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Open Questions on the “big picture” on fundamental physics circa 2020

EFT

EFT

? • what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EACH of  these issues one day will teach us a lesson

EFT

?

Adjusting one SM parameter might do

Adjusting several SM parameters might do

Separation of scales as an organizing principle might fail

Need new matter (or even bigger modifications to the SM)
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 collisions to probe 
fundamental physics
μ+μ−

• production of SM and new physics in direct  annihilation  

• production of SM and new physics using beam constituents (e.g.  bosons) 

• indirect probes of new physics in direct  annihilation 

μ+μ−

W
μ+μ−

 center of mass brings significant extension compared to HL-LHC3 TeV



“Valence” Leptons
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M U O N SVA L E N C E

→ new physicsμ+μ−

Can produce heavy new physics (colored or not) Compares pretty well with a pp collider

in principle can probe directly new states at  scale!
s

2

Find equivalent √sp for proton coll. have same cross-section as μ coll. 
for reactions at E~√sμ. Use that        is nearly constant in τ.

Lepton coll. operating at energy √sμ.

Cross section for reaction at E~√sμ

(e.g., production of BSM at M=E)

Proton coll. operating at energy √sp.

Cross section for reaction at E.

Parton Luminosity suppression

2. Physics Opportunities

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

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

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

2.1. Very High Energy

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

p
sH , required for a hadronic

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

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

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

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider
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PRELIMINARY DOCUMENT 6 Not for distribution

QCD-coloured BSM can easily 
have much larger partonic XS.            

Comparison even more favourable 
for QCD-neutral BSM
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[ŝ�̂]

H
, �L(sL) =

1

sL
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3 TeV  roughly equivalent to 20+ TeV ppμ+μ−
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M U O N SVA L E N C E

Any sign of SUSY below the TeV will be 
observable, no matter if the sparticles are 
colored or not.

(e.g. in the Higgs sector, or from new strong 
interactions at the TeV, fermions mass and 
mixing generation at the TeV)

B E S T  P O S I T I O N  T O  O B S E RV E  A N Y  S I G N  O F  
E L E C T R O W E A K  N E W  P H Y S I C S  

→ new physicsμ+μ−
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M U O N SVA L E N C E

2HDM
Figure 2. Representative Feynman diagram for the EW scalar pair production in µ+µ� annihilation
µ+µ� ! �1�2.
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Figure 3. Cross sections versus the c.m. energy
p

s. For the left panel: µ+µ� ! H+H� (red),
and HA (green) through µ+µ� annihilation; and for the right panel: in addition, H±H/H±A (blue),
HH/AA (purple), through VBF in the alignment limit cos(� �↵) = 0. Solid, dashed and dotted lines
for degenerate Higgs masses m� = 1 TeV, 2 TeV and 5 TeV, respectively. The vertical axis on the
right shows the corresponding event yields for a 10 ab�1 integrated luminosity.

c.m. energy for heavy particle production, it has been argued that the VBF processes will

become increasingly more important at higher energies and o↵er a variety of production

channels due to the initial state spectrum.

3.1 Production cross sections

Once crossing the pair production threshold, the heavy Higgs bosons can be produced in pair

via the µ+µ� annihilation

µ+µ� ! �⇤, Z⇤ ! H+H�, µ+µ� ! Z⇤ ! HA. (3.1)

The Feynman diagrams of the leading contributions are shown in Fig. 2. In the alignment

limit of cos(� � ↵) = 0, the production is fully governed by the EW gauge interactions,

which are universal for all types of the 2HDMs. The left panel of Fig. 3 shows the total cross

sections of Eq. (3.1) versus the collider c.m. energy
p

s for degenerate heavy Higgs masses

m�(= mH = mA = mH±) =1 TeV (solid curves), 2 TeV (dashed curves) and 5 TeV (dotted

curves). Red and green curves are for H+H� and HA productions. We see the threshold

– 8 –

• HL-LHC coverage ends well below TeV 

• detailed model analysis for 3 TeV desirable 

• reach close to s /2

2102.08386
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μμ 3 TeV
σ ≃ 1 fb

thousands of events per ab−1

• HL-LHC coverage ends well below TeV 

• detailed model analysis for 3 TeV desirable 

• reach close to s /2

2102.08386
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Weak Bosons collider
at s ≫ 100 GeV



Higgs boson
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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

μ+μ− → hνν̄

σ ∼ log(s)

σ ⋅ ℒ ⇒ O(106) h

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

s = 3 TeV
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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

N E X T  TA L K  B Y  L .  S E S T I N I

σ ∼ 1/s At 3 TeV the weak bosons are sufficiently light 
that can be radiated very efficiently

• large number of Higgs bosons!

F U RT H E R  O P P O RT U N I T I E S
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Higgs + Singlet
• Broad coverage of  BSM 

scenarios: (N)MSSM, Twin 

Higgs, Higgs portal, modified 

Higgs potential (Baryogenesis) 

• Phenomenology is also 

useful as “simplified model”

Singlet

h(125)

Mass
H E AV Y  P H Y S I C S

Impact on BSM
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Higgs + Singlet
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

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

310 410
 [GeV]A95% C.L. limit on m

1

10

)β
ta

n(

 coupling:ττhbb / h
HL-LHC
HE-LHC
LHeC
CEPC
FCC-ee

500ILC
FCC-ee/eh/hh

1000ILC
3000CLIC

Direct:
-τ+τ →HL-LHC, A 

FCC-hh

Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
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Higgs + Singlet: BSM interpretations
T W I N  H I G G S
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Figure 55: Left: NMSSM with couplings � = 1 and with �hh = 80 GeV. Right: Twin Higgs models,
where in the shaded area in the bottom-right corner one has �� > m�. See text for more details.
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Red lines are for CLIC 1.5 TeV 1.5ab�1, blue lines are CLIC 3 TeV 3ab�1. Thin lines correspond
to total number of double singlet production events N�� = 10, thick lines to 100. The region with a
possible first order electroweak phase transition is shaded in green (two-step transition) or blue (one-step
transition) regions as discussed in the text. Darker shades corresponds to better perturbative control of
the calculation of the strength of the phase transition. In addition we show iso-lines for the prediction
of this model for the deviations in triple Higgs couplings and for the overall Higgs coupling strength
modifier  defined in Section 2.1 which may be subject to constraints from Higgs physics studies.

4.2.2 Light singlets and relaxion 43

Recently, a new mechanism [398] has been proposed that addresses the hierarchy problem in a way
that goes beyond the conventional paradigm of symmetry-based solution to fine-tuning. This so-called
relaxion mechanism belongs to the class of models where the solution is associated with the existence
of a new and special kind of pseudo-Nambu-Goldstone boson (pNGB), the relaxion, which stabilizes
the Higgs mass dynamically. The Higgs mass depends on the classical value of the relaxion field which
evolves in time. Eventually, the relaxion stops its rolling in a special field value where the Higgs mass
is much smaller than the theory’s cutoff, hence addressing the fine tuning problem. Relaxion models do
not require top, gauge or Higgs partners at the TeV scale, while a crucial role is played by the relaxion.
The possible mass range for the relaxion is very broad, ranging from sub-eV to tens of GeV. Hence this

43Based on a contribution by C. Frugiuele, E. Fuchs, G. Perez and M. Schlaffer.

111

 mσ > 2 TeV 
 for mσ/f > 1 (most motivated range of the model)

theoreti
cally les

s m
otiva

ted

N M S S M

���������

����

��� ���� ���� ���� ���� ����

�

�

�

�

�� [	
�]

��
�
�

� = �� ��� = �� ���

������������

��
������������

�
�
��
�
�-��

�

��� /��� ����

� � �� �����

��� = ��� /���

Figure 55: Left: NMSSM with couplings � = 1 and with �hh = 80 GeV. Right: Twin Higgs models,
where in the shaded area in the bottom-right corner one has �� > m�. See text for more details.

200 300 400 500 600 700 800
0

2

4

6

8

10

12

mf @GeVD

l H
S

full
y pe

rt.

2 s
tep
s P
.T

full
y pe

rt.

1 st
ep P

.T

10
0
ev
en
ts
û
CL
IC
1.
5

100
even

ts û
CLIC

3

10 eve
nts û C

LIC1.5 10 even
ts û CL

IC3

Dlhhh =2
0%

Dlhhh=
40%

DK������

DK=
���%

Figure 56: Iso-lines of total number of ��⌫⌫̄ events at CLIC in the zero Higgs-singlet mixing limit.
Red lines are for CLIC 1.5 TeV 1.5ab�1, blue lines are CLIC 3 TeV 3ab�1. Thin lines correspond
to total number of double singlet production events N�� = 10, thick lines to 100. The region with a
possible first order electroweak phase transition is shaded in green (two-step transition) or blue (one-step
transition) regions as discussed in the text. Darker shades corresponds to better perturbative control of
the calculation of the strength of the phase transition. In addition we show iso-lines for the prediction
of this model for the deviations in triple Higgs couplings and for the overall Higgs coupling strength
modifier  defined in Section 2.1 which may be subject to constraints from Higgs physics studies.

4.2.2 Light singlets and relaxion 43

Recently, a new mechanism [398] has been proposed that addresses the hierarchy problem in a way
that goes beyond the conventional paradigm of symmetry-based solution to fine-tuning. This so-called
relaxion mechanism belongs to the class of models where the solution is associated with the existence
of a new and special kind of pseudo-Nambu-Goldstone boson (pNGB), the relaxion, which stabilizes
the Higgs mass dynamically. The Higgs mass depends on the classical value of the relaxion field which
evolves in time. Eventually, the relaxion stops its rolling in a special field value where the Higgs mass
is much smaller than the theory’s cutoff, hence addressing the fine tuning problem. Relaxion models do
not require top, gauge or Higgs partners at the TeV scale, while a crucial role is played by the relaxion.
The possible mass range for the relaxion is very broad, ranging from sub-eV to tens of GeV. Hence this

43Based on a contribution by C. Frugiuele, E. Fuchs, G. Perez and M. Schlaffer.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

95 % CL at μμ 3TeV

Glioti, Chen, Rattazzi, Ricci, Wulzer
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

95 % CL at μμ 3TeV

Glioti, Chen, Rattazzi, Ricci, Wulzer

 can probe 70+ TeV mass for s ≃ 3 TeV gZ′ 
≃ gSM ≃ 0.67
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.
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• High energy colliders are excellent and 
very robust probes of WIMPs!

• The chessboard of DM is very large! 
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E X O T I C  S I G N A LS T U B - T R A C K S

Higgsino DM

• Heavy n-plet of SU(2) 

• Mass splitting ~ αw mW ~ 0.1 GeV - GeV

L A R G E  R AT E S ,  B U T  N E E D S  T O  L I G H T  U P  T H E  
D E T E C T O R  I N  A  D I S C E R N I B L E  WAY

uncertainty. A systematic uncertainty of 30% (100%) on the total background prediction
has been assumed for SR�

1t (SR�
2t) for the

p
s = 3 TeV data-taking run. When considering

the
p
s = 10 TeV data-taking run, the systematic uncertainty on the total background pre-

diction in SR�
1t has been reduced to 10%. The discovery significance is evaluated from the

expected discovery p-value, while limits are set at 95% CL using the CLs method [91] with
the pyhf software package [92, 93]. Additional lines show the sensitivity of the conservative
scenario inflating the background estimates by an order of magnitude. The sensitivity is
shown separately for the

p
s = 3 TeV and

p
s = 10 TeV data-taking runs, and for wino

and higgsino multiplets. Available HL-LHC prospects [60, 94] are also included for com-
parison. Limits at 95% CL extracted from the

p
s = 3 TeV data-taking are overlaid on the

p
s = 10 TeV discovery prospects.
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Figure 14: Expected sensitivity using 1 ab�1 of 3 TeV or 10 ab�1 of 10 TeV µ
+
µ
� collision

data as a function of the �̃
± mass and lifetime. Models including �̃

±
�̃
⌥ are considered

assuming pure-wino scenarios (a and c) and pure-higgsino scenarios (b and d). The �̃
±

lifetime as a function of the �̃
± mass is shown by the dashed grey line: in the pure-wino

scenario it was calculated at the two-loops level [95], in the pure-higgsino scenario it was
calculated at the one-loop level [28, 62].

In the most favourable scenarios, the analysis of the full muon collider dataset is ex-
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• Extended Higgs Sector 
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back to “valence” muon collisions 
and direct production of new physics
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“The size of the Higgs boson”
it matters because being “point-like” is the source of all the theoretical questions on the Higgs boson and weak scale 

… and if it is not … well, that is physics beyond the Standard Model!
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S T R O N G LY  I N T E R A C T I N G  L I G H T  H I G G Sh ~π

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

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
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The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732
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tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736
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Effects of the size of the top quark

• Top quarks are 
naturally involved 
in a composite 
Higgs sector. 

•  final states 
contain new 
information not 
present in generic 

 Drell-Yan

tt̄

ff̄
• enhanced  contact interaction!μμ̄tt̄
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Effects of the size of the Higgs boson

{ℓtop ∼ 1/m⋆ ∼ ℓHiggs
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740
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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.

Looking ahead

compositeness at 
few 10 TeV

compositeness at 
few TeV @ HL-LHC

μμ 3 TeV CL
Glioti, Chen, Rattazzi, Ricci, Wulzer

μμ 3 TeV
single Higgs

top & higgs
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C O L L I D E RW  B O S O N

μ+μ− → hh

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

ξ ≃ ( mW
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2

∼ 1
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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 =
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v2
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�
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v
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�
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i
,

(2.6)

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

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

{Mh2 , ✓, vs, b3, b4} , (2.7)

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

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

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

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

following subsection.

2.2 FOEWPT and GWs

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

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
a2
2
|H|

2S2

+
�
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.

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

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

comparison.

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

V = c✓, 3 =
2v

M2
h


�vc3

✓
+

1

4
c2
✓
s✓ (2a2vs + a1) +

1

2
a2vc✓s

2
✓
+

1

3
s3
✓
(3b4vs + b3)

�
, (3.21)

for the xSM. Defining the deviations as

�V = 1� V , �3 = 3 � 1, (3.22)

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

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

small mixing angle [12]

�3 = ✓2
 
�
3

2
+

2M2
h2

� 2b3vs � 4b4v2s
M2

h

!
+O(✓3), (3.23)

where the M2
h2
/M2

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

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

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

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

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

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

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

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

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

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

EW phase transition
3.1 Model and theoretical constraints

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

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

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
S

+
a2

2

⇣
�†�

⌘
S
2 + b1S +

b2

2
S
2 +

b3

3
S
3 +

b4

4
S
4
. (3.1)

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

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

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

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

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

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

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

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

a1 =
m

2
1 �m

2
2

v
2 sin ✓ cos ✓

b2 +
a2 v

2

2
= m

2
1 sin

2
✓ +m

2
2 cos

2
✓ (3.2)

� =
m

2
1 cos

2
✓ +m

2
2 sin

2
✓

2 v2

with µ
2 = � v

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

the set {v, m1, m2, ✓, a2, b3, b4}.

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

constraints which we discuss below:

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

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

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

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

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

|b3| /v < 4⇡.

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

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

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

to ensure boundedness from below along an arbitrary field direction.

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

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

bound on the value of a2

a2 <
2

v2
(m2

1 sin
2
✓ +m

2
2 cos

2
✓) . (3.3)

– 7 –

 2101.10469

independent parameters

1807.04743, 1910.04170, 2101.10469

and then the mass term of the two neutral scalars reads

V �
1

2

⇣
h s

⌘
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.

– 9 –
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EW phase transition
3.1 Model and theoretical constraints

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

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

V (�, S) = � µ
2
⇣
�†�

⌘
+ �

⇣
�†�

⌘2
+

a1

2

⇣
�†�

⌘
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2
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⌘
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

1807.04743, 1910.04170, 2101.10469

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

namely  
h

s

!
= U

 
h1
h2

!
, U =

 
cos ✓ � sin ✓

sin ✓ cos ✓

!
, (2.4)

such that the mass matrix becomes U †
M

2
sU = diag

�
M2

h1
,M2

h2

 
. Here we assume the

lighter state h1 is the SM Higgs-like boson.

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

µ2 = �v2 +
vs
2
(a1 + a2vs), b2 = �

1

4vs

⇥
v2(a1 + 2a2vs) + 4v2s(b3 + b4vs)

⇤
, (2.5)

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

� =
M2

h1
c2
✓
+M2

h2
s2
✓

2v2
,
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i
,

(2.6)

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

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

{Mh2 , ✓, vs, b3, b4} , (2.7)

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

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

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

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

following subsection.

2.2 FOEWPT and GWs

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

becoming

VT =�
�
µ2

� cHT 2
�
|H|

2 + �|H|
4 +

a1
2
|H|

2S +
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2
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2S2
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4
S4,

(2.8)

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

cH =
3g2 + g02

16
+

y2t
4

+
�

2
+

a2
24

, cS =
a2
6

+
b4
4
, m1 =
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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.

– 12 –

2008.12204

2
0
0
8
.1

2
2
0
4

strong First Order EW phase transition on all points

Gravity Wave SNR

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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Physics at  collider3 TeV μ+μ−

A 3 TeV muon collider can bring excellent progress over HL-LHC about 
key questions on fundamental interactions (nature of the Higgs bosons, 
nature of Dark Matter, nature of the EW phase transition)

• high energy machine (e.g. Dark Matter direct production, Higgs and top compositeness, …) 

• high intensity machine (e.g. SM Higgs boson production)

The relatively clean environment makes it suitable for searches of 
subtle exotic signals (e.g. tracklets from Dark Matter)

3 TeV is a sufficiently high energy to enable both modes of exploration as

These two modes complement each other very nicely (e.g. EW phase transition, extended Higgs sector) 
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C O M P O S I T E N E S S  
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N E W  S C A L A R S

W E L L  A B O V E  T H E  W E A K  S C A L E E W  P H A S E  T R A N S I T I O N

D A R K  M AT T E R  

S I N G L E T S  A N D  E W  C H A R G E D

Physics at  collider3 TeV μ+μ−

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 –

μμ 3 TeV CL

uncertainty. A systematic uncertainty of 30% (100%) on the total background prediction
has been assumed for SR�

1t (SR�
2t) for the

p
s = 3 TeV data-taking run. When considering

the
p
s = 10 TeV data-taking run, the systematic uncertainty on the total background pre-

diction in SR�
1t has been reduced to 10%. The discovery significance is evaluated from the

expected discovery p-value, while limits are set at 95% CL using the CLs method [91] with
the pyhf software package [92, 93]. Additional lines show the sensitivity of the conservative
scenario inflating the background estimates by an order of magnitude. The sensitivity is
shown separately for the

p
s = 3 TeV and

p
s = 10 TeV data-taking runs, and for wino

and higgsino multiplets. Available HL-LHC prospects [60, 94] are also included for com-
parison. Limits at 95% CL extracted from the

p
s = 3 TeV data-taking are overlaid on the

p
s = 10 TeV discovery prospects.
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Figure 14: Expected sensitivity using 1 ab�1 of 3 TeV or 10 ab�1 of 10 TeV µ
+
µ
� collision

data as a function of the �̃
± mass and lifetime. Models including �̃

±
�̃
⌥ are considered

assuming pure-wino scenarios (a and c) and pure-higgsino scenarios (b and d). The �̃
±

lifetime as a function of the �̃
± mass is shown by the dashed grey line: in the pure-wino

scenario it was calculated at the two-loops level [95], in the pure-higgsino scenario it was
calculated at the one-loop level [28, 62].

In the most favourable scenarios, the analysis of the full muon collider dataset is ex-
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

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

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
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V E H I C U L A  C U R S U S  L O R E MN I B H

What about electroweak scalars?

SM Higgs cross-section

σ(ϕ) ∼ sin2 θhϕ ⋅ σ(hSM with mϕ)

×h125 S

sin γ
SM

SM

g

g

⇒ sin θ ≲ 0.3

sin θ ≃ ( mh

mH )
α

⇒ mH ≃ 2 ÷ 3 ⋅ mh

A R E  E L U S I V ES I N G L E T S
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A R E  A B O U T  A S  T O U G H  T O  C AT C HD O U B L E T S

What about electroweak scalars?

2 ⋅ mH 4 ⋅ mH 8 ⋅ mH

There is in general a weak sensitivity to new 
scalars, because of: 

• “small” cross-sections 
• large backgrounds

it is hard to explore the scalar sector and the 
only big discovery of the LHC may be left 
unmatched … even if light scalars may exist. 
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E X T R A P O L AT I O N  F R O M  C L I CS T U B - T R A C K S

Tracklets
• Heavy n-plet of SU(2) 

• Mass splitting ~ αw mW ~ 0.1 GeV - GeV

L A R G E  R AT E S ,  B U T  N E E D S  T O  L I G H T  U P  T H E  
D E T E C T O R  I N  A  D I S C E R N I B L E  WAY

uncertainty. A systematic uncertainty of 30% (100%) on the total background prediction
has been assumed for SR�

1t (SR�
2t) for the

p
s = 3 TeV data-taking run. When considering

the
p
s = 10 TeV data-taking run, the systematic uncertainty on the total background pre-

diction in SR�
1t has been reduced to 10%. The discovery significance is evaluated from the

expected discovery p-value, while limits are set at 95% CL using the CLs method [91] with
the pyhf software package [92, 93]. Additional lines show the sensitivity of the conservative
scenario inflating the background estimates by an order of magnitude. The sensitivity is
shown separately for the

p
s = 3 TeV and

p
s = 10 TeV data-taking runs, and for wino

and higgsino multiplets. Available HL-LHC prospects [60, 94] are also included for com-
parison. Limits at 95% CL extracted from the

p
s = 3 TeV data-taking are overlaid on the

p
s = 10 TeV discovery prospects.
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Figure 14: Expected sensitivity using 1 ab�1 of 3 TeV or 10 ab�1 of 10 TeV µ
+
µ
� collision

data as a function of the �̃
± mass and lifetime. Models including �̃

±
�̃
⌥ are considered

assuming pure-wino scenarios (a and c) and pure-higgsino scenarios (b and d). The �̃
±

lifetime as a function of the �̃
± mass is shown by the dashed grey line: in the pure-wino

scenario it was calculated at the two-loops level [95], in the pure-higgsino scenario it was
calculated at the one-loop level [28, 62].

In the most favourable scenarios, the analysis of the full muon collider dataset is ex-
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Figure 16: Summary of the sensitivity to pure wino models at future experimental facili-
ties. The results for other facilities are taken from Refs. [17, 60].
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μ+μ− → ff̄, W+W−

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

χ  is heavy/light new physics
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� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

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

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

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

p
2 smaller). On the other hand,

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

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

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

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

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

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

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

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

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

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

5

• Comprehensive tool to explore new electroweak particles 

• Can probe valid dark matter candidates! 
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 �⁺�⁻� hν ν
Buttazzo, RF, Wulzer

• most Higgs decays in acceptance 

• O(10⁴)   H→μ+μ- decays! 

• clean decays where systematic may be 
small will be a key. E.g. 4ũ, ũũ Z, γγ, Zγ 

σ(ℓ+ℓ− → νν(h → bb)) = 1 pb at 30 TeV

ℒ ≃ 90 ⋅ ( s
30 TeV )

2

ab−1

1 0 0×M E G A - H I G G S  FA C T O RY1 0 8 H I G G S  B O S O N S

2001.04431
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HL-LHC CLIC Stg1 CLIC Stg2 CLIC Stg3
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.
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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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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

mediator/DM and mediator/SM particles. The mediator can be either a SM particle itself (e.g.
the Higgs or the Z boson) or a new BSM particle. Depending on the nature of the DM par-
ticle and the mediator, one can construct a large variety of Simplified Models and here two
representative examples [476] are chosen.

In both cases, the DM particle is a massive Dirac fermion (c). In the first example,
the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [477] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [436, 478]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

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

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

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

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

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

1 ) = 50 GeV [447].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [436], stud-
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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A N G U L A R  D I S T R I B U T I O NP R E C I S I O N

e+e- → ff̅
s = 1.5 TeV ℒ = 2ab−1@Pe+,e− = (−80 % ,0%)

e ⊕ μ ⊕ b ⊕ c e ⊕ μ ⊕ b ⊕ c
syst = 0.3 %syst = 0.3 %

The MDM framework was extended in [6] to contemplate the possibility of a milli-charge
✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no
bearings for the collider physics, but it ensures the (exact) stability of the LP in the EW
multiplet. The various MDM candidates (including for completeness also the wino-like DM
(1, 3, 0)MF which requires a stabilization mechanism beyond the SM gauge symmetry) are
summarized in Table 1, together with their thermal mass saturating the DM relic density
and the projected reach of CLIC-3 (

p
s = 3 TeV and L = 3/ab). The details of the analysis

are presented in Sect. 3.
A notable feature of the milli-charged scenario is that the contribution of the complex

multiplet to the relic density is doubled compared to the case of a single real component
(thus making the thermal mass roughly a factor

p
2 smaller). On the other hand, the degrees

of freedom are also doubled, thus improving the indirect testability of those scenarios via
EW precision tests at lepton colliders. It turns out indeed that the hypothesis of (1, 3, ✏)DF

comprising the whole DM relic density can be fully tested at CLIC-3, while we find no sensi-
tivity to the state (1, 3, ✏)CS for masses above the kinematical threshold of pair production.2

For all the other cases the thermal mass lie well above the CLIC-3 reach.

� m(DM)
� [TeV] m(CLIC�3)

� [TeV]

(1, 2, 1/2)DF 1.1 1.5
(1, 3, ✏)CS 1.55 -
(1, 3, ✏)DF 2.0 2.1
(1, 3, 0)MF 2.8 1.7
(1, 5, ✏)CS 6.6 1.7
(1, 5, ✏)DF 6.6 4.1
(1, 5, 0)MF 11 3.0
(1, 7, ✏)CS 16 2.5
(1, 7, ✏)DF 16 6.8

Table 1: MDM candidates, together with the corresponding masses saturating the DM
relic density and the projected 95% CL exclusion limits from EW precision tests at CLIC-3
(
p
s = 3 TeV, L = 2/ab, Pe = �80% and Pe+ = 0). The exclusions refer only to the

cases where m > 1.5 TeV. For masses below the threshold for pair production m <
p
s/2

the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.

2.2 Accidental Matter

From a more phenomenological point of view, one could ask the following question [5]: Which

extensions of the SM particle content with masses close to the EW scale (i) automatically

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically

2
Given a 10% uncertainty on the thermal masses, the DM hypothesis for the CS triplet can be potentially

explored in direct searches at CLIC.

4

95%CL 95%CL

Accidental Dark Matter 3-plet Dirac Fermion

Wino of split-SUSY (heavy sfermions)

Higgsino of split-SUSY (heavy sfermions)

PreliminaryPreliminary

s = 3 TeV ℒ = 4ab−1@Pe+,e− = (−80 % ,0%)
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).

7

A N G U L A R  D I S T R I B U T I O NP R E C I S I O N

e+e- → ff̅
s = 1.5 TeV ℒ = 2ab−1@Pe+,e− = (−80 % ,0%)

e ⊕ μ ⊕ b ⊕ c e ⊕ μ ⊕ b ⊕ c
syst = 0.3 %syst = 0.3 %

The MDM framework was extended in [6] to contemplate the possibility of a milli-charge
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multiplet. The various MDM candidates (including for completeness also the wino-like DM
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summarized in Table 1, together with their thermal mass saturating the DM relic density
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are presented in Sect. 3.
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EW precision tests at lepton colliders. It turns out indeed that the hypothesis of (1, 3, ✏)DF

comprising the whole DM relic density can be fully tested at CLIC-3, while we find no sensi-
tivity to the state (1, 3, ✏)CS for masses above the kinematical threshold of pair production.2

For all the other cases the thermal mass lie well above the CLIC-3 reach.
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Table 1: MDM candidates, together with the corresponding masses saturating the DM
relic density and the projected 95% CL exclusion limits from EW precision tests at CLIC-3
(
p
s = 3 TeV, L = 2/ab, Pe = �80% and Pe+ = 0). The exclusions refer only to the

cases where m > 1.5 TeV. For masses below the threshold for pair production m <
p
s/2

the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.

2.2 Accidental Matter

From a more phenomenological point of view, one could ask the following question [5]: Which

extensions of the SM particle content with masses close to the EW scale (i) automatically

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically
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Given a 10% uncertainty on the thermal masses, the DM hypothesis for the CS triplet can be potentially

explored in direct searches at CLIC.
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Figure 4: Polarization e↵ects: Pe = 80%,+80% and Pe+ = 30%, 0,+30% (µ channel,
0.1% systematic error, MF). [NB the typo: Pe+ = +80% in blue should read Pe = +80%]

Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, Pe =
80% and Pe+ = +30%). The EFT dashed line is obtained by expending the form factor at

the leading order in s/m2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.
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Figure 3: Impact of systematic error: this plot shows e.g. that the 0.3% systematic error
line is almost indistinguishable from the “pure statistical” one. We also superimpose (dotted
lines) the exclusions obtained by augmenting the number of bins from 10 to 20 (same color
code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m�, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 2 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 4 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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The MDM framework was extended in [6] to contemplate the possibility of a milli-charge
✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no
bearings for the collider physics, but it ensures the (exact) stability of the LP in the EW
multiplet. The various MDM candidates (including for completeness also the wino-like DM
(1, 3, 0)MF which requires a stabilization mechanism beyond the SM gauge symmetry) are
summarized in Table 1, together with their thermal mass saturating the DM relic density
and the projected reach of CLIC-3 (

p
s = 3 TeV and L = 3/ab). The details of the analysis

are presented in Sect. 3.
A notable feature of the milli-charged scenario is that the contribution of the complex

multiplet to the relic density is doubled compared to the case of a single real component
(thus making the thermal mass roughly a factor

p
2 smaller). On the other hand, the degrees

of freedom are also doubled, thus improving the indirect testability of those scenarios via
EW precision tests at lepton colliders. It turns out indeed that the hypothesis of (1, 3, ✏)DF

comprising the whole DM relic density can be fully tested at CLIC-3, while we find no sensi-
tivity to the state (1, 3, ✏)CS for masses above the kinematical threshold of pair production.2

For all the other cases the thermal mass lie well above the CLIC-3 reach.

� m(DM)
� [TeV] m(CLIC�3)

� [TeV]

(1, 2, 1/2)DF 1.1 1.5
(1, 3, ✏)CS 1.55 -
(1, 3, ✏)DF 2.0 2.1
(1, 3, 0)MF 2.8 1.7
(1, 5, ✏)CS 6.6 1.7
(1, 5, ✏)DF 6.6 4.1
(1, 5, 0)MF 11 3.0
(1, 7, ✏)CS 16 2.5
(1, 7, ✏)DF 16 6.8

Table 1: MDM candidates, together with the corresponding masses saturating the DM
relic density and the projected 95% CL exclusion limits from EW precision tests at CLIC-3
(
p
s = 3 TeV, L = 2/ab, Pe = �80% and Pe+ = 0). The exclusions refer only to the

cases where m > 1.5 TeV. For masses below the threshold for pair production m <
p
s/2

the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.

2.2 Accidental Matter

From a more phenomenological point of view, one could ask the following question [5]: Which

extensions of the SM particle content with masses close to the EW scale (i) automatically

preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically

2
Given a 10% uncertainty on the thermal masses, the DM hypothesis for the CS triplet can be potentially

explored in direct searches at CLIC.
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Figure 4: Polarization e↵ects: Pe = 80%,+80% and Pe+ = 30%, 0,+30% (µ channel,
0.1% systematic error, MF). [NB the typo: Pe+ = +80% in blue should read Pe = +80%]

Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, Pe =
80% and Pe+ = +30%). The EFT dashed line is obtained by expending the form factor at

the leading order in s/m2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.
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Figure 3: Impact of systematic error: this plot shows e.g. that the 0.3% systematic error
line is almost indistinguishable from the “pure statistical” one. We also superimpose (dotted
lines) the exclusions obtained by augmenting the number of bins from 10 to 20 (same color
code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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p
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a systematic error of 0.3% (cf. Fig. 3) and polarization fractions Pe� = �80% and Pe+ = 0
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.3% systematic error and polarization
fractions Pe� = �80% and Pe+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m� �

p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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Figure 3: Impact of systematic error: this plot shows e.g. that the 0.3% systematic error
line is almost indistinguishable from the “pure statistical” one. We also superimpose (dotted
lines) the exclusions obtained by augmenting the number of bins from 10 to 20 (same color
code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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Figure 4: Polarization e↵ects: Pe = 80%,+80% and Pe+ = 30%, 0,+30% (µ channel,
0.1% systematic error, MF). [NB the typo: Pe+ = +80% in blue should read Pe = +80%]

Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, Pe =
80% and Pe+ = +30%). The EFT dashed line is obtained by expending the form factor at

the leading order in s/m2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.
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