the shorter average lifetime of
the tracks.

Scalar WIMPs can not be probed through missing-mass
searches, due to their smaller production cross-section. How-
ever, disappearing tracks searches are very powerful tests
even for scalar multiplets, thanks to their very low back-
ground contamination. This signature is therefore a crucial
ingredient to fully explore the parameter space of thermally
produced WIMP Dark Matter at future colliders.

123

Larger rates for the larger -plets keep them visiblen
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FIG. 2. Expected SI cross-sections for Dirac (blue) and com-
plex scalar n-plets (red) for each representation, neglecting
the contributions from the Higgs portals. The vertical error
bands correspond to the propagation of LQCD uncertainties
on the elastic cross-section (30), while the horizontal error
band comes from the theory determination of the WIMP freeze
out mass. In dark green we show the present experimental
contraints from XENON-1T [? ] and PandaX-4T [? ], the
green dashed line shows the reach of LZ [? ] and the brown
green dot-dashed line the ultimate reach of DARWIN [? ].
Finally, the light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [? ].

allowed by both the DD and the BBN bounds are com-
pared with the experimental bounds. A large exposure
experiment like DARWIN [? ] is in principle able to
exclude all the candidates with even n � 4, similarly to
what we have found for the real WIMP candidates in our
previous work [? ]. The only exceptions are the n = 2
WIMPs, whose SI cross-sections lie below the neutrino
floor [? ] and which are thus invisible to DD experi-
ments. The physical reason of this fact is the possible
cancellation that can occur between the various terms in
Eq. (31). For illustrative purposes, in Figure 3 we show
the SI cross sections for the values of {n, Y } of interest,
by keeping the Higgs mass as a free parameter. This plot
is a sort of update of the ones in [? ]. The first observa-
tion is that the n = 2 candidates are a↵ected by a huge
cancellation for the measured value of the Higgs mass.
On the contrary, for what concerns the even n � 4 rep-
resentations the entity of the cancellation is very similar
to what we have found for the real WIMP candidates in
our previous work [? ].

To summarize, we recall that in the SI cross-sections
shown in Figure 2 we have not included the contribution
from the Higgs portals. This is for sure a good approxi-
mation for the portals responsible for the charged-neutral
mass splitting. We anticipate here that in the non-
minimal splitting scenarion, instead, the Higgs-mediated
SI cross-sections sourced by the neutral-mixing operators
are again negligible in the scalar case, while in general can
give contributions to the fermionic cross-sections compa-
rable with the ones from EW loops.

[LV: Final paragraph on collider] For the above
reasons, it’s interesting to test the minimal splitting sce-
nario at colliders, especially for n = 2. The kinematic
constrain of pair producing the DM particles makes direct

FIG. 3. Spin-Independent (SI) cross section �SI as a function
of the Higgs mass mh for various choices of the couple {n, Y },
allowed by both the DD and the BBN constraints. [LV: To
be shown? If yes, no {3.1}]

searches at colliders of energies
p
s  14 TeV impossible

for n � 6. For the n < 6 candidates, the two strate-
gies available are the missing invariant mass (MIM) and
disappearing tracks (DT) searches. The former is essen-
tially independent on the splitting values: the needed col-
lider energies for DM pair production are O(1÷10) TeV,
much larger than the maximum generated splitting. We
will focus on these searches in the more general case of
Sec.IV and App.C. The DT searches in general require,
at fixed MDM, a scan in the (�m0, �m+) to compute the
signal. In general it’s not possible to neglect one of the
two splittings because the signal depends exponentially
on the lifetime of the charged particles, which are deter-
mined by a combination of both �m0, �m+, with a cubic
or quintic power depending on the kinematic threshold.
More importantly, the value of the two splittings deter-
mine the mass hierarchy of the particles in the multiplet:
this changes the expression of the track cross section.
In the minimal splitting case many of these subtleties
can be avoided: indeed for n < 6, the minimal splitting
between the neutral particles is of order O(100) KeV.
Prospected geometries for detectors at muon colliders en-
vision the position of the second double layer of the inner
tracker (the minimum needed to reconstruct a tracklet)
at roughly 5 cm from the interaction point [? ]. The dis-
appearing condition translates to decaying before reach-
ing the outer part of the tracker, which translates in the
proposed geometry to decaying before roughly 13 cm. By
estimating the lifetime of a charged particle with splitting
with the DM � as:

� =
GF �

3

8⇡
(32)

equating c⌧ = ��1 to the decay volume boundaries gives
� ⇠ O(100) MeV, much larger than the minimal split-
ting between the neutral particles. Therefore in the min-
imal splitting limit we can neglect �m0 and simply scan
over �m+. Following [? ], we employ two di↵erent DT
signal regions: i)events with at least one disappearing
track in addition to a hard photon with energy E� > 25
GeV, ii) events with two disappearing tracks, one of
which is short, and the hard photon. The former has
a signal-to-noise ratio of order 1, while the latter is back-
ground free. To compute the number of expected events,

Scattering on SM materials can be detected in ultra-low background experiments

For such large DM mass the signature does not depend on the DM mass.

An excess would require a “seasonality” check and maybe independent confirmation 
(many excesses in the past in this type of experiments, though most were at the lowest 

accessible masses)

2030s
up to O(PeV)

Goodman and Witten 1985
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Indirect Detection , pure EW Mass-SplittingY ≠ 0

Annihilation in the astrophysical environment result in high-energy 
SM particle, which can be detector by cosmic rays observatories.
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
q ≃ (n2 − 1)π

16
α2

2

mWm2
h

, (38)

f EW
G ≃ − (n2 − 1)

192
α2

2αs

mW

(∑
q κq

m2
h

+ 1

m2
W

)

, (39)

gEW
q ≃ − (n2 − 1)π

24
α2

2

m3
W

, (40)

where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +

3
4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)

123

The signature depends on DM mass, possible resonant 
bound states formation and DM density profile

Sommer
fled en. 

expected 
rate

Sommer
fled en. 

expected 
rate

An excess on monochromatic multi-TeV photons would be quite 
convincing evidence of DM. The model can be even tested by the 
presence of multiple “lines” from bound states annihilations and 

lower energy de-excitation

Summary

Freeze-out predictions  
for all the WIMP n-plets 

3-pletfuture muon collider:
5-plet
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Fig. 7 Expected CTA sensitivities (dashed black lines) with 68% and
95% CL intervals derived as in Ref. [20] assuming 50 h observation
time towards Draco (green) and Triangulum II (magenta). We show
the SE annihilation cross-section into the channels that contribute to
the monocromatic gamma line signal (i.e. γ γ an γ Z ) for a scalar 7-
plet (blue) and a fermionic 7-plet (red). The vertical bands show the
predicted thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by the neglected
NLO contributions (see Table 1)

6.2 Direct detection

For Y = 0 the elastic scattering of DM with the nuclei is
induced by EW loop diagrams first computed in [87,88].
After EW gauge bosons are integrated out, the structure of
the UV effective Lagrangian describing the DM interactions
reads

L SI
eff = χ̄χ

(
fqmqq̄q + fGGµνGµν

)
+ gq

Mχ
χ̄ i∂µγ νχOq

µν,

where we focus on the DM spin independent (SI) interac-
tions with quarks and gluons [89]. The quark twist-2 oper-
ator is defined as Oq

µν ≡ i
2 q̄
(
Dµγν + Dνγµ − gµν /D/2

)
q.

The Wilson coefficients of the operators for general EW n-
plets with Y = 0 have been computed in Ref. [90] and at the
leading order in Mχ/mW,h ≫ 1 read

f EW
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where mh = 125 GeV is the SM Higgs mass, q ∈ (c, b, t)
and κc = 1.32, κb = 1.19, κt = 1.

Following Ref. [89], starting from the UV DM interactions
we derive the IR interaction of DM with the nucleons. All

in all, the SI elastic cross-section per nucleon in the limit
Mχ ≫ mN reads

σEW
SI ≃ 4

π
m4

N |kEW
N |2, (41)

where mN is the nucleon mass and kEW
N is defined as

kEW
N =

∑

q

f EW
q fTq +
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4
(q(2)+q̄(2))gEW

q − 8π

9αs
fTG f EW

G .

with the dimensionless nucleon form factors defined as
fT q = ⟨N |mqq̄q|N ⟩/mN , fTG = 1 − ∑

q fTq with
q ∈ (u, d, s) and ⟨N (p)|Oq

µν |N (p)⟩ = 1
mN

(pµ pν −
1
4m

2
N gµν)(q(2) + q̄(2)), where q(2) and q̄(2) are the sec-

ond moments of the parton distribution functions for a quark
or antiquark in the nucleon taken from [90]. Notice that we
choose a different set of values for the nucleon form factors
with respect to previous studies [91] which explain the differ-
ence in our results. In particular, we take the FLAG average
of the lattice computations in the case of N f = 2 + 1 + 1
dynamical quarks [92–94].

By propagating LQCD uncertainties on the elastic cross-
section Eq. (41), we obtain the vertical uncertainties on the
SI cross-section predictions in Fig. 8. We find the partial
accidental cancellation between the one loop and the two
loop contribution to reduce the elastic cross-section up to
30%. The horizontal bars represent the uncertainties coming
from the computation of the thermal masses through the relic
abundance. As shown in the plot, while all the WIMP cross-
sections lie above the Xenon neutrino floor as computed in
[86] but only a very large exposure experiment like DARWIN
[19] would be able to probe the heavy thermal WIMPs.

Spin dependent (SD) interactions of DM with the nuclei
are also induced by EW loops

L SD
eff = dq(χ̄γ µγ5χ)(q̄γµγ5q), dq ≃ − (n2 − 1)α2

2π

24mWMχ
,

(42)

where the Wilson coefficient was computed in Ref. [90] and
we expanded it at zeroth order in Mχ/mh ≫ 1. The corre-
sponding SD cross-section is too small to be probed even at
a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for direct
detection that arise for scalar DM. Here, a non-zero Higgs
portal quartic in Eq. (2) leads to a new contribution to the SI
DM scattering cross-section with the nuclei, which again in
the Mχ ≫ mN limit reads

σH
SI =

4
π
m4

N |kH
N |2, (43)

where

kH
N ≃ λH fN

4m2
hMχ

, (44)
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Figure 4. Expected upper limits at 95% C.L on the Wino annihilation cross section as a function of its mass for 500 h of CTA
observations towards the GC. The predicted NLL cross section is shown (solid gray line) and the thermal Wino DM mass is
marked (cyan solid line and bands). The only background considered here is the residual background. The full Wino spectrum
is included in the expected signal. Left panel: Mean expected upper limits at 2� (red solid line) for an Einasto profile are shown
together with the 1� (green band) and 2� (yellow band) containment bands. Mean expected upper limits at 5� (red dashed
line) are also shown. The H.E.S.S.-like 2� sensitivity extracted from Ref. [68] is shown as a blue solid line. Right panel: The
expected limits are shown for cored DM profiles of size from 300 pc to 5 kpc.

lower 1� expected limit. Accordingly, in Figs. 4 and 6,
we only show the lower 1� expected limit, as the actual
limit, by construction, cannot go below this. We also
compute the 5� mean expected upper limit on h�viline,
which corresponds to q ⇡ 23.7.

The above prescription outlines how to determine the
limit for a given dataset m�,ijk, which could be either ob-
tained from real observations or via Monte Carlo simu-
lations.

Before CTA’s first light, we can estimate the expected
sensitivity by generating a large number of Monte Carlo
datasets and determining the mean expected limit and
associated containment bands. An alternative to this ap-
proach, which we will use in this work, is to instead deter-
mine all of these quantities using the Asimov formalism of
Ref. [116]. Under the Asimov approach, instead of taking
many realizations of the model, calculating the limit each
time, and then determining the mean of those values, we
instead take the mean dataset, which is exactly given
by the model. The model, when used as the dataset, is
then referred to as the Asimov dataset. Of course, as
the model is not strictly an integer, this requires analyt-
ically continuing the Poisson distribution to non-integer
values, which can be accomplished using the � function.
The Asimov approach can also be used to determine the
confidence intervals. In detail, to determine the N -sigma
containment band, instead of evaluating q = 2.71, we

calculate

q =
�
��1(0.95)±N

�2
. (19)

Here � is the cumulative distribution function for the
standard normal, which has µ = 0 and � = 1. Accord-
ingly ��1(0.95) ⇡ 1.64, so that the above result contains
the mean limit as a special case at N = 0.

In the idealized scenario we consider here of data
drawn from a background model known exactly, the
above procedure for calculating limits is su�cient. We
emphasize, however, that when considering the actual
CTA data, our models will be inevitably imperfect. One
consequence of this is that the coverage of our limits, and
the validity of discovery thresholds can deviate from the
simple asymptotic estimates used above, and may need
to be validated and potentially tuned using datasets that
contain an injected signal.

V. RESULTS AND PROSPECTS

A. Sensitivity to Wino DM and impact of the
endpoint contribution

The CTA sensitivity forecast for Wino DM, expressed
as the mean expected upper limit at 95% C.L. on h�viline
as a function of the Wino mass, is shown in the left panel
of Fig. 4, together with the expected containment bands
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Figure 6. 95% C.L. expected upper limits on the line Higgsino annihilation cross section as a function of its mass for the
Einasto profile (red solid line) and cores of size from 300 pc to 5 kpc. The theoretical cross section is printed in gray. Top
left panel: Limits computed assuming mass splittings �mN = 200 keV and �m+ = 350 MeV. The mean expected limits are
shown at 2� (red solid line) and 5� (red dashed line), respectively. Top right panel: Limits computed assuming mass splittings
�mN = 2 GeV and �m+ = 480 MeV. Bottom panels: 95% C.L. expected mean upper limits for CTA on the Higgsino annihilation
cross section as a function of its mass, for an Einasto DM profile and 500 hour homogeneous exposure in a 10�-side squared
region centered at the GC region. The expected limits (red solid line) are shown together with the 1� (green band) and 2�
(yellow band) containment band obtained from the Asimov dataset. Only the residual background is considered here. The
predicted LO cross section is shown (solid gray line) and the thermal Higgsino DM mass is marked (cyan solid line and bands).
The sensitivity is computed for the mass splittings �mN = 200 keV and �m+ = 350 MeV (bottom left panel) and �mN = 2 GeV
and �m+ = 480 MeV (bottom right panel). The line-only constraints are shown as red dotted lines.

perimental systematic uncertainties arising, for instance,
from instrumental and observational conditions. System-
atic uncertainties will likely dominate the statistical un-
certainties, given the large amount of data expected in
the GC region. For estimates of the impact of the sys-
tematic uncertainties on the sensitivity, see, for instance,

Refs. [113, 114, 117].
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multiplet is still open and deserves theoretical attention
in view of the future plans for experimental searches. In
this paper we made a first step in sharpening the theo-
retical predictions computing all the calculable thermal
WIMP masses for real EW representations with vanish-
ing hypercharge. We included both Sommerfeld enhance-
ment and bound-state-formation e↵ects at LO in gauge
boson exchange and emission. Our results are summa-
rized in Table I.

We find that the largest calculable SU(2) n-plet at LO
is the 13-plet, which is as heavy as 350 TeV. Stronger
requirements about the perturbativity of the EW sector
up at high scales can further lower the number of vi-
able candidates. We consistently assign a theory error
to our predictions by estimating the NLO corrections to
the SE. The latter dominate the theory uncertainty for
n � 7, while for n = 5 the error is dominated by the ap-
proximate treatment of EW symmetry-breaking e↵ects
in the computation of the BSF cross-sections.

Given the updated mass predictions from thermal
freeze-out, we re-examined various phenomenological
probes of WIMP DM.

High energy lepton colliders in the 10 – 30 TeV range,
such as a future muon collider, can directly produce EW
multiplets with n  5. In order to probe a Majorana
fermion with n = 3 (n = 5) with missing-mass searches,
a collider with at least

p
s ⇠ 12 TeV (

p
s ⇠ 35 TeV) and

the baseline integrated luminosity of Eq. (24) would be
required. The highest mass reach is obtained by means
of an inclusive mono-W search.

Interestingly, disappearing tracks originating from the
decay of the singly-charged state into the neutral one are
robust predictions of real EW multiplets with Y = 0,
and ameliorate the sensitivity for the 3-plet compared
to missing-mass searches. For the 5-plet we find the ex-

pected sensitivity of disappearing tracks to be very simi-
lar to the one of missing-mass searches due to the shorter
average lifetime of the tracks.
Scalar WIMPs can not be probed through missing-

mass searches, due to their smaller production cross-
section. However, disappearing tracks searches are very
powerful tests even for scalar multiplets, thanks to their
very low background contamination. This signature is
therefore a crucial ingredient to fully explore the param-
eter space of thermally produced WIMP Dark Matter at
future colliders.
Heavy EWWIMPs with n > 5 are too heavy to be pro-

duced at collider experiments. However, they are perfect
targets for indirect detection at upcoming ground-based
Cherenkov telescopes like CTA. More theoretical work is
necessary to make a robust forecast both on the determi-
nation of the photon spectrum for large n-plets and on
improved precision predictions for the freeze-out masses.
Finally, large-exposure liquid Xenon experiments like

DARWIN can in principle probe all the relevant EW
WIMPs through their weak interaction with nuclei.
Scalar WIMPs can further be tested through their Higgs-
portal quartic interaction. Interestingly, O(1) modifica-
tion of the thermal freeze-out masses due to the Higgs
portal are already partially excluded by the XENON1T
results, and will be completely excluded by LZ.
A natural continuation of the work done here would be

to consider complex EWmultiplets. For vanishing hyper-
charge both the cosmology and the phenomenology will
be very similar to the ones discussed here. The suppres-
sion of the annihilation cross-section, resulting in lower
thermal masses, together with the enhancement of the
production cross-section at colliders will favour the di-
rect exploration of complex multiplets at colliders. More
interestingly, EW multiplets with nonzero hypercharge,

13
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FIG. 6. Same as Fig. 4, but for disappearing track searches in mono-� events. Left: Majorana 3-plet. Right: Majorana 5-plet.
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hours observation time towards Draco (green) and Triangu-
lum II (magenta). We show the SE annihilation cross-section
into the channels that contribute to the monocromatic gamma
line signal (i.e. �� an �Z) for a scalar 7-plet (blue) and a
fermionic 7-plet (red). The vertical bands show the predicted
thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by
the neglected NLO contributions (see Table 1).

Our analysis is simplified because the signal shape we
consider is essentially a single line at E� ' M�. Consis-
tently we take the CTA prospects derived in Ref. [20] for
a pure line. We ignore the contributions of the contin-
uum spectrum, the extra features of the spectral shape

induced by the resummation of EW radiation and the
contribution of the BSF to the photon flux. While ne-
glecting BSF is justified if we focus on very high energy
photons, a careful computation of the �+X cross-section,
where X is any other final state would be needed to pre-
cisely assess the experimental sensitivity [71]. In the last
decade, many di↵erent groups have investigated the im-
pact of large Sudakov logarithms and large collinear log-
arithms on the indirect detection reach, focusing mainly
on the case of the fermionic 3-plet [72–76]. The inclusion
of these e↵ects has been shown to increase the reach of
⇠ 20÷ 30% for the 3-plet [20, 63, 77] and it is expected
to be even more important for higher DM masses.
In Fig. 7 we overlay the SE annihilation cross-section

for the 7-plets at v = 10 km/sec against the CTA exper-
imental reaches. In order to compute the SE in this ve-
locity regime, we took advantage of the parametrization
introduced in [61] and used the full expressions for the
SE at leading order, including EW breaking e↵ects. The
SE saturate already at v ' 10�3

÷ 10�2 far away from
the resonances. As we can see, both a 50 hour observa-
tion of Triangulum II and of Draco have good chances to
detect the high energy � line in the 7-plet annihilation
spectrum.
As we see from Fig. 7, given the strong mass-

dependence of the features of the SE cross-section, a ma-
jor source of theoretical uncertainty on the reach of in-
direct detection is still the determination of the 7-plet
thermal mass. Therefore, a full computation of the ther-
mal relic mass including NLO e↵ects is required together
with a careful computation of the � + X cross-section
along the lines of Ref.s [72–76] to careful assess the indi-
rect detection reach for the 7-plet.
Independently on our current inability of making a con-
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`R ! `0R -0.17 -0.16 0.07 -0.30 -0.26 0.09 -0.46 -0.37 0.12
`R ! uR -0.12 -0.12 0.05 -0.22 -0.20 0.07 -0.33 -0.28 0.08
`R ! dR -0.09 -0.09 0.04 -0.17 -0.16 0.05 -0.25 -0.22 0.06

Table 1: Double and single logarithmic corrections to the exclusive processes `+`� ! f̄f . The
single-logarithmic corrections are evaluated at ✓⇤ = ⇡/2.

in terms of the corresponding Born-level di↵erential cross-sections. The Double Log exponent
DL is of order g2/16⇡2 log2(E2

cm/m
2
w), which ranges from 0.14 at Ecm = 3 TeV up to 0.25 (0.38)

for Ecm = 10(30) TeV, times the sum of the four SU(2) Casimir of the external legs. For LL
chirality processes this factor is as large as 4⇥ 1/2(1/2+ 1) = 3, showing that DL resummation
is mandatory at VHEL energies Ecm � 10 TeV, at least for this chirality. Double logs are still
considerable for LR and RL chirality, while they get smaller in the RR configuration because
g0 2 ⇠ g2/4. Resummation might instead not be necessary for Ecm = 3 TeV. However it will
still be needed to include the e↵ects of radiation at fixed order since we aim, eventually, at
theoretical predictions with percent-level accuracy.

The DL Sudakov exponents in eq. (25) are listed in Table 1. The processes are labeled taking
into account that electric charge conservation enforces g = f in eq. (24), since a charge mismatch
cannot be compensated by the emission of charged W bosons, which is forbidden in exclusive
processes. The table also reports single logarithm (SL) contributions computed at the fixed one
loop order, which we extract from Ref.s [64].10 Specifically, we employ the general formulae
of Ref.s [64] to compute the 1-loop log-enhanced cross-section, we subtract the corresponding
DL and normalize to the Born cross-section. We also subtract the single logarithms from the
Renormalization Group evolution, because we decided to compute the Born amplitude with the
EW couplings at the hard scale Ecm.11 Notice that the threshold for photon recombination into
the hard final state particles matters at the single-logarithmic order. Here we assume a scale of
recombination of order mw, for which the SL terms can be easily obtained by adding a fictitious
photon mass m� = mw to the calculations of Ref.s [64, 67]. The SL terms obtained in this way
can be used for “improved” theoretical predictions

d�SL1
ex

d cos ✓⇤
= eDL(1 + SL(✓⇤))

d�B
d cos ✓⇤

, (26)

that include single logarithms at fixed 1-loop order. We see in Table 1 that the SL contributions
are relatively large. It is unclear whether they require resummation or if including them at fixed
order (definitely higher than 1-loop, if we target 1% accuracy) is su�cient.

Notice that, unlike double logarithms, the single logarithm contributions are not proportional
to the Born-level amplitude of the same scattering process. Namely the amplitudes of the

10
Two loops NLL results for four-fermion processes are also available in [68, 69].

11
The calculation is similar to the one performed by two of us in Ref. [70]. We refer the reader to Section 2.3

of [70] for additional details, concerning in particular the inclusion of non-log-enhanced angular-dependent terms.
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Figure 5: 95% CL sensitivities to the W and Y parameters of the 30 TeV muon collider. Exclusive
and “with radiation” (i.e., semi-inclusive minus exclusive) cross-section measurements of the cc
process are considered in the left panel. The right panel shows the impact of e+e� (exclusive
and “with radiation”) and e⌫ (that only exists at the semi-inclusive level) final states.

The final results of our analysis including all channels are summarized in Figure 6 and
in Table 4. The figure displays the sensitivity contours of exclusive measurements as dotted
lines, and the combined impact of charged and of neutral “with radiation” cross-sections, in
dashed. The combination of all measurements is also shown. The table reports the results for
3, 10, 14 and 30 TeV, comparing the sensitivity of exclusive cross-sections alone with the total
combination.

At the High-Luminosity LHC (HL-LHC), it will be possible to probe the W and Y parameters
at the level of 4 · 10�5 and 8 · 10�5, respectively, at 95% CL [70, 78, 79]. Table 4 shows
that the 3 TeV muon collider would improve by one order of magnitude or more, and the
sensitivity improves quadratically with the muon collider energy. Among the other future collider
projects [80], CLIC at 3 TeV has the best sensitivity, of around 4 ·10�6 for both parameters [65].
This is of course comparable with the 3 TeV muon collider sensitivity, and a factor 10 worst
than that of the muon collider at 10 TeV. The comparison with FCC-hh projections is even
more favorable to the muon collider.

3.2 Diboson operators

The setup for this analysis is similar to that of Ref. [7]. Namely we consider the SILH operators
OW and OB, we convert them into the current-current interactions O0

W and O0

B as in Table 2,
and we study their e↵ect on the production of high-energy vector bosons and Higgs. Notice
that, by the equivalence theorem, O0

W and O0

B only significantly a↵ect the production of longi-
tudinally polarized vector bosons. We are therefore here studying the production of high-energy
longitudinally vector bosons and Higgs, with the production of transversely polarized vector
bosons playing merely the role of background. Since the e↵ects are quadratically enhanced by
the energy, such high-energy di-boson processes are by far the best probe of these operators at
the muon collider [7].

We thus consider, among those in Table 3, the following final states

• Zh : Following Ref. [7], we consider an e�ciency of 26% for tagging the two hard and
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Figure 6: 95% CL sensitivities to the W and Y at the 10 and 30 TeV muon collider.

Exclusive-only [95% CL] Combined [95% CL]
W⇥107 Y⇥107 ⇢W,Y W⇥107 Y⇥107 ⇢W,Y

3 TeV [�53, 53] [�48, 48] -0.72 [�41, 41] [�46, 46] -0.60
10 TeV [�5.71, 5.71] [�4.47, 4.47] -0.74 [�3.71, 3.71] [�4.16, 4.16] -0.54
14 TeV [�3.11, 3.11] [�2.31, 2.31] -0.74 [�1.90, 1.90] [�2.13, 2.13] -0.52
30 TeV [�0.80, 0.80] [�0.52, 0.52] -0.75 [�0.42, 0.42] [�0.47, 0.47] -0.48

Table 4: Single-operator 95% CL reach and correlation for the W&Y parameters at di↵erent
muon collider energies including only exclusive cross-sections and combining all measurements.
Since the likelihood is dominated by the linear terms in the new physics parameters, the single
parameter reach plus the correlation characterizes our results completely.

central final state particles, with a selection that reduces the background to a manageable
level. Notice that this final state is dominated by the longitudinal helicity channel Z0h.

• W+W�
: Again like in [7], we assume a 44% e�ciency for the detection of the two W

bosons in the semi-leptonic decay channel, where the charge of the W ’s can be recon-
structed. Transverse WW production plays here the role of background.

• Wh : We consider an e�ciency of 19%, having in mind the leptonic W decay, and h ! bb.
Like for Zh, there is no relevant background from transverse production.

• WZ : We apply an e�ciency of 23%, which corresponds to the leptonic W and the
hadronic Z decay. The background from transverse WZ production is considerable, and
is taken into account.

In our analysis we do not consider the possibility of employing the decay angles of the
bosons to extract information on their polarization. Therefore the transverse di-bosons processes
W+

T W�

T and WTZT are e↵ectively irreducible backgrounds to the corresponding longitudinal
processes, and the scattering angle ✓⇤ is the only discriminating variable. An increased lower
cut on ✓⇤ benefits the sensitivity, as it suppresses the t-channel enhancement of the transverse
background processes. After optimization we find, like in Ref. [7], that a good signal sensitivity
is obtained by the measurement of fiducial WW and WZ cross-sections in the range

✓⇤ 2 [67�, 150�] . (38)
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LEP ATLAS8 CMS8 LHC13 100TeV ILC TLEP ILC 500GeV

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

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

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

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

TABLE II. Reach on Wand Y from di↵erent machines with various energies and luminosities. The bounds from neutral DY

are obtained setting the unconstrained parameter to zero. Bounds from LEP are extracted from [42], marginalizing over Ŝ and

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

lepton colliders are extracted from [54].

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

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

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

We conclude by noting that the universal parameters
W and Y are just two examples from the class of opera-
tors of the SM EFT whose e↵ects grow with energy. The
LHC, and future hadron colliders, therefore have great
potential to perform precision tests, because high center
of mass energy compensates limited accuracy. We advo-
cate exploration of a broad program of precision tests at
hadron colliders, where SM measurements can be lever-
aged as indirect probes of new physics that is too heavy
to produce directly.
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N U M B E R  B R E A K I N GL E P T O N

Neutrino mass mechanisms 

mν = (coupling)2 < H >2

Mheavy
→ SMALL mν = (coupling)2 < H >2

Mheavy
→ SMALL mν = μ ⋅ (coupling)2 < H >2

M2
heavy

→ SMALL

μ → SMALLcoupling → SMALLMheavy → LARGE
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Neutrino mass mechanisms 

mν = (coupling)2 < H >2

Mheavy
→ SMALL mν = (coupling)2 < H >2

Mheavy
→ SMALL mν = μ ⋅ (coupling)2 < H >2

M2
heavy

→ SMALL

μ → SMALLcoupling → SMALLMheavy → LARGE

• There are plentiful of mechanisms to generate the 
neutrino masses. Similar situation for other “flavor 
problems”

• Only corners of parameter-space can be investigated at 
colliders or any other experiment (i.e. the breaking of lepton number may 
originate at an unaccessible high scale)

2312.14119, 2312.13356



Learning from not discovering



A S  A  F U N D A M E N TA L  C H A R A C T E R  O F  N AT U R ES Y M M E T RY

Outlook
? ? ? ? ?

L= c + m2 H2 + l H4

Cosmological Constant
(galaxy formation)

 Fermi constant
(periodic table)

Higgs boson mass
(meta-)stability of the Universe

arXiv:hep-ph/9707380 Agrawal et al. -  If μ> 5⋅μSM  periodic table disappears! (neutron decay too fast)
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Figure 3: The 1� relative uncertainty on the scale of instability determined by eq. (12) as function
of the relative precision of the measurements of ↵3, Mt, and Mh. The horizontal shade at 0.2 corre-
sponds to a determination of the instability scale at 20% precision. The current situation and future
improvements are marked as full and empty dots, respectively.

precise enough measurements of the top mass Mt [21]. As a consequence, the only option to
measure Mt better is to measure it at future colliders.

In this context the HL-LHC stands in a delicate position as the top quark sample is already
large enough that systematic uncertainties dominates in analysis of the 7+8 TeV LHC data.
Indeed, measuring the top quark mass summing the energies of its visible decay products is
like measuring the pig mass summing sausages: higher statistics allows a better Monte Carlo
modeling, but leaving systematics uncertainties untouched. The present uncertainty about
500 MeV is at the limit to which tools such as leading-log Monte Carlo parton shower generators
are considered trustable. The inclusion of higher perturbative orders in the matrix elements
attached to the present parton showers can improve this situation, but a measurement of Mt

with uncertainty comparable to ⇤QCD remains challenging. Thus we consider unlikely that the
HL-LHC will improve the present uncertainty on Mt by the substantial factor that is needed
to firmly establish the scale of the SM instability.

Also enlarging the scope of HL-LHC to ‘alternative’ strategies for the top quark mass
measurements, e.g. reviewed in [22], we find a limited improvement compared with the target
imposed by our question. Even barring experimental uncertainties, the ‘alternative’ methods
are hitting the limitations of the present computations in describing e↵ects commensurate
with ⇤QCD either because of matching of fixed order and parton shower computations in the
‘alternative’ observables [23], or uncertainties in the knowledge of hadronization physics [22],
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Figure 2: Running of the quartic Higgs coupling, that determines the Higgs potential and its instability
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maxh Ve↵(h). This is given by [16]

log10
⇤
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✓
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◆
+ 0.6
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+ 1.1

✓
Mh
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◆
,

(12)
where Mt and Mh are the pole top and Higgs masses and the MS scheme is used for ↵3.

In order to assess the necessary precision to ‘measure’ the instability scale we propagate
uncertainties in eq. (12) and show in fig. 3 the resulting relative uncertainty �⇤/⇤ that corre-
sponds to a given precision in the measurement of each of the three parameters Mt, Mh, and
↵3. The top mass and ↵3 are currently the largest sources of uncertainties, while Mh is almost
precise enough to determine the instability scale. Setting an arbitrary threshold of around 20%
precision on ⇤, fig. 3 shows that an absolute error of around 10�4 would be needed on ↵3, while
the top mass should be known with error �Mt = 50 MeV.

Improved Mt determination prospects

As the uncertainty on Mt is reflected on the largest uncertainty on eq. (12), we start from
discussing the prospects for progress in its determination. As we assume the validity of the
SM up to very short length scales, the evaluation of the performance of each experiments is
evaluated under this assumption. Top quark loops a↵ect various lower-energy observables, that
are thereby sensitive to the top quark mass. Previous work found that SM fits will not allow
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Figure 4: Statistical uncertainty on the top mass. Initial State Radiation is neglected,
as appropriate for a muon collider. The left panel assumes running at 10 values of Ecm =
{340, 341, . . . , 349}GeV with L/10 luminosity at each point. The right panel assumes running at
Ecm = {342, 343}GeV with L/2 luminosity at each point. The results are reported in the plane formed
by the beam energy spread R, and the luminosity L. We assumed a 70% e�ciency for tt̄ reconstruc-
tion. In the shaded region the systematic uncertainty on Mt estimated in eq. (6) is larger than the
statistical uncertainty.

e�ciency. This is because the threshold scan points are not optimized for the sensitivity to Mt,
as previously explained. The best results would be obtained by collecting the entire luminosity
at the single point that maximizes the sensitivity. For a true value of Mt = 172 GeV, which we
assume for our analysis, the optimal point would be at Ecm = 343.5 GeV, nearly independently
of the beam energy spread. However with a single energy point the �2 often displays a secondary
minimum, and furthermore a running scenarios with multiple energy points is arguably favored
for the reduction of systematic uncertainties that are correlated at the di↵erent points.

We thus consider two energy points spaced by 1 GeV, whose optimal positions are found to
be at 333 and at 334 GeV. This configuration improves the result significantly, as shown on the
right panel of fig. 4. The improvement is less pronounced at large R, because the beam energy
spread flattens out the dependence of the cross-section on Ecm, asymptotically making all the
points in the threshold region equally sensitive to Mt. The right panel of the figure is in good
agreement with the estimate in eq. (5).

The scan optimization depends on the true value of Mt, especially when R is small, since the
optimization is less relevant for large beam energy spread as previously explained. The true top
mass is uncertain. Therefore the luminosity estimates on the right panel of the figure should be

11



A driver for cooperation



Roberto Franceschini - May 7th 2024 - INFN - https://agenda.infn.it/event/39747/

Driver for Cooperation 

J/ψ H



Roberto Franceschini - May 7th 2024 - INFN - https://agenda.infn.it/event/39747/

Driver for Cooperation 

KEYNOTE TALK, ICFA - MEETING, MAY 1984

Victor F. Weisskopf

I am very sorry that I cannot be here in person but only in bosons
without my fermions. Let me say a few words about the last 30 years, which
have been a veritable triumph for High Energy Physics, a march from success
to success. I choose the 30-year period because it started with the
transgression of the GeV limit.

There are four important activities in our field: machine
construction, instrumentation, experimentation, theoretical understanding.
In the first, we proceeded from the early fixed target machines of a few
GeV to the many hundreds of GeV regions for both fixed targets and
co11iders, and we are about to transgress the TeV limit. In spite of the
greater energy loss, the electron machines are keeping pace with a factor
10 behind. This success represents a jump by a factor of 10, every decade.
We should be proud of our accelerator builders and designers.

The great tradition of Lawrence, MacMillan, Veksler, Budker, Tuschek,
Adams and Livingston is continued by many outstanding pioneers, but they do
not get recognition and status they so amply deserve. They do not figure
as co-authors in the publications of the discoveries which they have made
possible; only a few of them have academic positions; hence, to the
detriment of our field this activity does not attract enough young people.
After all, in this period they provided us with innovative ideas such as
strong focussing, separate magnets, colliding beam devices, stochastic
cooling and superconducting magnets. Certainly the intellectual creativity
is of the same level as the highly advertised theoretical achievements of
that period.

The future is full of great promises. There are projects in various
forms of concreteness reaching into the next factor of ten: the Soviet UNK
projects, the Tevatrons, the SSC, the hadrons in the LEP tunnel, the linear
collider, and perhaps some new unconventional methods of acceleration.

Now to the instrumentation. I only need to mention a few of the
numerous innovations of the last 30 years: large bubble chambers and
Cherenkov counters, electrostatic and RF separators, spark-, wire-,

- 9 -

KEYNOTE TALK, ICFA - MEETING, MAY 1984

Victor F. Weisskopf

I am very sorry that I cannot be here in person but only in bosons
without my fermions. Let me say a few words about the last 30 years, which
have been a veritable triumph for High Energy Physics, a march from success
to success. I choose the 30-year period because it started with the
transgression of the GeV limit.

There are four important activities in our field: machine
construction, instrumentation, experimentation, theoretical understanding.
In the first, we proceeded from the early fixed target machines of a few
GeV to the many hundreds of GeV regions for both fixed targets and
co11iders, and we are about to transgress the TeV limit. In spite of the
greater energy loss, the electron machines are keeping pace with a factor
10 behind. This success represents a jump by a factor of 10, every decade.
We should be proud of our accelerator builders and designers.

The great tradition of Lawrence, MacMillan, Veksler, Budker, Tuschek,
Adams and Livingston is continued by many outstanding pioneers, but they do
not get recognition and status they so amply deserve. They do not figure
as co-authors in the publications of the discoveries which they have made
possible; only a few of them have academic positions; hence, to the
detriment of our field this activity does not attract enough young people.
After all, in this period they provided us with innovative ideas such as
strong focussing, separate magnets, colliding beam devices, stochastic
cooling and superconducting magnets. Certainly the intellectual creativity
is of the same level as the highly advertised theoretical achievements of
that period.

The future is full of great promises. There are projects in various
forms of concreteness reaching into the next factor of ten: the Soviet UNK
projects, the Tevatrons, the SSC, the hadrons in the LEP tunnel, the linear
collider, and perhaps some new unconventional methods of acceleration.

Now to the instrumentation. I only need to mention a few of the
numerous innovations of the last 30 years: large bubble chambers and
Cherenkov counters, electrostatic and RF separators, spark-, wire-,

- 9 -

I 
\ 

\ 

I 

/ 
/ 

/ 
I 

\ 
\ 

\ 

; 
I 

Figure 9.4 Fermi' s slide 2, the "Globatron." (Reproduced with permission of 
Special Collections, University of Chicago Libraries.) 
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N~=N/2WT. (2.1)
The pick-up detects the average position ~ of all particles in the sample. The system gain is

adjusted so that the kicker will just correct this, as illustrated in fig. I. 1. Thus, for each particle, x is
changed into x — .~. It follows that the mean square value x2 over many random samples is changed
into

(x_~)2=~_~2 (2.2)
so that the decrement of x2 per turn is

=1/N (2.3)

Since the average position .~ is equal to the oscillation amplitude times the sine of a random phase,
the decrement of the mean square amplitude is smaller by a factor of 2. For the cooling rate of the
r.m.s. amplitude we must apply another factor of 2, so that this becomes

1 1 W 24
r4N~T2N~ ( . )
If we correct a fraction g~instead of ~, we find in the same way

_2 5

This is, of course, largest forg = 1. The two terms of eq. (2.5) correspond to the coherent effect and
the incoherent effect, as will appear in a more straightforward way from the analysis in the frequency
domain.
Non-perfect mixing and amplifier noise will both affect the second, incoherent term. If these

effects are present, we have

(2.6)
r 2N

The world community of High Energy Physics must get together in one
way or another, and reach a solution of the problem of what should be done
where, with the financial, intellectual and technical resources that we
expect to be available. It must be the responsibility of the community to
find the solution that is best for the progress of our field, best to
maintain the enthusiasm of all participants, and best to attract many young
people in the field. There is time enough to find a reasonable solution in
the coming few years. All these projects are still on the drawing boards
only, and we do not know enough today about the technical and political
possibilities and about ways of cooperation. In all probability a
realization of both projects at the highest energy is excluded within the
next decade.

But it is the duty of the community to come to a mutually acceptable
solution. It is an issue of scientific responsibility versus scientific
greed. But it is also an issue of wise policy towards the governments who
pay the bills. We certainly will loose the support that we have received
in the past if it appears that different parts of the world community are
trying to out-pace each other and are no longer cooperating in the planning
and construction of the future accelerators with mutual help and
assistance. The danger is all the more acute since even under the best
conditions, this support is not assured.

The task is not easy. Most probably the region between 2 and 40 TeV
will be full of unexpected phenomena. Certainly it would be desirable to
have more than UNK and one other hadron facility in that energy region; if
HERA will turn out interesting new results it would also be desirable to go
to higher p-e energies which could be done in the LEP tunnel. But can we
afford all this without ruining the field by expanding too fast and asking
for too much? These are difficult problems whose solutions require
foresight, political acumen and wisdom to a far greater extent than the
dilemmas of the past.

Looking at the situation from my own distant point of view, which is
further away from the daily, monthly, and yearly struggles in which you all
are immersed, I find our field full of strength from past successes and
future promises. The problems and the clashes of interest stem from an
overflow of ideas, projects and possibilities, from an "embarras de
richesses" rather than from internal weakness. We have reasons to be proud
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Our job is to find the fundamental laws of Nature

• deep understanding of the present laws of physics 

• formulation of deep and far-reaching questions 

• performing experiments that can conclusively 
answer these questions

• too many questions for a single collider 
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.
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final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.
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Fig. 6: Left panel: 95% reach on the Composite Higgs scenario from high-energy measurements in di-
boson and di-fermion final states [26]. The green contour display the sensitivity from “Universal” effects
related with the composite nature of the Higgs boson and not of the top quark. The red contour includes
the effects of top compositeness. Right panel: sensitivity to a minimal Z

0 [26]. Discovery contours at 5�

are also reported in both panels.

High energy scattering processes are as unique theoretically as they are experimentally [1, 6, 26].
They give direct access to the interactions among SM particles with 10 TeV energy, which in turn provide
indirect sensitivity to new particles at the 100 TeV scale of mass. In fact, the effects on high-energy cross
sections of new physics at energy ⇤ � Ecm generically scale as (Ecm/⇤)2 relative to the SM. Percent-
level measurements thus give access to ⇤ ⇠ 100 TeV. This is an unprecedented reach for new physics
theories endowed with a reasonable flavor structure. Notice in passing that high-energy measurements
are also useful to investigate flavor non-universal phenomena, as we will see below, and in Section 6.

This mechanism is not novel. Major progress in particle physics always came from raising the
available collision energy, producing either direct or indirect discoveries. For instance, precisely because
of the quadratic energy scaling outlined above, the inner structure of nucleons and a first determination
of their radius could be achieved only when the transferred energy in electron scattering could reach a
significant fraction of the “new physics” scale ⇤ = ⇤QCD = 300 MeV [27].

Figure 6 illustrates the tremendous reach on new physics of a 10 TeV muon collider with 10 ab�1

integrated luminosity. The left panel (green contour) is the sensitivity to a scenario that explains the
microscopic origin of the Higgs particle and of the scale of EW symmetry breaking by the fact that the
Higgs is a composite particle. In the same scenario the top quark is likely to be composite as well, which
in turn explains its large mass and suggest a “partial compositeness” origin of the SM flavour structure.
Top quark compositeness produces additional signatures that extend the muon collider sensitivity up to
the red contour. The sensitivity is reported in the plane formed by the typical coupling g⇤ and of the
typical mass m⇤ of the composite sector that delivers the Higgs. The scale m⇤ physically corresponds to
the inverse of the geometric size of the Higgs particle. The coupling g⇤ is limited from around 1 to 4⇡,
as in the figure. In the worst case scenario of intermediate g⇤, a 10 TeV muon collider can thus probe
the Higgs radius up to the inverse of 50 TeV, or discover that the Higgs is as tiny as (35 TeV)�1. The
sensitivity improves in proportion to the center of mass energy of the muon collider.

The figure also reports, as blue dash-dotted lines denoted as “Others”, the envelop of the 95% CL
sensitivity projections of all the future collider projects that have been considered for the 2020 update
of the European Strategy for Particle Physics, summarized in Ref. [5]. These lines include in particular
the sensitivity of very accurate measurements at the EW scale performed at possible future e

+
e
� Higgs,

Electroweak and Top factories. These measurements are not competitive because new physics at ⇤ ⇠
100 TeV produces unobservable one part per million effects on 100 GeV energy processes. High-energy

11

μ+μ−
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Effects of the size of the Higgs boson

ℓHiggs ∼ 1/m⋆{effects and purely gluonic operators):1729
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759

yt ' ✏q✏tg⇤ (67)

where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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1/(g⋆ f ) ∼ 1/m⋆
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732
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The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743
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the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754
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The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740
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OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747
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dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs
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each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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Can produce heavy new physics (colored or not) Compares pretty well with a pp collider

in principle can probe directly new states at O(10) TeV scale!

Find equivalent √sp for proton coll. have same cross-section as μ coll. 
for reactions at E~√sμ. Use that        is nearly constant in τ.

Lepton coll. operating at energy √sμ.

Cross section for reaction at E~√sμ

(e.g., production of BSM at M=E)

Proton coll. operating at energy √sp.

Cross section for reaction at E.

Parton Luminosity suppression

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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Companions of  a composite Higgs

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
 [TeV]Z'M

5−10

4−10

3−10

2−10

1−10

1

10

 Z
H

) [
pb

]  
→

(D
Y 

Z'
 

Β
 x

 
σ

 (13 TeV)-1138 fbCMS Supplementary

Observed

 1 std. deviation±Expected 

 2 std. deviation±Expected 

B ZH) HVT→(Z' Β x THσ

 

 

 

 

2210.00043

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
 [TeV]W'M

5−10

4−10

3−10

2−10

1−10

1

10

 W
H

) [
pb

]  
→

(D
Y 

W
' 

Β
 x

 
σ

 (13 TeV)-1138 fbCMS Supplementary

Observed

 1 std. deviation±Expected 

 2 std. deviation±Expected 

B WH) HVT→(W' Β x THσ

 

 

 

 

2210.00043

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
 [TeV]DY W'M

5−10

4−10

3−10

2−10

1−10

1

10

 W
Z)

 [p
b]

  
→

(D
Y 

W
' 

Β
 x

 
σ

 (13 TeV)-1138 fbCMS Supplementary

Observed

 1 std. deviation±Expected 

 2 std. deviation±Expected 

B WZ) HVT→(W' Β x THσ

 

 

 

 

2210.00043

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
 [TeV]Z'M

5−10

4−10

3−10

2−10

1−10

1

10

 W
W

) [
pb

]  
→

(D
Y 

Z'
 

Β
 x

 
σ

 (13 TeV)-1138 fbCMS Supplementary

Observed

 1 std. deviation±Expected 

 2 std. deviation±Expected 

B WW) HVT→(Z' Β x THσ

 

 

 

 

2210.00043

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
m(W') [TeV]

4−10

3−10

2−10

1−10

1

10

210

310

W
Z)

 [p
b]

→
W

'
→

(p
p

D
Y

σ

Observed 95% CL
Expected 95% CL

σ 1±Expected 
σ 2±Expected 

 = 1
V

HVT Model A, g
 = 3

V
HVT Model B, g
2lep Expected 95% CL
1lep Expected 95% CL
0lep Expected 95% CL

ATLAS
-1=13 TeV, 139 fbs

 WZ→DY W' 

(a)

0.5 1 1.5 2 2.5 3 3.5 4
m(W') [TeV]

4−10

3−10

2−10

1−10

1

10

210

310

W
Z)

 [p
b]

→
W

'
→

(p
p

VB
F

σ

Observed 95% CL
Expected 95% CL

σ 1±Expected 
σ 2±Expected 

 = 1
V

HVT Model C, g
2lep Expected 95% CL
1lep Expected 95% CL
0lep Expected 95% CL

ATLAS
-1=13 TeV, 139 fbs

 WZ→VBF W' 

(b)

Figure 13: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on the (a) DY and
(b) VBF production cross-section of an HVT ,

0 boson at
p
B = 13 TeV in the ,/ decay mode as functions of its

mass, combining searches in the three leptonic channels. The green (inner) and yellow (outer) bands represent ±1f
and ±2f uncertainty in the expected limits. Limits expected from individual leptonic channels (dot-dashed curves in
blue, magenta, and brown) are also shown for comparison. Limits are calculated in the asymptotic approximation
below 3 (1) TeV and are obtained from pseudo-experiments above that for DY (VBF) production. Theoretical
predictions as functions of the , 0 boson mass are overlaid in (a) for Model A (red solid curve) and Model B (red
dotted curve) and in (b) for Model C (red solid curve).
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Figure 14: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on the (a) DY and
(b) VBF production cross-section of an HVT /

0 boson at
p
B = 13 TeV in the ,, decay mode as functions of its

mass from the search in the 1-lepton channel. The green (inner) and yellow (outer) bands represent ±1f and ±2f
uncertainty in the expected limits. Limits are calculated in the asymptotic approximation below 3 (1) TeV and are
obtained from pseudo-experiments above that for DY (VBF) production. Theoretical predictions as functions of the
/
0 boson mass are overlaid in (a) for Model A (red solid curve) and Model B (red dotted curve) and in (b) for Model

C (red solid curve).

upper limits at 95% CL exclude the production of an RS graviton lighter than 2.0 (2.2) TeV in the ggF
process and lighter than 0.76 (0.77) TeV in the VBF process.
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for pp !,
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0 and ,
0 search, the branching fraction of ⌘ ! 11̄, 22̄ is assumed to be 0.598.
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Figure 9: Upper limits at the 95% CL on the product of the cross section for (a) 66 ! � and (b) 11̄ ! � and their
respective branching fraction to /⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels. For
the 66 ! � search, the possible signal components of the data are interpreted assuming pure gluon–gluon fusion
production. For both searches, a branching fraction of 0.569 for ⌘ ! 11̄ [124] is assumed.

are used to set 95% CL exclusion contours in the HVT parameter plane {6F, 6H}8 [125]. Exclusion
contours are shown in Figure 10 for resonance masses of 2, 3 and 4 TeV. The constraints on 6F and 6H are
stronger for large coupling parameter values and become weaker as these coupling parameters approach
zero. This is because the resonance couplings to +⌘ vanish as the 6H parameter reaches zero, while for
6F = 0 the /

0 and ,
0 production cross sections in the quark–antiquark annihilation mode become zero.

Figure 11 shows the expected and observed two-dimensional likelihood scans of the 1-associated production
cross section times branching fraction ⌫(� ! /⌘) versus the gluon–gluon fusion production cross section

8 The coupling constants 6H and 6F are related to those in Ref. [12] as follows: the Higgs boson coupling is 6H = 6V2H and the
universal fermion coupling is 6F = 6

2
2F/6V, where 6 is the SM SU(2)L gauge coupling.
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Figure 13: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on the (a) DY and
(b) VBF production cross-section of an HVT ,

0 boson at
p
B = 13 TeV in the ,/ decay mode as functions of its

mass, combining searches in the three leptonic channels. The green (inner) and yellow (outer) bands represent ±1f
and ±2f uncertainty in the expected limits. Limits expected from individual leptonic channels (dot-dashed curves in
blue, magenta, and brown) are also shown for comparison. Limits are calculated in the asymptotic approximation
below 3 (1) TeV and are obtained from pseudo-experiments above that for DY (VBF) production. Theoretical
predictions as functions of the , 0 boson mass are overlaid in (a) for Model A (red solid curve) and Model B (red
dotted curve) and in (b) for Model C (red solid curve).
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Figure 14: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on the (a) DY and
(b) VBF production cross-section of an HVT /

0 boson at
p
B = 13 TeV in the ,, decay mode as functions of its

mass from the search in the 1-lepton channel. The green (inner) and yellow (outer) bands represent ±1f and ±2f
uncertainty in the expected limits. Limits are calculated in the asymptotic approximation below 3 (1) TeV and are
obtained from pseudo-experiments above that for DY (VBF) production. Theoretical predictions as functions of the
/
0 boson mass are overlaid in (a) for Model A (red solid curve) and Model B (red dotted curve) and in (b) for Model

C (red solid curve).

upper limits at 95% CL exclude the production of an RS graviton lighter than 2.0 (2.2) TeV in the ggF
process and lighter than 0.76 (0.77) TeV in the VBF process.
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Fig. 10. Summary of the 95% CL limits (left) and 5� discovery reach (right) as a function of the
resonance mass for different luminosity scenario of FCC-hh and HE-LHC.

6.2 Bounds from HL-LHC

As a starting point we need to estimate what are, for
p
s = 14TeV, the typical exclu-

sion/discovery reaches for standard reference Z
0 models, assuming L = 3 ab�1 and employ-

ing only the e+e� and µ
+
µ
� channels. To address this and the other questions below we will

use the same set of Z 0 models as employed in Ref. [69] and mostly in Ref. [70]. We employ
the MMHT2014 NNLO PDF set [71] throughout, with an appropriate constant K-factor
(=1.27) to account for higher order QCD corrections. The production cross section times
leptonic branching fraction is shown in Fig. 11 (left) for these models at

p
s = 14TeV in

the narrow width approximation (NWA). We assume here that these Z
0 states only decay

to SM particles.

Fig. 11. Left: �Bl in the NWA for the Z
0 production at the

p
s = 14TeV LHC as functions of the

Z
0 mass: SSM(red), LRM (blue),  (green), �(magenta), ⌘(cyan), I(yellow). (Right) �Bl of Z 0 in

models described in (left) at
p
s = 27TeV.
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6 Characterisation of a Z 0
discovery

6.1 Context of the study

We consider in this section a scenario in which a heavy dilepton resonance is observed by
the end of HL-LHC run. In this case, considering that current limits are already pushing to
quite high values the possible mass range, a collider with higher energy in the c.o.m. would
be needed to study the resonance properties, since too few events will be available atp
s = 14TeV. In this section we present the discrimination potential, among six Z

0 models,
of the 27 TeV HE-LHC, with an assumed integrated luminosity of L = 15 ab�1. Under the
assumption that these Z

0’s decay only to SM particles, we show that there are sufficient
observables to perform this model differentiation in most cases.
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6 

αβγ-model Eq.(1), the cost of 100 km long accelerator facility with some 400MW of site power and based 

on today’s SC magnets can be estimated as TPC=2×(100/10)1/2+2×(100 TeV/1TeV)1/2+2×(400/100)1/2 

=30.3B$±9B$. As the biggest share of the TPC is for the magnets, the primary goal of the long-term R&D 

program should be development of ~16T SC dipole magnets which will be significantly (by a factor 3-5) 

more cost effective per TeV (or Tesla-meter) then those of, say, LHC – see Fig.2.   

 

While talking about frontier colliders, one should take into account the availability of experts. A simple 

“rule of thumb” (also know as “Oide-principle” [19]) based on statistics of construction projects in Japan 

and Europe and widely accepted in the accelerator community states that “one accelerator expert can spend 

intelligently 1 M$ in one year”. One can estimate that the world-wide community of accelerator physicists 

and experienced engineers does not exceed 1500 people and the total accelerator personnel (all scientists, 

engineers, technicians, drafters, etc) is about 4,000-4,500. Therefore, any plans for a really big facility at 

the scale of few B$ to 10B$ should take into account that significant time will be needed to get the required 

number of the people together. Another comment deals with the fact that due to extremely cpmplex nature 

of the fronrtier accelerators it takes time to get to design luminosity - often as long as 3-7 years [20] – and 

that should also be taken into account in any realistic plans.  

 
Fig.3: “Luminosity vs Energy” paradigm shift (see text) 

 
Finally, one can try to assess options for  “far future” post-FCC energy frontier collider facility with 

c.o.m. energies (20-100 times the LHC (300-1000 TeV). We surely know that for the same reason the 

circular e+e- collider energies do not extend beyond the Higgs factory range (~0.25 TeV), there will be no 

circular proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radiation power – 

they will have to be linear. It is also appreciated that even in the linear accelerators electrons and positrons 

become impractical above about 3 TeV due to beam-strahlung (radiation due to interaction at the IPs) and 

about 10 TeV due to radiation in the focusing channel (<10 TeV). That leaves only μ+μ- or pp for the “far 

future” colliders. If we further limit ourselves to affordable options and request such a flagship machine not 
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Figure 8: Parameter space of the type-II seesaw model. The black area in top is excluded because of the ⇢

parameter. The cyan vertical area is the estimate for the excluded region by searches at LEP. The orange

region on the bottom is excluded by the experimental measurement for the muon anomalous magnetic

moment. The magenta area is excluded by µ ! e� (for our example choice of PMNS parameters and

neutrino mass spectrum) and the green area is excluded by constraints on µ ! ēee. The red, yellow

and brown areas are excluded by the LHC searches for same sign di-lepton final states at 7, 8 and 13

TeV. The purple area is excluded by LHC searches for same-sign W bosons. Finally, the white area is

allowed. The part of the white area inside the dashed and dotted black lines on the left (denoted by

LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental

constraints exist to date) shows the region where c⌧ > 1 mm. Above this line the dominant decay is the

three-body decay to W
±
ff̄
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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S =
Nsp
Ns+Nb

Beamstrahlung

Standard acceptance cuts:

E(µ±
) > 10GeV

| cos(✓)| < 0.95
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Figure 8: Parameter space of the type-II seesaw model. The black area in top is excluded because of the ⇢

parameter. The cyan vertical area is the estimate for the excluded region by searches at LEP. The orange

region on the bottom is excluded by the experimental measurement for the muon anomalous magnetic

moment. The magenta area is excluded by µ ! e� (for our example choice of PMNS parameters and

neutrino mass spectrum) and the green area is excluded by constraints on µ ! ēee. The red, yellow

and brown areas are excluded by the LHC searches for same sign di-lepton final states at 7, 8 and 13

TeV. The purple area is excluded by LHC searches for same-sign W bosons. Finally, the white area is

allowed. The part of the white area inside the dashed and dotted black lines on the left (denoted by

LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental

constraints exist to date) shows the region where c⌧ > 1 mm. Above this line the dominant decay is the

three-body decay to W
±
ff̄
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

95 % CL at μμ 3TeV

Glioti, Chen, Rattazzi, Ricci, Wulzer
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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corresponding operators and the gauge couplings come from the use of the equations of motion.

���
-��

/��/�
�

�����
���
�����

��

���
����

����
���

��
-�
��

��
� �
��
/�
��
� �
��
/�
��

-�
�

��
��

��-���

�� �� �� �� ���
���

���

���

���

���

���

���

���

� [	
�]

���

�-
���
���� ��� ��

Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

95 % CL at μμ 3TeV

Glioti, Chen, Rattazzi, Ricci, Wulzer

 can probe 70+ TeV mass for s ≃ 3 TeV gZ′ 
≃ gSM ≃ 0.67
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.
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Thank You ! (Again)


