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Diverse Tools
FCC-ee + hh

• largely inspired by the LEP+LHC “recipe”  

• “stand-alone” physics case of each energy stage 

• synergy between energy stages  

• dedicated high-intensity stages of  runs 

• “final” stage of hadron collisions for “exploration” 

• “high-lumi” hadron stage can also do some precision, 
including through high-energy precision

e+e−

High energy muon collider
• A lepton collider, but a completely new breed (not LEP-like) 

• “stand-alone” physics case of each energy stage 

• synergy between energy stages 

• high-intensity and high-pT physics pursued in the same run 

• high energy leads to interesting “partons” collision (e.g. 
) 

• naturally inclined toward highest energies (tens of TeV) 

• high-energy precision can be a more than adequate substitute 
for pole precision

WW → h
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Diverse Tools
FCC-ee + hh

• largely inspired by the LEP+LHC “recipe” 

High energy muon collider
• Stages at several TeV: e.g. 3 TeV and 10 TeV 

• possibility to foresee higher energy runs, e.g. 30 TeV 

•  

• tens of thousands of new physics states 

• millions of top quarks and Higgs bosons, billions of vector 
bosons, …  ("multiplex” factory)
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Figure 2. Cross-sections and total number of expected events, using eq. (1.1), for selected SM
processes.

the high collider energy and because the nominal collider energy is entirely available to
produce short-distance reactions, unlike for hadron colliders due to the shape of the parton
distribution functions. The second path is the more standard approach to precision, based
on very accurate measurements of processes with high statistics. There are several high-
rate processes at the VHEL, eminently those that proceed through ! → !′V collinear
splittings, with V = W,Z, γ a SM vector boson, followed by a scattering or production
process V V → X occurring at the EW scale. Relevant examples are the VBF production
of a single Higgs or of a pair of Higgs bosons. Since all the reactions involved take place
at a fixed scale (the EW one) which is much smaller than the collider energy Ecm, the
cross-section for the VBF processes is very large and nearly constant with energy up to a
mild logarithmic growth. The total number of collected events thus grows quadratically
with Ecm following the luminosity, as figure 2 shows.

It should be emphasized that there is no direct competition between the high-energy
and the high-rate paths towards new physics. Namely, any new physics effect (or, EFT
operator) that grows with the energy in a measurable 2 → 2 process is unmistakably probed
way more effectively at high energy than in any high-rate VBF process. This is because, as
previously mentioned, the reach of the high-energy probes corresponds to O(10−6) effect
at the EW scale, which is where the high-rate VBF processes take place. On the other
hand, not all the EFT operators induce measurable growing-with-energy effects. High-rate
probes are thus sensitive to other operators and complementary to the high-energy ones.
Furthermore the sensitivity of the high-energy probes is quantified under the assumption
that the new physics scale (i.e., the EFT cutoff) is above the collider energy, while the high-
rate probes only rely on the EFT validity at or slightly above the EW scale. If the new
physics scale is in between, high-rate probes will play a crucial role in the characterization
of new physics, together with the high-energy ones and with the direct production of the
new states.

The general considerations above are illustrated in the rest of the paper through exam-
ples. The pair production of vector or Higgs bosons is studied in section 2 as a high-energy
probe for two EFT operators (OW and OB) that grow quadratically with the energy in
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Figure 1. Number of EW pair-production events, computed with MadGraph [15], using the
Effective Photon Approximation for the calculation of the neutral VBF production cross-section.
Namely, neutral VBF is evaluated as the sum of the 4 subprocess initiated by !+!−, !+γ, γ!−, and
γγ, with a

√
−Q2 > 30GeV cut on the virtual photons and the corresponding Qmax = 30GeV

cutoff in the photon distribution function. The photon distribution function is the one for muons.
The neutral VBF cross-section would thus be larger than what shown in the figure at the e+e−

VHEL because of the smaller electron mass.

The VHEL potential for indirect new physics discoveries is equally or perhaps even
more striking that the direct one, but it is slightly less trivial to assess and to illustrate.
The present paper aims at outlining the elements for this assessment, based on selected
sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first
one is that indirect effects of heavy new physics effects are generically more pronounced on
processes that take place at higher energy, i.e. closer to the new physics scale. In the Effec-
tive Field Theory (EFT) description this is merely the observation that the corrections from
operators of dimension larger than 4 can grow polynomially with the energy. The lumi-
nosity benchmark in eq. (1.1) generically allows for measurements of 2 → 2 short-distance
electroweak scattering processes with percent or few-percent (i.e., moderate) precision.
Still, a dimension-6 EFT operator displaying quadratic energy growth, inducing relative
corrections to the SM of order E2

cm/Λ2, could be probed at the VHEL with Ecm ≥ 10TeV
for an effective interaction scale Λ in the ballpark of 100TeV (see also [16, 17]). On a
process occurring at the EW scale, of 100GeV, Λ ∼ 100TeV would instead contribute
as an unobservable O(10−6) relative correction. The power of precision probes based on
high-energy cross-section measurements has been outlined extensively in the context of
CLIC studies [18, 19]. They make, for instance, the highest energy stage of CLIC superior
or comparable to the other future colliders project on physics targets such as Higgs and
Top compositeness [13]. By rescaling the highest CLIC available energy, of 3TeV, to the
lowest VHEL energy of 10TeV, we immediately conclude that the VHEL performances are
expected to be vastly superior to those of any other project currently under discussion.

High-energy probes are the first of the two paths towards precision to be explored
for the assessment of the VHEL physics potential. It is unique of the VHEL, because of

– 3 –

10 TeV, 10 ab−1

3.3. Benchmark Channel: Z 0 ! µµ 83
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Figure 3.19: Histograms of the µ+µ� invariant mass for 1 TeV/c2 Z⌘ plus background (open
histogram) and for background only (shaded histogram), at the event-generator level (left)
and for events selected by the Level-1/HLT triggers and reconstructed assuming the “first
data” misalignment scenario (right). The number of events per bin is normalised to an inte-
grated luminosity of 0.1 fb�1.

to exist, an unbinned maximum likelihood fit of the
p

s values in each MC experiment is
appropriate. One can imagine that, in the initial data analysis, one is confident about the
background shape but not the absolute normalisation. In this case, data can be fit with a
sum of signal and background shapes, presumed known, with the signal fraction as a free
parameter. In the presence of a signal, one can fix or let vary the mass and the width as well.
Thus, as a model of the probability density function (pdf), p, of the parent population of the
observed mass spectra, we use

p (
p

s; fs,m0,�) = fs · ps (
p

s;m0,�) + (1� fs) · pb (
p

s). (3.19)

Here

• ps, the pdf of the signal, is a convolution of a Breit-Wigner signal shape with a
Gaussian accounting for mass resolution smearing. The convolution includes the
dependence of the mass resolution on

p
s, but the radiative tail of the signal is not

yet accounted for.

• pb, the pdf of the background, is modelled as an exponential, exp(�k·
p

s0.3), with
the parameter k determined from fits to Drell-Yan events. This pdf, with the value
of k of 2.0, gives a good description of the background shape in the whole mass
region between 400 and 5000 GeV/c2.

There are three free parameters in the fit: the signal fraction fs = Ns/(Ns + Nb), the position
of the mass peak m0, and the full width at half maximum (FWHM), �, of the signal. The
shape of the background distribution is fixed, while its level is determined by the fit: fs is
a free parameter. Therefore, the fit explores the difference in shape between the signal and
the background, and is not sensitive to uncertainties in the expected signal and background
levels.

CMS TDR Vol2

CERN Courier
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Diverse Tools
FCC-ee + hh

• largely inspired by the LEP+LHC “recipe” 

High energy muon collider
• Stages at several TeV: e.g. 3 TeV and 10 TeV 

• possibility to foresee higher energy runs, e.g. 30 TeV 

•  

• hundreds of events of new physics states 

• still able to perform SM measurements e.g. threshold scans
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Figure 1. Number of EW pair-production events, computed with MadGraph [15], using the
Effective Photon Approximation for the calculation of the neutral VBF production cross-section.
Namely, neutral VBF is evaluated as the sum of the 4 subprocess initiated by !+!−, !+γ, γ!−, and
γγ, with a

√
−Q2 > 30GeV cut on the virtual photons and the corresponding Qmax = 30GeV

cutoff in the photon distribution function. The photon distribution function is the one for muons.
The neutral VBF cross-section would thus be larger than what shown in the figure at the e+e−

VHEL because of the smaller electron mass.

The VHEL potential for indirect new physics discoveries is equally or perhaps even
more striking that the direct one, but it is slightly less trivial to assess and to illustrate.
The present paper aims at outlining the elements for this assessment, based on selected
sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first
one is that indirect effects of heavy new physics effects are generically more pronounced on
processes that take place at higher energy, i.e. closer to the new physics scale. In the Effec-
tive Field Theory (EFT) description this is merely the observation that the corrections from
operators of dimension larger than 4 can grow polynomially with the energy. The lumi-
nosity benchmark in eq. (1.1) generically allows for measurements of 2 → 2 short-distance
electroweak scattering processes with percent or few-percent (i.e., moderate) precision.
Still, a dimension-6 EFT operator displaying quadratic energy growth, inducing relative
corrections to the SM of order E2

cm/Λ2, could be probed at the VHEL with Ecm ≥ 10TeV
for an effective interaction scale Λ in the ballpark of 100TeV (see also [16, 17]). On a
process occurring at the EW scale, of 100GeV, Λ ∼ 100TeV would instead contribute
as an unobservable O(10−6) relative correction. The power of precision probes based on
high-energy cross-section measurements has been outlined extensively in the context of
CLIC studies [18, 19]. They make, for instance, the highest energy stage of CLIC superior
or comparable to the other future colliders project on physics targets such as Higgs and
Top compositeness [13]. By rescaling the highest CLIC available energy, of 3TeV, to the
lowest VHEL energy of 10TeV, we immediately conclude that the VHEL performances are
expected to be vastly superior to those of any other project currently under discussion.

High-energy probes are the first of the two paths towards precision to be explored
for the assessment of the VHEL physics potential. It is unique of the VHEL, because of
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3.3. Benchmark Channel: Z 0 ! µµ 83
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Figure 3.19: Histograms of the µ+µ� invariant mass for 1 TeV/c2 Z⌘ plus background (open
histogram) and for background only (shaded histogram), at the event-generator level (left)
and for events selected by the Level-1/HLT triggers and reconstructed assuming the “first
data” misalignment scenario (right). The number of events per bin is normalised to an inte-
grated luminosity of 0.1 fb�1.

to exist, an unbinned maximum likelihood fit of the
p

s values in each MC experiment is
appropriate. One can imagine that, in the initial data analysis, one is confident about the
background shape but not the absolute normalisation. In this case, data can be fit with a
sum of signal and background shapes, presumed known, with the signal fraction as a free
parameter. In the presence of a signal, one can fix or let vary the mass and the width as well.
Thus, as a model of the probability density function (pdf), p, of the parent population of the
observed mass spectra, we use

p (
p

s; fs,m0,�) = fs · ps (
p

s;m0,�) + (1� fs) · pb (
p

s). (3.19)

Here

• ps, the pdf of the signal, is a convolution of a Breit-Wigner signal shape with a
Gaussian accounting for mass resolution smearing. The convolution includes the
dependence of the mass resolution on

p
s, but the radiative tail of the signal is not

yet accounted for.

• pb, the pdf of the background, is modelled as an exponential, exp(�k·
p

s0.3), with
the parameter k determined from fits to Drell-Yan events. This pdf, with the value
of k of 2.0, gives a good description of the background shape in the whole mass
region between 400 and 5000 GeV/c2.

There are three free parameters in the fit: the signal fraction fs = Ns/(Ns + Nb), the position
of the mass peak m0, and the full width at half maximum (FWHM), �, of the signal. The
shape of the background distribution is fixed, while its level is determined by the fit: fs is
a free parameter. Therefore, the fit explores the difference in shape between the signal and
the background, and is not sensitive to uncertainties in the expected signal and background
levels.
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Figure 3: Cross section for `+`� ! tt̄ around threshold at NNNLO accuracy and including Higgs-EW
corrections, obtained with the QQbar threshold code [47,48]. The background estimated for the CLIC
analysis in [13], of 73 fb, is reported as a dotted line. Left: as function of

p
s, fixed Mt. Right: as

function of Mt, fixed
p
s. We here employ the ‘potential-subtracted’ top mass [49].

(black curve), based on the NNNLO SM predictions from [47,48]. The spike is due to the tt̄ 1s
bound state. Correspondingly, as shown on the right panel of the figure, the cross section at
fixed

p
s depends strongly on Mt.

3 Thanks to the high sensitivity to Mt

d ln �

d lnMt

⇠ 1.6
Mt

�t

⇡ 200 , (4)

a cross section measurement with modest 10% relative accuracy enables a determination of
the top quark mass at the 0.05% level. The cross section close to the threshold is around
500 fb, therefore a collider integrated luminosity as small as L ' 0.2 fb�1 is su�cient for a 10%
statistical uncertainty on the cross section measurement. In turn, based on the rough estimate
above, this measurement could enable a determination of the top mass with �Mt = 510�4

Mt =
86 MeV, close to the instability scale measurement target of �Mt = 50 MeV, fig. 2.

The vast literature (see e.g. [50–53, 13, 54]) on tt̄ threshold cross section measurements at
lepton colliders considers a relatively large integrated luminosity (typically, L ⇠ 100 fb�1),
which can be available at colliders like CLIC, ILC, CEPC and FCC-ee, and quantifies the
expected error on Mt based on the properties (eminently, the shape in energy of the luminosity
spectrum) of the specific collider project under examination. Here instead we want to assess
the characteristics that a generic collider should possess, in terms of integrated luminosity and
luminosity spectrum, for a su�ciently accurate determination of Mt.

Furthermore, existing studies of the top threshold have a broader target than the deter-
mination of Mt, including independent measurements of the top quark width �t and of the

3In the plot, and in the rest of this section, we employ the ‘potential-subtracted’ top mass [49].
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Diverse Tools
FCC-ee + hh High energy muon collider
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Common problems 
and solutions



Top quark couplings
a typical example of complementarity on
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Joint-ventures on the Yukawa of the top quark

Measuring the Top Yukawa Coupling at 100 TeV 8

3. Boosted tt̄H at 100 TeV

Just like at the LHC, the tt̄H production process can be studied for a variety of Higgs decay channels.
We collect in Table 6 the event rates for potentially interesting Higgs decays combined with tt̄H

production, for an integrated luminosity of 20 ab�1 at 100 TeV. These numbers include the branching
ratio for the mixed lepton-hadron tt̄ ! `⌫`+ jets decay (` = e, µ), in addition to the relevant Higgs
branching ratios.

Considering that analysis cuts and e�ciencies will typically reduce these rates by a further factor
of 10 or more, it is clear that the otherwise very clean H ! 4` does not have the minimum number
of 104 events, required to aim for a 1% target precision. In the case of H ! �� (see also [44]), we
considered a simple parton-level analysis, implementing basic cuts such as:

pT,�,b,j > 25 GeV , |⌘�,b,j | < 2.5 , �Rjj,bb,bj > 0.4

pT,` > 20 GeV , |⌘`| < 2.5 (1)

These leave around 5 · 104 events with 20 ab�1, while the tt̄�� background, subject to a |m�� � 125| <
5 GeV cut, is almost a factor of 10 smaller. On the other hand, detection e�ciencies, such as those
related to lepton or photon isolation and to b tagging, make this channel borderline for a 1% statistical
accuracy, and call for a dedicated study including realistic projections of detector performance. The
H ! 2`2⌫ final state has a potentially interesting rate, which may deserve a separate study.

Given the extraordinary rate for theH ! bb̄ final state, and following the original LHC analysis [6],
we focus on this channel,

pp ! tt̄H ! (bjj) (b̄`⌫̄) (bb̄), (b`⌫) (b̄jj) (bb̄) . (2)

The leptonic top decay guarantees the triggering and reduces multi-jet combinatorics. The leading
backgrounds are:

pp ! tt̄ bb̄, the main irreducible QCD background

pp ! tt̄Z, including the Z-peak in the mbb distribution

pp ! tt̄+jets with fake-bottoms tags

Additional backgrounds likeW+jets will be small and do not lead to dangerous kinematical features for
our analysis [6]. The analysis strategy based on boosted top and Higgs decays is extremely simple [6],

(i) an isolated lepton

(ii) a tagged top without any b-tag requirement

(iii) a tagged Higgs with two b-tags inside

(iv) a continuum b-tag outside the top and Higgs fat jets

The mbb distribution will provide us with simple sidebands to control the tt̄bb̄ and tt̄+jets backgrounds,
and a second mass peak from the tt̄Z mass peak. We discuss the unfortunate need for the continuum
b-tag below. The simplicity of our analysis will allow us to e�ciently control systematics.

For simplicity, all Monte Carlo event samples are generated at leading order. The main e↵ects
from the available higher order predictions of the tt̄H signal [31, 32], the tt̄Z background [33], the
tt̄bb̄ background [42], and the tt̄+jets background [45] are discussed separately in Section 2, so for the
signal–background analysis we leave them out. We use MadGraph5 [46] with NNPDF23 parton
densities [47], showering and hadronization via Pythia8 [48] and the fast detector simulation with
Delphes3 [49, 50].

H ! 4` H ! �� H ! 2`2⌫ H ! bb̄

2.6 · 104 4.6 · 105 2.0 · 106 1.2 · 108

Table 6: tt̄H event rates for various Higgs decay modes, with 20 ab�1 at 100 TeV, assuming
tt̄ ! `⌫+jets. Here and for Higgs decays, ` can be either an electron or a muon.

1507.08169
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Complementarity by providing precise inputs, whose poor knowledge 
would spoil a future measurement

Joint-ventures on the Yukawa of the top quark

FCC-  provides an input to the next machine that can 
produce lots of  but suffers uncertainty (on absolute rate)

ee
tth
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Joint-ventures on the Yukawa of the top quark

Same need for inputs on other couplings, thus can benefit from inputs from FCC-ee

The same muon collider that acts as “top factory” can also test directly the 
existence of new states responsible for the deviations in the couplings

or a global fit at the  collider (if sufficiently precise)μ

same machine can perform
complementary direct and indirect tests of BSM 

2212.11067, 2104.05770
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Joint-ventures on the Yukawa of the top quark
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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

4

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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Note that the reach we obtained are based on the
luminosity assumption of Eq. (1), with simple event
counting and no systematic error included. The reach
scales like

ffiffiffiffi
L

p
and a more thorough estimation of the

muon collider reach with detailed collide simulations and
systematic errors is left for future work.

IV. HIGGS BOSON ASSOCIATED PRODUCTION
WITH A PAIR OF HEAVY FERMIONS

A. Production cross sections

Heavy Higgs bosons can also be abundantly produced in
association with a pair of heavy fermions at a muon
collider. The production modes in Eq. (14) through
μþμ− annihilation are accomplished through the intermedi-
ate γ"=Z" splitting into a pair of fermions, followed by the
radiation of a heavy Higgs boson:

μþμ− → bb̄H=A; tt̄H=A; tbH#;

→ τþτ−H=A; τ#ντH∓: ð14Þ

A representative Feynman diagram of the dominant con-
tributions is shown in Fig. 9. The calculation is performed
with tree-level diagrams. However, we include the large
higher-order effects for the running of the Yukawa cou-
plings (Yu;d;e in Eq. (4)) to the corresponding scale μ ¼ mΦ
by solving the renormalization group equations (RGEs)
[40]. All the input parameters listed in Sec. II as well as the
quark/lepton masses for the RGEs are given at μ ¼ mZ
[41]. For tan β ¼ 1 at mZ, the running Yukawa couplings at
mZ, 1 TeV and 2 TeV are listed in Table VII. Effectively,
compared with results using parameters at a fixed scalemZ,

FIG. 8. 95% C.L. exclusion contour at muon collider with center of mass energy
ffiffiffi
s

p
¼ 14 (dash curves), 30 (dotted curves) TeV for

different types of 2HDM from pair production channels with annihilation contribution only. For the type-II 2HDM, the 95% C.L.
exclusion limits from the HL-LHC with 3 ab−1 as well as the 100 TeV pp collider with 30 ab−1 are also shown (taken from Ref. [5]).

FIG. 9. Representative Feynman diagram for the annihilation
process: μþμ− → ff̄0ϕ.
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Figure 5. Sensitivity of the total (left) and forward-backward (right) e+e≠
æ t t̄ cross sections

to various operator coe�cients, as a function of the centre-of-mass energy, for a mostly left-handed
(left) and right-handed (right) electron beam polarization. The dashed black line indicates the
slope of a sensitivity scaling as the centre-of-mass energy squared.

Sensitivity We define the sensitivity of an observable o to an operator coe�cient Ci as
its normalized variation in that direction, around the standard-model point:

So
i = 1

o

ˆo

ˆCi

-

-

-

-

Ci=0, ’i
= oi

oSM
with o = oSM + Cioi + CiCjoij + ... (4.1)

The scale �, conventionally set to 1 TeV as noted earlier, is absorbed into the definition of
oi, oij , etc. The left panel of Fig. 5 shows the sensitivity of the cross section to operator
coe�cients, as a function of the centre-of-mass energy, for a mostly left-handed electron
beam polarization P (e+, e≠) = (+30%, ≠80%). It tends to a constant value at high energies
for the two-quark operators: CA

Ïq, CV
Ïq, CR

uZ and CR
uA. This behaviour can be understood

given that the Ïq operators induce tt̄Z couplings which scale as v2/�2 once the two Higgs
fields they contain condense to their vacuum expectation value. The sensitivity of the
cross section to the OV

Ïq operator actually slightly decreases with energy, as 1 + 2m2
t /s.

On the other hand, the two uA and uZ electroweak dipole operators generate three-point
interactions scaling as Ev/�2, where E is an energy scale characteristic of the momentum
transfer in the associated vertex. Their interference with standard-model amplitudes of
identical top-quark helicities however requires a flip of chirality along the quark line, and
thus a top-quark mass insertion.2 The resulting linear e�ective-field-theory contributions
therefore scale with energy exactly as the standard-model cross section and the sensitivity
tends to a constant. As will be discussed below, a sensitivity to the dipole operators that
grows with energy can be recovered through the interference of di�erent helicity amplitudes
once the angular distributions of the top-quark decay products are considered. The sensi-
tivity of the cross section to four-fermion operator coe�cients CV

lq , CA
lq , CV

eq, CA
eq shows the

naive s/�2 increase with energy expected from dimensional analysis (see dashed black line).
The constraints on those operators therefore highly benefits from increased centre-of-mass
energies.

2It is formally seen that none of the individual helicity amplitude squared provided in Eq. (4) of Ref. [5]
leads to a Re{Fú

1V,1AF2V } term proportional to “ ©
Ô

s/2mt.

– 12 –

 1807.02121

• some effects can also be seen in energy-independent 
effects where the high-intensity machine FCC-  350 can 
provide input earlier than  reaches O(106)  at 30 TeV

ee
μμ tt̄

σ(ttνν)  2012.11555

• contact interactions give energy-dependent effects  
• measurements at different energies test/disentangle EFT
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Figure 11: 95% exclusion reach for the two partial compositeness scenarios under consideration.
The green shapes represent the combined bound from the flavor universal measurements, while
the red contours also includes the di-top and di-bottom constraints. The projected sensitivity
of other future collider projects and the gray band of HL-LHC are taken from Ref. [83]. The
right panel (✏t = 1) also includes the stronger CLIC sensitivity estimated in Ref. [87].

Ecm and which can be exploited at the large energy of the muon collider. In a model-independent
approach one can parametrize the “amount of compositeness” of respectively the 3rd quark family
left-handed doublet and right-handed up-type singlet by ✏q and ✏t. These quantities range from
0 to 1. Given the universal coupling strength g⇤ of the strong sector the resulting top Yukawa
coupling scale as [73]

yt ⇠ ✏q✏tg⇤ . (47)

The relevant Wilson coe�cients are then expected to scale as (see [77] for a short review)

C(3)
qD = c(3)qD

g ✏2q
m2

⇤

, C(1)
qD = c(1)qD

g0✏2q
m2

⇤

, CtD = ctD
g0✏2t
m2

⇤

, (48)

where the ci are, as usual, expected to be order 1 coe�cient. For concreteness we focus on two
benchmark scenarios, where we fix ✏t and ✏q and leave g⇤ and m⇤ free. In the first scenario, the
right-handed top quark is assumed to be fully composite, corresponding to ✏t = 1 and ✏q = yt/g⇤.
In the second, the two top chiralities are assumed equally composite, that is ✏q = ✏t =

p
yt/g⇤.

Notice that the contribution of the operator

Ott ⌘
1

2
(t̄R�

µtR)(t̄R�µtR) , (49)

to the Wilson coe�cients of the OtD, through Renormalization Group (RG) evolution, is not
negligible in the scenario of total right-handed top quark compositeness [87]. Using the power-
counting estimate

Ctt = ✏4t
g2⇤
m2

⇤

ctt , (50)

we obtain a correction [87] to the CtD coe�cient at a scale µ = Ecm

CtD(µ) = CtD(m⇤) + Ctt(m⇤)
32

9

g0

16⇡2
log

✓
m2

⇤

µ2

◆
= ✏2t

g0

m2
⇤

✓
ctD + ctt

32

9

✏2t g
2
⇤

16⇡2
log

✓
m2

⇤

µ2

◆◆
. (51)

This correction is sizable if ✏t ⇠ 1, especially for large g⇤, because the sensitivity of the muon
collider extends to a scale m⇤ that is significantly larger than Ecm.
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Figure 11: Future sensitivities at lepton colliders: CLIC (top), ILC (middle), and FCC-
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Figure 10: Future sensitivity at the FCC, including the ee/eh/hh stages, at 95% CL in

the (m⇤, g⇤) plane of scenarios featuring a strongly-interacting Higgs and (right-handed)

top quark. The di↵erent limits are associated with constraints on individual operators,

each dominating the corresponding observables in a certain region of parameter space (see

main text for details). The limit on Ott is derived using only FCC-hh.

region we consider the process pp ! tt̄tt̄, followed by SSL decays and including the cuts

p`1
T

> 200GeV and HT > 2TeV.10 We find the leading order cross section

�(tt̄tt̄) [fb] = 1.5 + (0.3 ± 0.3) ⇥ 10�3 (6TeV)2

⇤2/ctt
+ 0.071

(6TeV)4

⇤4/c2
tt

, (4.11)

where the coe�cients are obtained by fitting to a set of cross sections calculated for varying

ctt/⇤2, and the uncertainties on the SM and O(c2tt) terms are negligible compared to the

one on the linear term. This result confirms that interference can be safely neglected. The

same conclusion applies to the 3L final state.

Finally, in Fig. 10 we show the impact of our combined SSL+3L bound, Eq. (4.10),

on the (m⇤, g⇤) parameter space of CH models, and compare it with other, complementary

probes which will become available throughout the development of the FCC program.

Strikingly, four-top production at the FCC-hh provides the dominant sensitivity on the

compositeness scale, f |FCC

tt & 6.5TeV, outperforming tests of Higgs coupling deformations

associated with OH , as combined in [78] which includes input from the HL-LHC and the

FCC-ee, -eh, and -hh phases, resulting in f |FCC

H
& 4.2TeV at 95% CL. In addition, we

show the projected constraint on OW , OB [78], namely m⇤ > 17TeV at 95% CL, as well

as the expected FCC-hh bounds on O2W and O2G, derived from charged- and neutral-

current dilepton production [78] (see also [39]), and high-energy dijet and inclusive jet

production [38], respectively. These observables dominate the sensitivity for moderate

strength of the new-physics coupling g⇤. Finally, we mention that strong constraints are

10For this check we only consider the dominant O(↵2

s) component of the SM amplitude.
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pp → h + X
M E G A - H I G G S  FA C T O RY1 0 6 H I G G S  B O S O N S

• ultra-rare Higgs decays 
• differential distribution 
• off-shell Higgs bosons 
• rare production modes

σ ⋅ ℒ ⇒ O(108) h
s = 14 TeV

Hadron collider famous as gluon smashers

• large number of Higgs bosons!
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FIG. 10: Gluon fusion contribution to the Higgs boson cross section at the LHC as a function of the p-p collision energy at
LO, NLO, NNLO, and N3LO [27]. The bands represent an estimate of the theoretical uncertainty.
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FIG. 11: Linear sum of relative uncertainties on gluon fusion Higgs boson production as a function of the p-p collision energy [28].

B. Current status of theoretical Precision

The large number of Higgs boson events at the LHC o↵ers the opportunity for precision measurements of Higgs
cross sections and the extraction of the Higgs couplings to fermions and gauge bosons, requiring correspondingly
precise theory calculations. Predictions for the inclusive cross sections at 14 TeV and 27 TeV including higher order
QCD and electroweak corrections are given in Table I. It is apparent that the uncertainties rise with the machine
energy. The total rates for all important Higgs production channels at the LHC are known to NNLO QCD, with
N3LO results available for the gluon fusion channel, as seen in Figure 10. Nevertheless, a major source of uncertainty
on the Higgs boson couplings is expected to arise from theory as shown schematically in Figure 11, with the theory
uncertainty expected to be comparable to the expected statistical and systematic uncertainties of the measurements.
The theory uncertainties arise from unknown higher order QCD and electroweak corrections, e↵ects of fermion masses,
and uncertainties in the knowledge of the PDFs. Impressive theoretical progress has been, and is continuing, to be
achieved, leaving theorists optimistic that the theory uncertainties can be reduced by a factor of two in the future [25].
Meeting this necessary theoretical accuracy will require a dedicated e↵ort with significant computational resources [26].

Comparisons of theory and data, however, involve fiducial cross sections and theoretical progress has been made
in extending these calculations to NNLO QCD and higher and thereby reducing the theory uncertainties. In gluon
fusion, for example, the decay h ! �� with fiducial cuts is known to N3LO QCD, along with N3LL’ resummation,
with a resulting theory uncertainty of O(3%)[29, 30]. Along with the need for higher order calculations including
fiducial cuts comes the requirement to match the theory to higher order parton shower calculations which contributes
to further theoretical uncertainties [31, 32].

The theoretical predictions for Higgs branching ratios given the Higgs boson mass and SM inputs give targets for

2209.07510

σLHC = 55pb

σFCChh = 700pb
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The large number of Higgs boson events at the LHC o↵ers the opportunity for precision measurements of Higgs
cross sections and the extraction of the Higgs couplings to fermions and gauge bosons, requiring correspondingly
precise theory calculations. Predictions for the inclusive cross sections at 14 TeV and 27 TeV including higher order
QCD and electroweak corrections are given in Table I. It is apparent that the uncertainties rise with the machine
energy. The total rates for all important Higgs production channels at the LHC are known to NNLO QCD, with
N3LO results available for the gluon fusion channel, as seen in Figure 10. Nevertheless, a major source of uncertainty
on the Higgs boson couplings is expected to arise from theory as shown schematically in Figure 11, with the theory
uncertainty expected to be comparable to the expected statistical and systematic uncertainties of the measurements.
The theory uncertainties arise from unknown higher order QCD and electroweak corrections, e↵ects of fermion masses,
and uncertainties in the knowledge of the PDFs. Impressive theoretical progress has been, and is continuing, to be
achieved, leaving theorists optimistic that the theory uncertainties can be reduced by a factor of two in the future [25].
Meeting this necessary theoretical accuracy will require a dedicated e↵ort with significant computational resources [26].

Comparisons of theory and data, however, involve fiducial cross sections and theoretical progress has been made
in extending these calculations to NNLO QCD and higher and thereby reducing the theory uncertainties. In gluon
fusion, for example, the decay h ! �� with fiducial cuts is known to N3LO QCD, along with N3LL’ resummation,
with a resulting theory uncertainty of O(3%)[29, 30]. Along with the need for higher order calculations including
fiducial cuts comes the requirement to match the theory to higher order parton shower calculations which contributes
to further theoretical uncertainties [31, 32].

The theoretical predictions for Higgs branching ratios given the Higgs boson mass and SM inputs give targets for
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B. Current status of theoretical Precision

The large number of Higgs boson events at the LHC o↵ers the opportunity for precision measurements of Higgs
cross sections and the extraction of the Higgs couplings to fermions and gauge bosons, requiring correspondingly
precise theory calculations. Predictions for the inclusive cross sections at 14 TeV and 27 TeV including higher order
QCD and electroweak corrections are given in Table I. It is apparent that the uncertainties rise with the machine
energy. The total rates for all important Higgs production channels at the LHC are known to NNLO QCD, with
N3LO results available for the gluon fusion channel, as seen in Figure 10. Nevertheless, a major source of uncertainty
on the Higgs boson couplings is expected to arise from theory as shown schematically in Figure 11, with the theory
uncertainty expected to be comparable to the expected statistical and systematic uncertainties of the measurements.
The theory uncertainties arise from unknown higher order QCD and electroweak corrections, e↵ects of fermion masses,
and uncertainties in the knowledge of the PDFs. Impressive theoretical progress has been, and is continuing, to be
achieved, leaving theorists optimistic that the theory uncertainties can be reduced by a factor of two in the future [25].
Meeting this necessary theoretical accuracy will require a dedicated e↵ort with significant computational resources [26].

Comparisons of theory and data, however, involve fiducial cross sections and theoretical progress has been made
in extending these calculations to NNLO QCD and higher and thereby reducing the theory uncertainties. In gluon
fusion, for example, the decay h ! �� with fiducial cuts is known to N3LO QCD, along with N3LL’ resummation,
with a resulting theory uncertainty of O(3%)[29, 30]. Along with the need for higher order calculations including
fiducial cuts comes the requirement to match the theory to higher order parton shower calculations which contributes
to further theoretical uncertainties [31, 32].

The theoretical predictions for Higgs branching ratios given the Higgs boson mass and SM inputs give targets for
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B. Current status of theoretical Precision

The large number of Higgs boson events at the LHC o↵ers the opportunity for precision measurements of Higgs
cross sections and the extraction of the Higgs couplings to fermions and gauge bosons, requiring correspondingly
precise theory calculations. Predictions for the inclusive cross sections at 14 TeV and 27 TeV including higher order
QCD and electroweak corrections are given in Table I. It is apparent that the uncertainties rise with the machine
energy. The total rates for all important Higgs production channels at the LHC are known to NNLO QCD, with
N3LO results available for the gluon fusion channel, as seen in Figure 10. Nevertheless, a major source of uncertainty
on the Higgs boson couplings is expected to arise from theory as shown schematically in Figure 11, with the theory
uncertainty expected to be comparable to the expected statistical and systematic uncertainties of the measurements.
The theory uncertainties arise from unknown higher order QCD and electroweak corrections, e↵ects of fermion masses,
and uncertainties in the knowledge of the PDFs. Impressive theoretical progress has been, and is continuing, to be
achieved, leaving theorists optimistic that the theory uncertainties can be reduced by a factor of two in the future [25].
Meeting this necessary theoretical accuracy will require a dedicated e↵ort with significant computational resources [26].

Comparisons of theory and data, however, involve fiducial cross sections and theoretical progress has been made
in extending these calculations to NNLO QCD and higher and thereby reducing the theory uncertainties. In gluon
fusion, for example, the decay h ! �� with fiducial cuts is known to N3LO QCD, along with N3LL’ resummation,
with a resulting theory uncertainty of O(3%)[29, 30]. Along with the need for higher order calculations including
fiducial cuts comes the requirement to match the theory to higher order parton shower calculations which contributes
to further theoretical uncertainties [31, 32].

The theoretical predictions for Higgs branching ratios given the Higgs boson mass and SM inputs give targets for
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σ ∼ log(s)

• ultra-rare Higgs decays 
• differential distribution 
• off-shell Higgs bosons 
• rare production modes
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Fig. 2: Cross section as a function of centre-of-mass energy
for the main Higgs production processes at an e+e� collider
for a Higgs mass of mH = 126GeV. The values shown cor-
respond to unpolarised beams and do not include the effect
of beamstrahlung.

provide access to the top Yukawa coupling and the Higgs
trilinear self-coupling governed by the parameter l in the
Higgs potential. Feynman diagrams for these processes are
shown in Figure 4. In all cases, the Higgs production cross
sections can be increased with polarised electron (and positron)
beams.
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Fig. 3: Leading-order Feynman diagrams of the highest
cross section Higgs production processes at CLIC; Hig-
gsstrahlung (a), WW-fusion (b) and ZZ-fusion (c).
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Fig. 4: Feynman diagrams of the leading-order processes at
CLIC involving the top Yukawa coupling gHtt (a), the Higgs
boson trilinear self-coupling l (b) and the quartic coupling
gHHWW (c).

Table 1 lists the expected numbers of ZH, Hnene and He+e�

events for the three main CLIC centre-of-mass energy stages.
These numbers account for the effect of beamstrahlung and
initial state radiation (ISR), which result in a tail in the distri-
bution of the effective centre-of-mass energy

p
s0. The im-

pact of beamstrahlung on the expected numbers of events
is mostly small. For example, it results in an approximately
10% reduction in the numbers of Hnene events at

p
s> 1TeV

(compared to the beam spectrum with ISR alone), because
the cross section rises relatively slowly with

p
s. The reduc-

tion of the effective centre-of-mass energies due to ISR and
beamstrahlung leads to moderate numbers of ZH events atp

s = 1.4TeV and 3TeV.

The polar angle distributions for single Higgs production
obtained using WHIZARD 1.95 [19] for the CLIC centre-
of-mass energies are shown in Figure 5. Most Higgs bosons
produced at

p
s = 350GeV can be reconstructed in the cen-

tral parts of the detectors while the Higgs bosons produced
in the WW-fusion process and their decay products tend to-
wards the beam axis with increasing energy. Hence good ca-
pabilities of the detectors in the forward regions are crucial
at
p

s = 1.4TeV and 3TeV.

A SM Higgs boson with mass of mH = 126GeV has a wide
range of decay modes, as listed in Table 2, providing the
possibility to test the SM predictions for the couplings of
the Higgs to both gauge bosons and to fermions [20]. All
the modes listed in Table 2 are accessible at CLIC.

5

σ ∼ 1/s

6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.
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Figure 57: Cross section as a function of centre-of-mass energy for the main Standard Model processes
at a very high-energy e+e� collider. The values shown correspond to unpolarised beams and
include the effect of Initial State Radiation (ISR). (image credit: CLICdp)

On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.

75

σ ⋅ ℒ ⇒ O(106) h
s = 3 TeV

At 3 TeV the weak bosons are sufficiently light 
that can be radiated very efficiently

• large number of Higgs bosons!
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range of decay modes, as listed in Table 2, providing the
possibility to test the SM predictions for the couplings of
the Higgs to both gauge bosons and to fermions [20]. All
the modes listed in Table 2 are accessible at CLIC.

5

σ ∼ 1/s

6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.
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Figure 57: Cross section as a function of centre-of-mass energy for the main Standard Model processes
at a very high-energy e+e� collider. The values shown correspond to unpolarised beams and
include the effect of Initial State Radiation (ISR). (image credit: CLICdp)

On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.

75

• large number of Higgs bosons!

F U RT H E R  O P P O RT U N I T I E S

σ ⋅ ℒ ⇒ O(108) h
s = 30 TeV

At 30 TeV the weak bosons are sufficiently light 
that can be radiated very efficiently
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μ+μ− → hνν̄
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σ ∼ log(s)

• ultra-rare Higgs decays 
• differential distribution 
• off-shell Higgs bosons 
• rare production modes
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provide access to the top Yukawa coupling and the Higgs
trilinear self-coupling governed by the parameter l in the
Higgs potential. Feynman diagrams for these processes are
shown in Figure 4. In all cases, the Higgs production cross
sections can be increased with polarised electron (and positron)
beams.

a)
Z

e�

e+

H

Z

b)
W

W

e�

e+

ne

H

ne

c)
Z

Z

e�

e+

e�

H

e+

Fig. 3: Leading-order Feynman diagrams of the highest
cross section Higgs production processes at CLIC; Hig-
gsstrahlung (a), WW-fusion (b) and ZZ-fusion (c).

a)
Z

e�

e+

t

H

t

b)
W

W
H

e�

e+

ne

H

H

ne

c) W
W

e�

e+

ne

H

H

ne

Fig. 4: Feynman diagrams of the leading-order processes at
CLIC involving the top Yukawa coupling gHtt (a), the Higgs
boson trilinear self-coupling l (b) and the quartic coupling
gHHWW (c).

Table 1 lists the expected numbers of ZH, Hnene and He+e�

events for the three main CLIC centre-of-mass energy stages.
These numbers account for the effect of beamstrahlung and
initial state radiation (ISR), which result in a tail in the distri-
bution of the effective centre-of-mass energy

p
s0. The im-

pact of beamstrahlung on the expected numbers of events
is mostly small. For example, it results in an approximately
10% reduction in the numbers of Hnene events at

p
s> 1TeV

(compared to the beam spectrum with ISR alone), because
the cross section rises relatively slowly with

p
s. The reduc-

tion of the effective centre-of-mass energies due to ISR and
beamstrahlung leads to moderate numbers of ZH events atp

s = 1.4TeV and 3TeV.

The polar angle distributions for single Higgs production
obtained using WHIZARD 1.95 [19] for the CLIC centre-
of-mass energies are shown in Figure 5. Most Higgs bosons
produced at

p
s = 350GeV can be reconstructed in the cen-

tral parts of the detectors while the Higgs bosons produced
in the WW-fusion process and their decay products tend to-
wards the beam axis with increasing energy. Hence good ca-
pabilities of the detectors in the forward regions are crucial
at
p

s = 1.4TeV and 3TeV.

A SM Higgs boson with mass of mH = 126GeV has a wide
range of decay modes, as listed in Table 2, providing the
possibility to test the SM predictions for the couplings of
the Higgs to both gauge bosons and to fermions [20]. All
the modes listed in Table 2 are accessible at CLIC.
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6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.
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On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.
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• large number of Higgs bosons!
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σ ⋅ ℒ ⇒ O(108) h
s = 30 TeV

At 30 TeV the weak bosons are sufficiently light 
that can be radiated very efficiently

• Higgs factory at 3 TeV

•  Higgs factory at 10 TeV

•  Higgs factory at 30 TeV
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Summary: Higgs@FC (by couplings)

2209.07510

20

Higgs Coupling HL-LHC ILC250 ILC500 ILC1000 FCC-ee CEPC240 CEPC360 CLIC380 CLIC3000 µ(10TeV) µ125 FCC-hh

(%) + HL-LHC +HL-LHC + HL-LHC + HL-LHC + HL-LHC +HL-LHC + HL-LHC +HL-LHC + HL-LHC +HL-LHC +FCCee/FCCeh

hZZ 1.5 .22 .17 .16 .17 .074 .072 .34 .22 .33 1.3 .12

hWW 1.7 .98 .20 .13 .41 .73 .41 .62 1 .1 1.3 .14

hbb 3.7 1.06 .50 .41 .64 .73 .44 .98 .36 .23 1.6 .43

h⌧
+
⌧
� 3.4 1.03 .58 .48 .66 .77 .49 1.26 .74 .55 1.4 .44

hgg. 2.5 1.32 .82 .59 .89 .86 .61 1.36 .78 .44 1.7 .49

hcc - 1.95 1.22 .87 1.3 1.3 1.1 3.95 1.37 1.8 12 .95

h�� 1.8 1.36 1.22 1.07 1.3 1.68 1.5 1.37 1.13 .71 1.6 .29

h�Z 9.8 10.2 10.2 10.2 10 4.28 4.17 10.26 5.67 5.5 9.8 .69

hµ
+
µ
� 4.3 4.14 3.9 3.53 3.9 3.3 3.2 4.36 3.47 2.5 .6 .41

htt 3.4 3.12 2.82 1.4 3.1 3.1 3.1 3.14 2.01 3.2 3.4 1.0

�tot 5.3 1.8 .63 .45 1.1 1.65 1.1 1.44 .41 .5 2.7
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0.1% coupling precision, sensitivity to new physics at 10 TeV ≃ 100 ⋅ mh

24

0

0.5

1

1.5

2

2.5

3

3.5

Pr
ec

is
io

n 
of

 H
ig

gs
 b

os
on

 c
ou

pl
in

gs
 [%

]

Z W b τ g c invΓ hΓ γ γZ

 1/3×

µ

 1/2×

t

 1/2×

λ

 1/10×

 ILC250⊕HL-LHC 

 ILC500⊕ ILC250 ⊕HL-LHC 

 ILC1000⊕ ILC500 ⊕ ILC250 ⊕HL-LHC 

dark/light: with/without BSM decays

Model Independent EFT Fit LCC Physics WG

FIG. 25: Left, SMEFT projected ILC fit to Higgs, electroweak precision and diboson data. The thin (fat) lines allow (do not
allow) for beyond the Standard Model decays of the Higgs boson. [50]. Right, projected SMEFT fit to operators contributing
to Higgs production and decay at a muon collider. The reach of the vertical “T” lines indicate the results assuming only the
corresponding operator is generated by the new physics [63].
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FIG. 26: SMEFT fit to Higgs, electroweak precision and diboson data for future colliders [74].

can be searched for in interactions of the Higgs boson with either fermions or bosons at current and future proposed
facilities. The amount of CP violation is characterized by the quantity,

f
hX
CP ⌘

�CP odd
h!X

�CP odd
h!X + �CP even

h!X

. (2)

The dedicated CP -sensitive measurements of the h provide simple but reliable benchmarks that are compared between
proton, electron-positron, photon, and muon colliders in Table VIII.

Hadron colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
h boson interactions accessible in the collider experiments, with the exception of interactions with light fermions,
such as hµµ. The CP structure of the h boson couplings to gluons cannot be easily measured at a lepton collider,
because the decay to two gluons does not allow easy access to gluon polarization. On the other hand, most other
processes could be studied at an e

+
e
� collider, especially with the beam energy above the tt̄h threshold. Future e

+
e
�

colliders are expected to provide comparable CP sensitivity to HL-LHC in hff couplings, such as htt̄ and h⌧⌧ , and
hZZ/hWW couplings.

A muon collider operating at the h boson pole gives access to the CP structure of the hµµ vertex using the
beam polarization. It is not possible to study the CP structure in the decay because the muon polarization is not
accessible. At a muon collider operating both at the h boson pole and at higher energy, analysis of the h boson decays
is also possible. However, this analysis is similar to the studies performed at other facilities and depends critically
on the number of the h bosons produced and their purity. A photon collider operating at the h boson pole allows
measurement of the CP structure of the h�� vertex using the beam polarization. Otherwise, the measurement of CP
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ΓH = k2ΓSM + ΓBSM

Table 6: Left: Projected statistical precision (68% C.L.) of the  parameter Eq. (8) and ĉH for the three
CLIC stages. Middle: Same for the g and �H parameters defined in the text. Right: Precision on �H

alone.

� |ĉH |

Stage 1 0.22% 0.0011
Stage 1+2 0.10% 0.0005
Stage 1+2+3 0.06% 0.0003

�g ��H

Stage 1 0.58% 2.3%
Stage 1+2 0.57% 2.3%
Stage 1+2+3 0.57% 2.3%

��H

Stage 1 0.47%
Stage 1+2 0.20%
Stage 1+2+3 0.13%

of the total luminosity, which is fully correlated for all measurements at a given energy stage. With the612

luminosities envisaged for CLIC [29, 30], it is expected that this impact on  will be small compared to613

the statistical uncertainty for the first CLIC stage and on the per mille level for the higher-energy stages.614

While a full study of all sources of systematic uncertainties requires more knowledge of the technical615

implementation of the detector than is currently available, it seems possible to control the systematic un-616

certainty on  to a level not largely exceeding the expected statistical precisions even for the high-energy617

stages of CLIC.618

619

Simplified Higgs fits including the total width620

It is worth considering an additional scenario, which departs from our original EFT assumptions, in621

which the Higgs boson has additional, non-SM, decays. This scenario cannot be captured by our622

parametrizations above, but is easily addressed by adding the total Higgs width, �H , as a second fit623

parameter in addition to the universal coupling scale parameter here referred to as g (the analog of  in624

the previous paragraph). Analogously to the model-independent fit described in Ref. [10], the total cross625

section for the e+e�
! ZH process obtained using the recoil method is directly proportional to g2. This626

provides sensitivity to �H from a global fit to the measurements of individual Higgs decay modes in ZH627

and WW fusion events.
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Fig. 9: 1- and 2-� contours from the two-parameter Higgs fit for the three CLIC energy stages.

628

The middle panel of Table 6 gives the expected statistical precisions of the g and �H parameters.629

The accuracy of disentangling both parameters is limited by the measurement of the total ZH cross sec-630

tion at the first CLIC stage and hence only improves marginally when including the higher energy stages;631

this is manifest in the contour plots of g versus �H as shown in Figure 9. The systematic uncertainties632

are expected to be small compared to the expected statistical precisions for this two-parameter fit.633

If all Standard Model couplings of the Higgs boson are fixed to their default values, the precision634

on the total Higgs width improves considerably. The result of such a fit is shown in the right panel of635

Table 6. In contrast to the two parameter fit, the width is not limited by the ZH measurement at the first636

CLIC stage and its projected precision improves with energy.637
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs

effects and purely gluonic operators):1729

L
d=6
universal = cH

g2
⇤

m2
⇤
OH + cT

Nc✏
4
qg

4
⇤

(4⇡)
2m2

⇤
OT + c6�

g2
⇤

m2
⇤
O6 +

1

m2
⇤

[cW OW + cBOB]

+
g2
⇤

(4⇡)
2m2

⇤
[cHW OHW + cHBOHB] +

y2
t

(4⇡)
2m2

⇤
[cBBOBB + cGGOGG]

+
1

g2
⇤m

2
⇤

h
c2W g2

O2W + c2Bg02
O2B

i
+ c3W

3!g2

(4⇡)
2m2

⇤
O3W

+ cyt

g2
⇤

m2
⇤
Oyt + cyb

g2
⇤

m2
⇤
Oyb (66)

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
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Effects of the size of the Higgs boson
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730
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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
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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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of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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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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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
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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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of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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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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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
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Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742
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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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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
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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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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs

S T R O N G LY  I N T E R A C T I N G  H I G G S  ( A N D  T O P )

contact interactions

“partons”,radiative processes

point-like beams
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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.

Higgs compositeness

09/09/2018 Philipp Roloff Physics at future linear colliders 23

Composite Higgs
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*
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*
: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC

FCC-all and 3 TeV CLIC similar

compositeness at 
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compositeness at 
few TeV @ HL-LHC
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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.

Higgs compositeness

compositeness at 
few TeV @ HL-LHC

U N I Q U E  AV E N U E  T O  E X P L O R E  W E A K  I N T E R A C T I O N S  
FA R  O F F S H O R E  F R O M  T H E  W E A K  S C A L E

2203.07256

compositeness at 
few 100 TeV

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
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D R I V E N  B Y  A  L I G H T  S C A L A RE W  P H A S E  T R A N S I T I O N

h → ϕϕ
Relation between a2 and phase transition

Condition for two degenerate vacua

Ke-Pan Xie, U of Nebraska-Lincoln
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1. ABCD could be either local extrema or saddle points;
2. If D is a minimum then BC are saddle points;
3. If A is a minimum then BC are saddle points, while D is NOT a minimum.
4. The only case of two degenerate vacua is BC, which requires b2 < 0.

https://indico.cern.ch/event/1149554/

a minimal  to insure a strong first order phase transitionB(h → ϕϕ)

mϕ

mϕ

Probing EWPT with Higgs exotic decay

Ke-Pan Xie, U of Nebraska-Lincoln

h > SS > XXYY as a probe [assuming S decays via h-S mixing]
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• light neutrino masses governed by mixing with 
heavy neutrinos and mass of the heavier neutrino

mν ∼ y2v2

M
= Θ2M

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

FCC  has fantastic sensitivity, but only to light ee N



 from “the”  seesaw(LH)(LH)
L E P T O N  N U M B E R  B R E A K I N G  M A J O R A N A  M A S S  T E R MK E Y  I N G R E D I E N T  

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

W

N

W

µ

µ

⌫

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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Figure 11. 95% exclusion limits for |V`|
2 = |Ve|

2 = |Vµ|
2 as a function of the HNL mass

mN . The red dashed (solid) line corresponds to a Majorana (Dirac) HNL at a muon collider with
p
s = 3 TeV, L = 1 ab�1. The teal dashed (solid) line corresponds to a Majorana (Dirac) HNL

at a muon collider with
p
s = 10 TeV, L = 10 ab�1. The solid black and purple lines correspond

to limits from considerations of viable leptogenesis scenarios [114]. The grey area is the region
excluded by a global scan [115]. The red line shows the limits from prompt trilepton searches at the
LHC [116]. The green line shows the limits from a future FCC-hh [117]. Lastly, the grey, orange
and blue lines are exclusion limits in future e+e� linear colliders [21].

channel process, since the process of higher order. Consequently, for this work’s benchmark
of |V`| = |Ve| = |Vµ|, the estimated exclusion limit of |V`| is at most comparable to that of
the t-channel when mN ' 200 GeV, and drops much faster as mN increases. We will leave
a through study of VBF channels to future work.

5.2 Distinguishing Majorana versus Dirac Heavy Neutral Leptons

As noted in section 4 and figure 7, there are signatures in the final state kinematic distri-
butions that differ between Majorana and Dirac type HNLs. It is therefore an interesting
question to ask what would be the discrimination potential to distinguish Majorana versus
Dirac HNLs in a muon collider. We consider the quantity r = nM/(nM + nD), where nM
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FIG. 3: Limits on the coupling V 2
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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
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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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Figure 11. 95% exclusion limits for |V`|
2 = |Ve|

2 = |Vµ|
2 as a function of the HNL mass

mN . The red dashed (solid) line corresponds to a Majorana (Dirac) HNL at a muon collider with
p
s = 3 TeV, L = 1 ab�1. The teal dashed (solid) line corresponds to a Majorana (Dirac) HNL

at a muon collider with
p
s = 10 TeV, L = 10 ab�1. The solid black and purple lines correspond

to limits from considerations of viable leptogenesis scenarios [114]. The grey area is the region
excluded by a global scan [115]. The red line shows the limits from prompt trilepton searches at the
LHC [116]. The green line shows the limits from a future FCC-hh [117]. Lastly, the grey, orange
and blue lines are exclusion limits in future e+e� linear colliders [21].

channel process, since the process of higher order. Consequently, for this work’s benchmark
of |V`| = |Ve| = |Vµ|, the estimated exclusion limit of |V`| is at most comparable to that of
the t-channel when mN ' 200 GeV, and drops much faster as mN increases. We will leave
a through study of VBF channels to future work.

5.2 Distinguishing Majorana versus Dirac Heavy Neutral Leptons

As noted in section 4 and figure 7, there are signatures in the final state kinematic distri-
butions that differ between Majorana and Dirac type HNLs. It is therefore an interesting
question to ask what would be the discrimination potential to distinguish Majorana versus
Dirac HNLs in a muon collider. We consider the quantity r = nM/(nM + nD), where nM
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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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LLP) features displaced decays from long-lived H
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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,

Goodman and Witten 1985
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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

Goodman and Witten 1985
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-
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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,

Goodman and Witten 1985
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-

20 GeV signal injection

10
0 G

eV
 si

gn
al 

inj
ec

tio
n

2203.02309

U R G E N T  N E E D  F O R  A  H I G H - E N E R G Y  M A C H I N E  B O T H  I N  S C 1  A N D  S C 2

28

3 TeV 6 TeV 10 TeV

14 TeV 30 TeV

0 2 4 6 8 10 12 14

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

M χ @ 95% [TeV ]

(1,3,0)

(1,2,1/2)

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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Fig. S.4 Expected discovery
significance for higgsino and
wino DM candidates at FCC-hh,
with 500 pile-up collisions. The
black and red bands show the
significance using different
layouts for the pixel tracker, as
discussed in volume 3. The
bands’ width represents the
difference between two models
for the soft QCD processes
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Dark matter

No experiment, at colliders or otherwise, can probe the full range of dark matter (DM) masses allowed by astrophysical
observations. However there is a very broad class of models for which theory motivates the GeV–10’s TeV mass scale, and
which therefore could be in the range of the FCC. These are the models of weakly interacting massive particles (WIMPs),
present during the early universe in thermal equilibrium with the SM particles. These conditions, broadly satisfied by many
models of new physics, establish a correlation between the WIMP masses and the strength of their interactions, resulting
in mass upper limits. While the absolute upper limit imposed by unitarity is around 110 TeV, most well motivated models
of WIMP DM do not saturate this bound, but rather have upper limits on the DM mass in the TeV range. As an example,
DM WIMP candidates transforming as a doublet or triplet under the SU(2) group of weak interactions, like the higgsinos
and winos of supersymmetric theories, have masses constrained below ∼ 1 and ∼ 3 TeV, respectively. The full energy and
statistics of FCC-hh are necessary to access these large masses. With these masses, neutral and charged components of the
multiplets are almost degenerate due to SU(2) symmetry, with calculable mass splittings induced by electromagnetic effects,
in the range of few hundred MeV. The peculiar signatures of these states are disappearing tracks, left by the decay of the
charged partner to the DM candidate and a soft, unmeasured charged pion. Dedicated analysis, including detailed modeling
of various tracker configurations and realistic pile-up scenarios, are documented in CDR volume 3. The results are shown in
Fig. S.4.

The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates.

Direct searches for new physics

At the upper end of the mass range, the reach for the direct observation of new particles will be driven by the FCC-hh.
The extension with respect to the LHC will scale like the energy increase, namely by a factor of 5 to 7, depending on the
process. The CDR detector parameters have been selected to guarantee the necessary performance up to the highest particle
momenta and jet energies required by discovery of new particles with masses up to several tens of TeV. Examples of discovery
reach for the production of several types of new particles, as obtained in dedicated detector simulation studies, are shown
in Fig. S.5. They include Z′ gauge bosons carrying new weak forces and decaying to various SM particles, excited quarks
Q∗, and massive gravitons GRS present in theories with extra dimensions. Other standard scenarios for new physics, such
as supersymmetry or composite Higgs models, will likewise see the high-mass discovery reach greatly increased. The top
scalar partners will be discovered up to masses of close to 10 TeV, gluinos up to 20 TeV, and vector resonances in composite
Higgs models up to masses close to 40 TeV. The direct discovery potential of FCC is not confined to the highest masses.
In addition to the dark matter examples given before, volume 1 of the FCC CDR documents the broad, and in most cases
unique, reach for less-than-weakly coupled particles, ranging from heavy sterile neutrinos (see Fig. S.5, right) down to the
see-saw limit in a part of parameter space favorable for generating the baryon asymmetry of the Universe, to axions and dark
photons.

The FCC has a broad, and in most cases unique, reach for less-than-weakly coupled particles. The Z running of FCC-ee
is particularly fertile for such discoveries.
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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
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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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Threshold Scan Mass Measurement
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Fig. 1 (Left) Measurements of the W-boson mass by the LEP, Tevatron and LHC experiments [1]. (right) W-
pair production cross section as a function of the e+e− collision energy ECM as evaluatedwith YFSWW3 1.18
[12]. The central curve corresponds to the predictions obtainedwithmW = 80.385GeV andΓW = 2.085GeV.
Purple and green bands show the cross section curves obtained varying the W mass and width by ±1 GeV
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Fig. 2 W-pair cross section differential functions with respect to theWmass(left) and width(right), evaluated
with YFSWW3 1.18 [12]. Central mass and width values are set tomW = 80.385 GeV and ΓW = 2.085 GeV

The maximum sensitivity to the W width can be determined from the minima of the
curves displayed in Fig. 2 right. Note that these curves all diverge at ECM " 162.3 GeV,
where dσWW/dΓW = 0. The minima of the width differential curves are spread over a
larger ECM area, with the σWW (dΓW/dσWW) term decreasing at lower energies due to the
vanishing σWW. This is relevant in the context of an optimal data-taking strategy, if systematic
uncertainties become limiting factors, as discussed later.

If two cross section measurements σ1,2 are performed at two energy points E1,2, both the
W mass and width can be extracted with a fit to the cross section lineshape. The uncertainty
propagation is given by
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Fig. 8.1 Contours of 68% confidence level in the (mtop,mW) plane obtained from fits of the SM to the EW precision measurements offered by
the FCC-ee, under the assumption that all relevant theory uncertainties can be reduced to match the experimental uncertainties: the red ellipse is
obtained from the FCC-ee measurements at the Z pole, while the blue ellipses arise from the FCC-ee direct measurements of the W and top masses.
The two dotted lines around the SM prediction illustrate the uncertainty from the Z mass measurement if it were not improved at the FCC-ee. The
green ellipse corresponds to the current W and top mass uncertainties from the Tevatron and the LHC. The potential future improvements from the
LHC are illustrated by the black dashed ellipse

LEFT = LSM +
∑

i

C (6)
i

!2 O(6)
i +

∑

j

C (8)
j

!4 O(8)
j + · · · (8.1)

where ! is a mass scale and C (d)
i are the dimensionless coefficients of the O(d)

i operators of canonical dimension d. The
SM effective field theory (SMEFT) allows for a systematic exploration of the theory space in the direct vicinity of the SM,
encoding established symmetry principles. As a standard quantum field theory, it relies on a Lagrangian, and its predictions
admit a perturbative expansion. Notice that the basis of operators can be built under the assumption that EW symmetry is
linearly realised, thus that the Higgs boson is part of an EW doublet, or can be more general with a Higgs that would be an
EW singlet. The remainder of this section, focuses mainly on the former case.

The interplay between EW and Higgs measurements is particularly relevant, since several higher-dimensional operators
affecting Higgs processes can also be tested in EW measurements. Therefore in order to keep the extraction of the Higgs
couplings under control, it is essential to reduce the uncertainties on these operators as much as possible.

This chapter considers a fit to the observables discussed in Sects. 4, 5 and 10, relying on the experimental sensitivities
reported there for the different FCC stages/colliders. These measurements will also be combined with those expected at the
end of the HL-LHC, as reported in the document from the HL/HE-LHC Physics Workshop, Ref. [18].

8.2 Electroweak fit at FCC-ee and FCC-eh

Once the W boson and the top-quark masses are measured with precisions of a few tenths and a few tens of MeV, respectively,
and with the measurement of the Higgs boson mass at the LHC (to be further improved at the FCC-ee), the SM predictions
of a number of observables sensitive to EW radiative corrections become absolute, with no remaining additional parameters.
Any deviation in the relation between mW, mH and mtop will be a demonstration of the existence of new particle(s). The
FCC-ee offers the opportunity to measure such quantities with precisions between one and two orders of magnitude better
than the present status. The theoretical prediction of these quantities with a matching precision is an incredible challenge, but
the genuine ability of these tests of the completeness of the SM to discover new weakly-interacting particles beyond those
already known is a fundamental motivation to take it up and bring it to a satisfactory conclusion.

The result of the fit of the SM to all the EW precision observables measured at the FCC-ee is displayed in Fig. 8.1 as 68%
C.L. contours in the (mtop,mW) plane. It is obtained under the assumption that all relevant theory uncertainties can be reduced
to match the experimental uncertainties. This fit is compared to the direct mW and mtop measurements at the W+W− and the
tt̄ thresholds. A comparison with the precisions obtained with the current data at lepton and hadron colliders, as well as with
LHC projections, is also shown. FCC-ee will also provide significant improvement on other EW observables (see Volume 2
of the FCC CDR for details).
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Fig. 6.1 Production cross
section of top quark pairs (left)
in the vicinity of the production
threshold, with different values
of the masses and widths
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6.2.2 Precision measurement of the top electroweak couplings

In many extensions to the standard model couplings of top quark pairs to Z/γ∗ can be enhanced. These are directly probed
at FCC-ee as they represent the main production mechanism for tt̄ production at e+e− colliders. It is essential to be able to
disentangle the tt̄Z and tt̄γ processes to provide separation among different new physics models. In the case of linear e+e−

colliders this is one of the motivations to implement longitudinal polarisation of the beams. However, it has been shown [165]
that FCC-ee’s very large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state particles in the process
e+e− → tt̄, as any anomalous coupling would alter the top polarisation as well. In that case, this anomalous polarisation
would be transferred in a maximum way to the top-quark decay products via the weak decay t → Wb, leading to an observable
modification of the final kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos θ and the reduced lepton energy

x = 2E"
mtop

√
1−β
1+β measured in top semi-leptonic decays at

√
s = 365 GeV with one million tt̄ events allows a precision of

0.5% (1.5%) to be obtained for the vector (axial) coupling of the top to the Z and 0.1% for the vector coupling to the photon.
The fit includes conservative assumptions on the detector performance, such as lepton identification and angular/momentum
resolution and b quark jet identification. The precision of these measurements would allow testing and characterisation of
possible new physics models that could affect the EW couplings of the top quark, see for example Fig. 6.3. These data are
also sensitive to the top-quark CP-violating form factors [165].

6.2.3 Search for FCNC in top production or decay

The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the SM, leading to branching
ratios of the order of 10−13–10−14. However, several extensions of the SM are able to relax the GIM suppression of the top
quark FCNC transitions due to additional loop diagrams mediated by new particles. Significant enhancements for the FCNC
top quark rare decays can take place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC
signal will therefore indicate the existence of new physics. CMS and ATLAS obtained the best experimental upper limits on
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In many extensions to the standard model couplings of top quark pairs to Z/γ∗ can be enhanced. These are directly probed
at FCC-ee as they represent the main production mechanism for tt̄ production at e+e− colliders. It is essential to be able to
disentangle the tt̄Z and tt̄γ processes to provide separation among different new physics models. In the case of linear e+e−

colliders this is one of the motivations to implement longitudinal polarisation of the beams. However, it has been shown [165]
that FCC-ee’s very large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state particles in the process
e+e− → tt̄, as any anomalous coupling would alter the top polarisation as well. In that case, this anomalous polarisation
would be transferred in a maximum way to the top-quark decay products via the weak decay t → Wb, leading to an observable
modification of the final kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos θ and the reduced lepton energy
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1+β measured in top semi-leptonic decays at
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s = 365 GeV with one million tt̄ events allows a precision of

0.5% (1.5%) to be obtained for the vector (axial) coupling of the top to the Z and 0.1% for the vector coupling to the photon.
The fit includes conservative assumptions on the detector performance, such as lepton identification and angular/momentum
resolution and b quark jet identification. The precision of these measurements would allow testing and characterisation of
possible new physics models that could affect the EW couplings of the top quark, see for example Fig. 6.3. These data are
also sensitive to the top-quark CP-violating form factors [165].

6.2.3 Search for FCNC in top production or decay

The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the SM, leading to branching
ratios of the order of 10−13–10−14. However, several extensions of the SM are able to relax the GIM suppression of the top
quark FCNC transitions due to additional loop diagrams mediated by new particles. Significant enhancements for the FCNC
top quark rare decays can take place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC
signal will therefore indicate the existence of new physics. CMS and ATLAS obtained the best experimental upper limits on
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Theory Challenges In Both Paths!
•  pole    learning how to think about scattering at such high precision  

• Non perturbative power corrections to  
• fragmentation functions ( e.g for  and  )  high precision measurement, needs matching theory development 

(parton showers, universality, …) 
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• Threshold computations for  and  to exploit total/fiducial rate measurements and further differential 
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• Weak corrections essential to every process from 10 TeV  
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Theory
“ FA C T O RY ”S TA N D A R D  M O D E L

tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

ν → μWFSR

ν and Z, γ, W as partons

ZISR → hadrons

(F. Maltoni)

μ+μ− → SM SM νν̄
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Theory
“ FA C T O RY ”S TA N D A R D  M O D E L

tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

ν → μWFSR

ν and Z, γ, W as partons

ZISR → hadrons

N E W  P H E N O M E N A  A N D  
N E W  R E G I M E S  I N  p Q F T

• weak corrections become 
“ordinary” 

• weak “partons” 

• large EW logarithms 

(F. Maltoni)

μ+μ− → SM SM νν̄
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Conclusions
• dedicated  factory stages prove to be the “easiest” factories to operate (and to interpret) when it 

comes to precision measurements ( ) 

• high-energy machines (  or ) can often probe the microscopic phenomena that motivate the 
precision measurements and often surpass it by far (see  compositeness example, EWPT in SMEFT) 

• in many instances the  collider can play the role of the  in finishing the job started by  with the 
bonus of potentially operating in the same years while also contributing as a “multiplex”-factory)   

• well motivated scenarios require inputs from all projects to reach a conclusion 
( , mechanisms for neutrino mass, … ) 

• interactions between timelines of the projects is highly non-trivial  

•   

• during the long time from now to the next collider results from outside highest-energy colliders might 
give a strong hint of where BSM might lie (e.g. for WIMPs, flavor, GWs, EDMs) 

e+e−

δmW, δmt, δmZ, . . .

pp μμ
tR

μμ hh ee

h → ϕϕ for ϕ driving EWpt

hhZh ttZ

→ → → vs
h

&
Z t

Z′ h′ t′ 

W . . .



Thank you!
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Flavor
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always offers more possibilities
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Fig. S.6 Left: total delay time for the QGP energy-loss parameter
q̂ = 4 GeV2/fm as a function of the top transverse momentum (black
dots) and its standard deviation (error bars). The average contribution
of each component is shown as a coloured stack band. The dashed line

corresponds to a q̂ = 1 GeV2/fm. Right: reconstructed W boson mass,
as a function of the top pT . The upper axis refers to the average total
time delay of the corresponding top pT bin

Fig. S.7 Relative PDF
uncertainties on parton-parton
luminosities, resulting from the
FCC-eh PDF set, as a function
of the mass of the heavy object
produced, MX , at

√
s = 100

TeV. Shown are the gluon-gluon
(top left), quark–antiquark (top
right), quark-gluon (bottom left)
and quark–quark (bottom right)
luminosities
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Table S.4 Expected production
yields for b-flavoured particles
at FCC-ee at the Z run, and at
Belle II (50 ab−1) for
comparison

Particle production (109) B0/B̄0 B+/B− B0
s /B̄0

s !b/!̄b cc̄ τ+τ−

Belle II 27.5 27.5 n/a n/a 65 45

FCC-ee 1000 1000 250 250 550 170

Flavor physics

The FCC flavour programme receives important contributions from all 3 machines, FCC-ee, hh, and eh.
The Z run of the FCC-ee will fully record, with no trigger, 1012 Z → bb̄ and Z → cc̄ events. This will give high statistics

of all b- and c-flavoured hadrons, making FCC-ee the natural continuation of the B-factories, Table S.4.
Of topical interest will be the study of possible lepton flavour and lepton number violation. FCC-ee, with detection

efficiencies internally mapped with extreme precision, will offer 200000 B0 → K∗(892)e+e−, 1000 K∗(892)τ+τ− and 1000
(100) Bs (resp. B0) events, one order of magnitude more than the LHCb upgrade. The determination of the CKM parameters
will be correspondingly improved. First observation of CP violation in B mixing will be within reach; a global analysis of

123

• LFV  

•  

•  and  fragmentation functions measurement 
 matching theory development (parton 

showers, …)

h, Z0 → ℓ+
j ℓ−

k

ℓi → ℓk (cLFV)

B D
⇒

G. Isidori – Flavor Physics @ FCC-ee                                                           FCC pheno Workshop  – CERN, 5-7 July 2023

General considerations

The special role of the 3rd family

Highlights of FCC-ee in tau & b physics

Conclusions

Brief intro to Flavor Physics @ FCC-ee

Gino Isidori
[ University of Zürich ]

E.g.: (I) LFU tests in tau decays 
A. Pich '13

τ

ν ν

μt
W “Model-independent” 

O(10-3) correction
linked to the CC  

anomalies
b

NP expectation from motivated NP 
up to current bounds (i.e. ~ 2×10-3)

SM theory precision ~ 10-5 

Belle-II can (at most) reach an error ~ 0.3 × 10-3

FCC-ee could go below 10-4 !
Unique opportunity !

Highlights of FCC-ee in tau & b physics

Feruglio, Paradisi, Pattori '16

G. Isidori – Flavor Physics @ FCC-ee                                                           FCC pheno Workshop  – CERN, 5-7 July 2023

E.g.: (III) Rare B decays

The kinematical configuration with boosted b's and tau's (from Z decays) +
“clean” environment, gives to the  FCC-ee b-physics program a special advantage
(compared to B-factories & LHC-b) to a series of very interesting rare B decays 

III.a All decays into tau leptons:

B → K* (K) τ+τ−:  BRSM ~ 10-7

[Golden modes related to present anomalies → potential huge NP effects] 

BRexp (B → Kτ+τ−): < 2×10-3 [Babar]

Belle-II (B → K*τ+τ−): ~ 1 event @ SM rate (with small S/B)

Highlights of FCC-ee in tau & b physics

G. Isidori – Flavor Physics @ FCC-ee                                                           FCC pheno Workshop  – CERN, 5-7 July 2023

progress by production of more and more flavored particles
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Flavor Physics At  μμ
Muon g-2 @ muon collider

✦ If new physics is light enough (i.e. weakly coupled), a Muon Collider can 
directly produce the new particles        ☛  direct searches: model-dependent


✦ If new physics is heavy: EFT!  
One dim. 6 operator contributes at tree-level:

�8

Capdevilla et al. 2006.16277

Δaμ =
4mμv
Λ2 Ceγ ≈ 3 × 10−9 × ( 140 TeV
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2
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At high energy

σμ+μ−→hγ = s
48π

|Ceγ |2

Λ4 ≈ 0.7 ab( s
30 TeV )

2
(

Δaμ

3 × 10−9 )
2

Nhγ = σ ⋅ ℒ ≈ ( s
10 TeV )

4
(

Δaμ

3 × 10−9 )
2

need E > 10 TeV

Dipole operator generates both ∆aµ and µµ → h) B, Paradisi 2012.02769

ℒg−2 =
Ceγ

Λ2 H (ℓ̄LσμνeR) eFμν + h.c.

Muon g-2 @ muon collider

✦ Other operators enter g-2 at 1 loop:


✦ Full set of operators with Λ ≳ 100 TeV 
can be probed at a high-energy 
muon collider

�9

Exp. value of ∆aµ can 
be tested at 95% CL 
at a 30 TeV collider!
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This result is completely 
model-independent!

ℒ = CeB

Λ2 (ℓ̄LσμνeR) H Bμν + CeW

Λ2 (ℓ̄LσμνeR)τI H WI
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Collider

Δaμ ≈ ( 250 TeV
Λ2 )

2
(Ceγ−0.2CTt−0.001CTc−0.05CeZ)

B, Paradisi 2012.02769

Δaμ ≈ ( 250 TeV
Λ2 )

2

(Ceγ − CTt

5 − CTc

1000 − CeZ

20 )

(with reasonable assumptions 
on detector performance)
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Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

Flavor Physics At  μμ
Muon g-2 @ muon collider

✦ If new physics is light enough (i.e. weakly coupled), a Muon Collider can 
directly produce the new particles        ☛  direct searches: model-dependent


✦ If new physics is heavy: EFT!  
One dim. 6 operator contributes at tree-level:
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Capdevilla et al. 2006.16277

Δaμ =
4mμv
Λ2 Ceγ ≈ 3 × 10−9 × ( 140 TeV
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At low energy
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At high energy

σμ+μ−→hγ = s
48π

|Ceγ |2

Λ4 ≈ 0.7 ab( s
30 TeV )

2
(

Δaμ

3 × 10−9 )
2

Nhγ = σ ⋅ ℒ ≈ ( s
10 TeV )

4
(

Δaμ

3 × 10−9 )
2

need E > 10 TeV

Dipole operator generates both ∆aµ and µµ → h) B, Paradisi 2012.02769

ℒg−2 =
Ceγ

Λ2 H (ℓ̄LσμνeR) eFμν + h.c.

Muon g-2 @ muon collider

✦ Other operators enter g-2 at 1 loop:


✦ Full set of operators with Λ ≳ 100 TeV 
can be probed at a high-energy 
muon collider
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Exp. value of ∆aµ can 
be tested at 95% CL 
at a 30 TeV collider!

� �� �� �� ��

��-�

��-�

��-�

��-��

��-��

��-��

��-��

��-��

� [���]

��
%
��

���
��
��

Δ
� μ

��
%
��

���
��
��

� μ
[�
·�
�
]

μ+μ- → ��

μ+μ- → �γ

μ+μ- → ��
μ+μ- → ��

Δ�μ ���� �������

This result is completely 
model-independent!

ℒ = CeB

Λ2 (ℓ̄LσμνeR) H Bμν + CeW

Λ2 (ℓ̄LσμνeR)τI H WI
μν +

CqT

Λ2 (ℓ̄LσμνeR) ϵ (q̄LσμνuR)

C!
eγ

!L

!̄R

γ

v

!L

!̄R

γZ

C!
eZ

v !L

!̄R

γC!q
T

q = t, c

v

!L

!̄R

γ

h

C!
eγ

!L

!̄R

Z

h

C!
eZ

!L

!̄R

q

q̄

C!q
T

g-2

C!
eγ

!L

!̄R

γ

v

!L

!̄R

γZ

C!
eZ

v !L

!̄R

γC!q
T

q = t, c

v

!L

!̄R

γ

h

C!
eγ

!L

!̄R

Z

h

C!
eZ

!L

!̄R

q

q̄

C!q
T

Collider

Δaμ ≈ ( 250 TeV
Λ2 )

2
(Ceγ−0.2CTt−0.001CTc−0.05CeZ)

B, Paradisi 2012.02769

Δaμ ≈ ( 250 TeV
Λ2 )

2

(Ceγ − CTt

5 − CTc

1000 − CeZ

20 )

(with reasonable assumptions 
on detector performance)

Buttazzo - IMCC annual meeting June 2023
Muon EDM @ muon collider
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Exp. value of ∆aµ can 
be tested at 95% CL 
at a 30 TeV collider!
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This result is completely 
model-independent!

ℒ = CeB

Λ2 (ℓ̄LσμνeR) H Bμν + CeW

Λ2 (ℓ̄LσμνeR)τI H WI
μν +

CqT

Λ2 (ℓ̄LσμνeR) ϵ (q̄LσμνuR)

Δaμ ≈ ( 250 TeV
Λ2 )

2
(Ceγ−0.2CTt−0.001CTc−0.05CeZ)

B, Paradisi 2012.02769

Collider constrains  |Ceγ |2

3 o.o.m. stronger than present bound!

Muon EDM for free!

dμ =
2v Im(Ceγ)

Λ2 =
Δaμ

2mμ
tan ϕμ e

Δaμ =
4vmμRe(Ceγ)

Λ2
⇒ dμ ≲ 10−22 e ⋅ cm

E989 prospects

Muon EDM @ muon collider
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Exp. value of ∆aµ can 
be tested at 95% CL 
at a 30 TeV collider!
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Lepton g-2 from rare Higgs decays
✦ Tau magnetic dipole moment: enhanced due to the larger mass


✦ Contribution to h → !!" decays:
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BR(SM)
h→τ+τ−γ ≈ 5 × 10−4

BR(NP)
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m2
τ

m2μ
≈ 10−6

if Cℓ
eγ  scales as  yℓ

(with cut on soft collinear photon)

could be measured at few % level by Higgs factory
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Present bound: Δaτ ≲ 10−2

from LEP �e+e− → e+e−τ+τ−

hep-ex/0406010

Can be improved to few 10-3 
at HL-LHC           1908.05180

Lepton g-2 from rare Higgs decays

�13

✦ MuC:  107 Higgs bosons @ 10 TeV      5k  events, 2% precision on SM, 


✦ e+e- factory:  ~ 400  events   5% precision on SM, 


✦ LHC:  large number of Higgs bosons, but large backgrounds 
Rescaling �  searches ~ 350 reconstructed �  events at HL-LHC, 
but 10x more background   �   20% precision on SM,  �

⇒ H → ττγ

H → ττγ ⇒ Δaτ ≲ few × 10−4

H → ττ H → ττγ
⇒ Δaτ ≲ 5 × 10−4

BR(NP)
h→τ+τ−γ ≈ 0.2 × ΔaτBR(SM)

h→τ+τ−γ ≈ 5 × 10−4

FCC-hh:

few x 1010

Low energy 
e+e- factories

(FCC-ee, CEPC, 
ILC, CLIC380)

TeV-scale 
e+e- factories

(CLIC, ILC1000)

Muon colliders: 106 – 108

LHC: few x 107

HL-LHC: few x 108

106 107 108 109 1010

# of Higgses

(signal only)Δaτ ≲ 3 × 10−5 3 o.o.m. improvement of current limit!
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Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

Flavor Physics At  μμ
Buttazzo - IMCC annual meeting June 2023

Lepton g-2 from rare Higgs decays
✦ Tau magnetic dipole moment: enhanced due to the larger mass


✦ Contribution to h → !!" decays:
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if Cℓ
eγ  scales as  yℓ

(with cut on soft collinear photon)

could be measured at few % level by Higgs factory
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Present bound: Δaτ ≲ 10−2

from LEP �e+e− → e+e−τ+τ−

hep-ex/0406010

Can be improved to few 10-3 
at HL-LHC           1908.05180

Lepton g-2 from rare Higgs decays
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✦ MuC:  107 Higgs bosons @ 10 TeV      5k  events, 2% precision on SM, 


✦ e+e- factory:  ~ 400  events   5% precision on SM, 


✦ LHC:  large number of Higgs bosons, but large backgrounds 
Rescaling �  searches ~ 350 reconstructed �  events at HL-LHC, 
but 10x more background   �   20% precision on SM,  �

⇒ H → ττγ

H → ττγ ⇒ Δaτ ≲ few × 10−4

H → ττ H → ττγ
⇒ Δaτ ≲ 5 × 10−4

BR(NP)
h→τ+τ−γ ≈ 0.2 × ΔaτBR(SM)

h→τ+τ−γ ≈ 5 × 10−4

FCC-hh:

few x 1010

Low energy 
e+e- factories

(FCC-ee, CEPC, 
ILC, CLIC380)

TeV-scale 
e+e- factories

(CLIC, ILC1000)

Muon colliders: 106 – 108

LHC: few x 107

HL-LHC: few x 108

106 107 108 109 1010

# of Higgses

(signal only)Δaτ ≲ 3 × 10−5 3 o.o.m. improvement of current limit!

Tau g-2 from high-energy probes
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Further possibilities to measure ∆a! precisely from high-energy probes


✦ Pair production


‣ equivalently, �  
 
EFT description breaks down 
above few TeV!

Λ ∼ E
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3
|Cℓ

eγ |2 v2
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Could probe ∆a! ~ few 10-5

w/ Levati, Maltoni, Paradisi, Wang

Λ ≳ few × TeV Cℓ
eγ

Limit on g-2: �Δaℓ ≲ const .
ℒ
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EFT validity

Tau g-2 from high-energy probes
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Further possibilities to measure ∆a$ precisely from high-energy probes


✦ �  associated production
Hττ
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Could probe ∆a$ ~ 10-5 @ 10 TeV

‣ Main background from µµ → Z& 
(where Z is mistaken for H)

work in progress with Levati, 
Paradisi, Maltoni, Wang
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also a bound on tau EDM!

Tau g-2 from high-energy probes
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Further possibilities to measure ∆a$ precisely from high-energy probes


✦ �  associated production
Hττ

C!
eγ

!L

!̄R

γ

v

!L

!̄R

γ Z

C!
eZ

v!L

!̄R

γ C!q
T

q=t,c

v

!L

!̄R

γ

h

C!
eγ

!L

!̄R

Z

h

C!
eZ

!L

!̄R

q

q̄

C!q
T

C!
eγ

!L

!̄R

γ

v

!L

!̄R

γZ

C!
eZ

v !L

!̄R

γC!q
T

q = t, c

v

!L

!̄R

γ

h

C!
eγ

!L

!̄R

Z

h

C!
eZ

!L

!̄R

q

q̄

C!q
T

C!
eγ

!L

!̄R

γ

v

!L

!̄R

γ Z

C!
eZ

v!L

!̄R

γ C!q
T

q=t,c

v

!L

!̄R

γ

h

C!
eγ

!L

!̄R

Z

h

C!
eZ

!L

!̄R

q

q̄

C!q
T

v

C!
eγ

!L

!̄R

γ

v

!L

!̄R

γZ

C!
eZ

v !L

!̄R

γC!q
T

q = t, c

v

!L

!̄R

γ

h

C!
eγ

!L

!̄R

Z

h

C!
eZ

!L

!̄R

q

q̄

C!q
T

ℓ−

ℓ+

τ+

τ−

h

Could probe ∆a$ ~ 10-5 @ 10 TeV

‣ Main background from µµ → Z& 
(where Z is mistaken for H)

work in progress with Levati, 
Paradisi, Maltoni, Wang
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also a bound on tau EDM!

Tau g-2 from high-intensity probes

�16

A high-energy lepton collider has a huge VBF rate!


✦ ∆a! from vector boson scatterings ℓ+ℓ− → ℓ+ℓ−τ+τ−, νν̄τ+τ−

Still, could probe ∆a! ~ few 10-5

charged and neutral channel can 
separately constrain CeB and CeW

Δaτ × 104  from ℓ+ℓ− → τ+τ−νν̄
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‣ Caveat: VBF is a “soft” process, 

EFT mainly affects high-mass region

∼ (
Ceγ

Λ2 )
2

+ ( (m2
τ /Λ2)

work in progress with Levati, 
Paradisi, Maltoni, Wang

(same as LEP bound)
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Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

Flavor Physics At  μμ
τ → 3μ ⇔ μμ → μτ
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Figure 22: Summary of muon collider and precision constraints on flavor-violating 3-body
decays. The colored horizontal lines show the sensitivity to the ⌧3µ operator at various
energies, all assuming 1 ab�1 of data. The dashed horizontal (vertical) lines show the current
or expected sensitivity from ⌧ ! 3µ (µ ! 3e) decays for comparison. The diagonal black
lines show the expected relationship between di↵erent Wilson coe�cients with various ansatz
for the scaling of the flavor-violating operators (e.g., “Anarchy” assumes that all Wilson
coe�cients are O(1)).

structure of the theory [179,193]. A high-energy muon collider, on the other hand, would not

only be capable of producing superpartners at high masses, but would also provide direct

measurements of the lepton-flavor violating processes that would complement these low-

energy probes and provide detailed insight into the mechanism of supersymmetry breaking.

For simplicity, we will consider a simplified scenario where the e↵ects of all scalar super-

partners except for ẽR and µ̃R decouple. In this case, the slepton mixing reduces to a 2⇥ 2

problem with slepton-mass squared matrix

M
2
˜̀,RR

=

 
�RR,11 em2

E,12

em2
E,12 �RR,22

!
, (63)

where the diagonal terms are the sum of both soft-SUSY-breaking scalar masses (em2
E
) and

D-terms as well as terms dictated by supersymmetry, and we have assumed the o↵-diagonal

soft-breaking terms are CP conserving. This mass matrix can be diagonalized via a unitary

matrix UR to yield mass eigenstates m2
ẽ1
,m2

ẽ2
with the mixing angle given by

1

2
sin(2✓R) =

em2
E,12

m2
ẽ1
�m2

ẽ2

. (64)

We will further consider the situation where the lightest supersymmetric particle is a pure

63



Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

Flavor

f

q

ℓ

u, d
c, s
b, t
e → Wν
μ → Wν
τ → Wν

χ

always offers more possibilities



Roberto Franceschini - FCC phenomenology workshop - July 2023 - https://indico.cern.ch/event/1278845/

Flavor Physics At  “ ”νν



Electroweak phase 
transition

flashing concrete results for



Roberto Franceschini - Complementarity at FCC and muon collider - https://indico.cern.ch/event/1176398/

Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒
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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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C O L L I D E RW  B O S O N

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)
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 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

⌘
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)

– 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.

– 12 –
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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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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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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
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2
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2
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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
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= U
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, U =

 
cos ✓ � sin ✓
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, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag
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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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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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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.
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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]
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where the M2
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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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Upon EW symmetry breaking, � ! (v + h)/
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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-
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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
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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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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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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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 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

⌘
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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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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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
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✓

�
,

a2 =
1

2vs

hs2✓
v

�
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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

⇣
�†�

⌘
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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3.1 Model and theoretical constraints
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to choose a vanishing vev for the singlet field in the EW broken minimum by requiring
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eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy
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with µ
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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
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� 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
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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.
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parameters space of 1st order phase transition accessible by several measurements available at the  collider100 TeV pp
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