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what can one do with muon collisions  
  @ √Sµµ  up  to a few tens of TeV ???

plain pair production  
of new heavy states... 

µ+µ� ! FF̄
<latexit sha1_base64="Zr1S/d5NmUZa0jUJPw/nGryKYfg="></latexit>

mF ≲ √Sµµ/2  
    ~ 5, 7,15 TeV !!!
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→ Luminosity  ruled by heavy pair x-section

!5               CERN,  10  April 2019

�EW ⇠ �(µ+µ� ! �⇤ ! e+e�) ⇠ 4⇡↵2

3S

! 1 fb (
10 TeVp

S
)2
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point x-section 
no me  dependence  
up to me ~ √S/2 !

104 evs /(10 years)   

rate for new p.le pair production :

√Sµµ ∫L10y

10 TeV

14 TeV

30 TeV

10 ab-1

20 ab-1

100 ab-1
δstat ~ 1%

L ⇠ 1035cm�2s�1 ⇠ 1 ab�1/y

! 1000 evs/y (
10 TeVp

S
)2
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 µµ @ 14 TeV         pp @ 100  (200)EW TeV !  

 µµ @ 30 TeV       pp @ 350  (600)EW TeV !!

5 10 15 20 25 30
20

50

100

200

500

sμ [TeV]

s p
[T
eV

]

Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.

3

for colored NP objects

(even better for EW NP)

[MNP ~ √Sµ/2]

�µµ
(L

+L
� ) ⇠ �pp

(L
+L

� )
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yet  unexplored  pheno !!!
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 µ+µ- scattering very similar to e+e- one  
[apart from QED-radiation and (tiny !) Yukawa effects]
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WHAT  ELSE ?
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Fig. 28: Relevant top-quark production processes: (a) t t̄, (b) single-top, (c) t t̄ Z, (d) t t̄ h, (e) t t̄ ⌫e⌫̄e.

We discuss in this section the indirect sensitivity to physics beyond the SM gained through preci-
sion measurements of the top-quark pair production. Various observables are considered in the frame-
work of the effective field theory introduced in Section 2, and the dependence on the centre-of-mass
energy and the beam polarization are quantified. All ten dimension-six operators of the Warsaw basis
which involve a top quark and interfere with the leading-order SM e+e�

! t t̄ ! bW+b̄W� ampli-
tudes in the vanishing b mass limit, are considered. CP-violating and four-fermion operators are included.
Realistic statistical uncertainties on cross section, forward-backward asymmetry and statistically optimal
observables measurements in top-quark pair production are estimated with full-simulation studies at three
centre-of-mass energies and in two beam polarization configurations. The obtained limits are interpreted
in a concrete extension of the SM in Section 2.10.

The sensitivity to the different dimension-six operators displays a diverse dependence on the
centre-of-mass energy [87, 88] (see Figure 29. The operator used throughout this section are presented
in Table 20. For two-fermion operators that modify the left- and right-handed couplings of the top quark
to the Z-boson, the sensitivity is constant; the sensitivity of some observables to dipole operators grows
linearly; and the sensitivity of four-fermion operators grows quadratically with

p
s. Operation of CLIC

at several centre-of-mass energies is therefore a key asset for constraining otherwise degenerate combi-
nations of operator coefficients.
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sion measurements of the top-quark pair production. Various observables are considered in the frame-
work of the effective field theory introduced in Section 2, and the dependence on the centre-of-mass
energy and the beam polarization are quantified. All ten dimension-six operators of the Warsaw basis
which involve a top quark and interfere with the leading-order SM e+e�

! t t̄ ! bW+b̄W� ampli-
tudes in the vanishing b mass limit, are considered. CP-violating and four-fermion operators are included.
Realistic statistical uncertainties on cross section, forward-backward asymmetry and statistically optimal
observables measurements in top-quark pair production are estimated with full-simulation studies at three
centre-of-mass energies and in two beam polarization configurations. The obtained limits are interpreted
in a concrete extension of the SM in Section 2.10.
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centre-of-mass energy [87, 88] (see Figure 29. The operator used throughout this section are presented
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
He+

e− ν

ν−

W

W
H

e+

e−

e
+

e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).

19
(e+, e�, ⌫e, ⌫̄e)

! (µ+, µ�, ⌫µ, ⌫̄µ)
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
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W
H
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e
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e
−
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t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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We discuss in this section the indirect sensitivity to physics beyond the SM gained through preci-
sion measurements of the top-quark pair production. Various observables are considered in the frame-
work of the effective field theory introduced in Section 2, and the dependence on the centre-of-mass
energy and the beam polarization are quantified. All ten dimension-six operators of the Warsaw basis
which involve a top quark and interfere with the leading-order SM e+e�

! t t̄ ! bW+b̄W� ampli-
tudes in the vanishing b mass limit, are considered. CP-violating and four-fermion operators are included.
Realistic statistical uncertainties on cross section, forward-backward asymmetry and statistically optimal
observables measurements in top-quark pair production are estimated with full-simulation studies at three
centre-of-mass energies and in two beam polarization configurations. The obtained limits are interpreted
in a concrete extension of the SM in Section 2.10.

The sensitivity to the different dimension-six operators displays a diverse dependence on the
centre-of-mass energy [87, 88] (see Figure 29. The operator used throughout this section are presented
in Table 20. For two-fermion operators that modify the left- and right-handed couplings of the top quark
to the Z-boson, the sensitivity is constant; the sensitivity of some observables to dipole operators grows
linearly; and the sensitivity of four-fermion operators grows quadratically with

p
s. Operation of CLIC

at several centre-of-mass energies is therefore a key asset for constraining otherwise degenerate combi-
nations of operator coefficients.
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Fig. 8: LO cross-section for important Standard Model processes in electron-positron collisions including
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State Radiation is included.

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

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

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

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

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

Let us discuss these in turn. Table 2 represents a redundant set of operators, meaning that two
different combinations might lead to exactly the same physical effect. These redundancies can be elim-
inated, using integration by parts and field redefinitions, which in practice eliminate any combination of
operators proportional to the SM equations of motion. These imply relations between the operators of
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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Barbara Mele

plenty of Higgs's with  L ~ 10 ab-1

!11               CERN,  10  April 2019

HZ

VBF → H

VBF → HH

tt

ttH
5 10 15 20 25 30

0.001

0.010

0.100

1

10

100

1000

sμ [TeV]

σ
[fb

]

Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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Fig. 28: Relevant top-quark production processes: (a) t t̄, (b) single-top, (c) t t̄ Z, (d) t t̄ h, (e) t t̄ ⌫e⌫̄e.

We discuss in this section the indirect sensitivity to physics beyond the SM gained through preci-
sion measurements of the top-quark pair production. Various observables are considered in the frame-
work of the effective field theory introduced in Section 2, and the dependence on the centre-of-mass
energy and the beam polarization are quantified. All ten dimension-six operators of the Warsaw basis
which involve a top quark and interfere with the leading-order SM e+e�

! t t̄ ! bW+b̄W� ampli-
tudes in the vanishing b mass limit, are considered. CP-violating and four-fermion operators are included.
Realistic statistical uncertainties on cross section, forward-backward asymmetry and statistically optimal
observables measurements in top-quark pair production are estimated with full-simulation studies at three
centre-of-mass energies and in two beam polarization configurations. The obtained limits are interpreted
in a concrete extension of the SM in Section 2.10.

The sensitivity to the different dimension-six operators displays a diverse dependence on the
centre-of-mass energy [87, 88] (see Figure 29. The operator used throughout this section are presented
in Table 20. For two-fermion operators that modify the left- and right-handed couplings of the top quark
to the Z-boson, the sensitivity is constant; the sensitivity of some observables to dipole operators grows
linearly; and the sensitivity of four-fermion operators grows quadratically with

p
s. Operation of CLIC

at several centre-of-mass energies is therefore a key asset for constraining otherwise degenerate combi-
nations of operator coefficients.
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Fig. 28: Relevant top-quark production processes: (a) t t̄, (b) single-top, (c) t t̄ Z, (d) t t̄ h, (e) t t̄ ⌫e⌫̄e.

We discuss in this section the indirect sensitivity to physics beyond the SM gained through preci-
sion measurements of the top-quark pair production. Various observables are considered in the frame-
work of the effective field theory introduced in Section 2, and the dependence on the centre-of-mass
energy and the beam polarization are quantified. All ten dimension-six operators of the Warsaw basis
which involve a top quark and interfere with the leading-order SM e+e�

! t t̄ ! bW+b̄W� ampli-
tudes in the vanishing b mass limit, are considered. CP-violating and four-fermion operators are included.
Realistic statistical uncertainties on cross section, forward-backward asymmetry and statistically optimal
observables measurements in top-quark pair production are estimated with full-simulation studies at three
centre-of-mass energies and in two beam polarization configurations. The obtained limits are interpreted
in a concrete extension of the SM in Section 2.10.

The sensitivity to the different dimension-six operators displays a diverse dependence on the
centre-of-mass energy [87, 88] (see Figure 29. The operator used throughout this section are presented
in Table 20. For two-fermion operators that modify the left- and right-handed couplings of the top quark
to the Z-boson, the sensitivity is constant; the sensitivity of some observables to dipole operators grows
linearly; and the sensitivity of four-fermion operators grows quadratically with

p
s. Operation of CLIC

at several centre-of-mass energies is therefore a key asset for constraining otherwise degenerate combi-
nations of operator coefficients.
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We discuss in this section the indirect sensitivity to physics beyond the SM gained through preci-
sion measurements of the top-quark pair production. Various observables are considered in the frame-
work of the effective field theory introduced in Section 2, and the dependence on the centre-of-mass
energy and the beam polarization are quantified. All ten dimension-six operators of the Warsaw basis
which involve a top quark and interfere with the leading-order SM e+e�

! t t̄ ! bW+b̄W� ampli-
tudes in the vanishing b mass limit, are considered. CP-violating and four-fermion operators are included.
Realistic statistical uncertainties on cross section, forward-backward asymmetry and statistically optimal
observables measurements in top-quark pair production are estimated with full-simulation studies at three
centre-of-mass energies and in two beam polarization configurations. The obtained limits are interpreted
in a concrete extension of the SM in Section 2.10.

The sensitivity to the different dimension-six operators displays a diverse dependence on the
centre-of-mass energy [87, 88] (see Figure 29. The operator used throughout this section are presented
in Table 20. For two-fermion operators that modify the left- and right-handed couplings of the top quark
to the Z-boson, the sensitivity is constant; the sensitivity of some observables to dipole operators grows
linearly; and the sensitivity of four-fermion operators grows quadratically with

p
s. Operation of CLIC

at several centre-of-mass energies is therefore a key asset for constraining otherwise degenerate combi-
nations of operator coefficients.
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Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the
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Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the
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Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the
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Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the

42

WW

ZZ

ZH

WWZ

WWH

ZZZ

ZZH
ZHH

WWWW

WWZZ

WWZH

WWHH

ZZZZ
ZZZH

ZZHH

ZHHH

e
+
e

�
! X (SM)

0 1000 2000 300010�5

10�4

0.001

0.01

0.1

1

10

100

1000

104

105

p
s [GeV]

� [fb]

WW
ZZ

ZH

HH

WWZ

WWH

ZZZ

ZZH

ZHH

HHH

e
+
e

�
! ⌫̄e⌫eX (SM)

0 1000 2000 300010�5

10�4

0.001

0.01

0.1

1

10

100

1000

104

105

p
s [GeV]

� [fb]

Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the
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Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the
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Fig. 20: Total cross section for multi-boson production in e+e� annihilation in the SM, standard (left
panel) and vector boson fusion (right panel). Leading order, no beam polarization, no ISR or beam-
strahlung corrections included (for VBF we require M⌫̄e⌫e > 150 GeV).

overtakes the ZZ di-boson process. Other processes with cross sections above 1 fb include the tri-boson
final states W+W�H and, marginally, ZZZ. The quadruple-boson final states W+W�W+W� and
W+W�ZZ also enter this range. Regarding VBF, the W+W�, ZZ, ZH , and W+W�Z final states
have cross sections that rise above 1 fb. Given integrated luminosity rates of a few ab�1 and the full
coverage of the detector and analysis, distributions should become accessible to detailed studies.

In the range between 1 ab and 1 fb, we find a set of additional final states that include more Z
and H bosons in place of W±. We expect observable event rates above ⇠ 10 ab (see below), although
efficiencies and background severely limit the capacities for precision studies. These processes compete
with other multi-boson final states that involve even more W± emission, not shown in the plot, as well
as with QCD jet radiation in the continuum. The set includes processes that depend on the triple Higgs
coupling: ZHH , and W+W�HH in annihilation, and likewise HH and ZHH in VBF.

Finally, the plots show rates for triple Higgs production, ZHHH in annihilation and HHH in
VBF, always below 1 ab and thus unlikely to be detected if the SM is correct. As stated before, in this
range there are further processes such as quadruple production in VBF that we do not include here.

The plots indicate that for annihilation processes, the decrease with energy is less pronounced if
more bosons are produced. Likewise, VBF processes with higher multiplicity rise faster with energy
than the quasi-elastic 2 ! 2 processes. This is easily explained since in the SM, extra bosons can be
regarded as real radiative corrections. Radiated particles, in the total cross section, come with additional
logarithms of the energy. We expect that the angular and momentum distributions of the extra radiated
particles exhibit the singular behavior of splitting processes, cut off by the finite mass values.

To relate these bare cross sections to the expected sensitivity at the CLIC collider, for an order-
of-magnitude estimate, we may adopt the following assumptions: (1) W bosons are measured in the
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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[MadGraph]

# events 3 TeV/5/ab (VBF)/(s-ch)3TeV 14 TeV/20/ab (VBF)/(s-ch)14TeV 30 TeV/100/ab (VBF)/(s-ch)30TeV
H 2,5E+06 1,9E+07 1,2E+08
HZ 4,9E+04 7 9,0E+05 700 7,4E+06 5300
HZZ 6,0E+02 1,5 3,2E+04 180 3,7E+05 1500
HWW 1,5E+03 0,3 6,8E+04 30 7,6E+05 190
HH 4,1E+03 8,8E+04 7,4E+05
HHZ 4,7E+01 0,3 2,8E+03 40 3,3E+04 300
HHZZ 4,6E-01 0,1 7,8E+01 16 1,2E+03 130
HHWW 1,2E+00 0,02 1,8E+02 1 2,9E+03 1
HHH 1,5E+00 1,4E+02 1,9E+03
HHHZ 2,4E-02 0,3 3,8E+00 12 5,1E+01 100

tt 2,6E+04 0,3 4,2E+05 24 3,1E+06 160
ttH 6,5E+01 0,03 3,0E+03 5 3,1E+04 40
ttZ 5,5E+02 0,07 2,6E+04 7 2,8E+05 50
ttHH 1,7E-01 0,006 1,3E+01 1 1,6E+02 10
ttHZ 1,8E+00 0,01 2,0E+02 2 2,7E+03 14
ttZZ 7,0E+00 0,03 1,2E+03 4 1,7E+04 30
ttWW 1,4E+01 0,008 2,2E+03 0,8 3,0E+04 5
tttt 3,4E-01 0,01 2,2E+01 0,4 2,1E+02 2

# events 3 TeV/5/ab (VBF)/(s-ch)3TeV 14 TeV/20/ab (VBF)/(s-ch)14TeV 30 TeV/100/ab (VBF)/(s-ch)30TeV
H 2,5E+06 1,9E+07 1,2E+08
HZ 4,9E+04 7 9,0E+05 700 7,4E+06 5300
HZZ 6,0E+02 1,5 3,2E+04 180 3,7E+05 1500
HWW 1,5E+03 0,3 6,8E+04 30 7,6E+05 190
HH 4,1E+03 8,8E+04 7,4E+05
HHZ 4,7E+01 0,3 2,8E+03 40 3,3E+04 300
HHZZ 4,6E-01 0,1 7,8E+01 16 1,2E+03 130
HHWW 1,2E+00 0,02 1,8E+02 1 2,9E+03 1
HHH 1,5E+00 1,4E+02 1,9E+03
HHHZ 2,4E-02 0,3 3,8E+00 12 5,1E+01 100

tt 2,6E+04 0,3 4,2E+05 24 3,1E+06 160
ttH 6,5E+01 0,03 3,0E+03 5 3,1E+04 40
ttZ 5,5E+02 0,07 2,6E+04 7 2,8E+05 50
ttHH 1,7E-01 0,006 1,3E+01 1 1,6E+02 10
ttHZ 1,8E+00 0,01 2,0E+02 2 2,7E+03 14
ttZZ 7,0E+00 0,03 1,2E+03 4 1,7E+04 30
ttWW 1,4E+01 0,008 2,2E+03 0,8 3,0E+04 5
tttt 3,4E-01 0,01 2,2E+01 0,4 2,1E+02 2
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the "tough topic" even at "most-future" colliders 
most interesting to measure from theory side....

The Higgs self-interaction
Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics
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2 Analysis strategy

stage also gives the best sensitivity to gHHH. The cross section of WBF double Higgs boson production
grows with the collision energy. Therefore, the 3 TeV stage gives the largest rate of WBF double Higgs
boson production at CLIC. In e+e� collisions at this energy, WBF is the dominant double Higgs boson
production mode. Its total cross section, including effects of the luminosity spectrum, exceeds that of
Higgsstrahlung at 1.5 TeV by a factor of 6. The single most sensitive measurement of Higgs boson pair
production at CLIC is therefore the double Higgs boson production through WBF at 3 TeV, which is the
focus of this work.
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Figure 1: Cross section as a function of centre-of-mass energy for e+e� ! ZHH and e+e� ! HHnene
production for a Higgs mass of mH = 126 GeV. The values shown correspond to unpolarised
beams and do not include the effect of beamstrahlung [6].

Figure 2: Main Feynman diagrams contributing to double Higgs boson production via W-boson fu-
sion. Diagram a) contains the trilinear Higgs self-coupling, b) grows with the quartic coupling
gHHWW, while c) and d) are sensitive to the Higgs coupling to W bosons.

Fig. 2 shows the main Feynman diagrams contributing to the process e+e� ! HHnene . This chan-
nel contains the HHH vertex which depends on the trilinear Higgs self-coupling gHHH, as well as the
HHWW vertex which depends on the quartic Higgs-gauge coupling gHHWW. Deviations from the SM
values are defined as:

kHHH :=
gHHH

gSM
HHH

and kHHWW :=
gHHWW

gSM
HHWW

.

This analysis is focused on the two decay channels HH ! bbbb (branching fraction 34 %) and
HH ! bbWW⇤ ! bbqqqq (branching fraction 8.4 %). Both channels benefit from the relatively clean
environment in electron-positron collisions, the excellent jet energy resolution of the assumed CLIC de-
tector concept using particle flow analysis, as well as from its very good flavour tagging capabilities.
This allows accurate reconstruction of the kinematics of the Higgs boson pair.
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7 Conclusions
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Figure 12: Confidence contours at 68 % and 95 % C.L. for the simultaneous fit of kHHH and kHHWW
based on differential measurement in HHnene production at 3 TeV CLIC and the cross-section
measurement of ZHH at 1.4 TeV.

7 Conclusions

The extraction of the trilinear Higgs self-coupling and the quartic HHWW coupling presented in this
paper is based on the bbbb and bbWW⇤ decay channels of HHnene production at the second energy
stage of CLIC, which in the full-simulation studies is assumed to be at 1.4 TeV, and the third energy stage
at 3 TeV. Furthermore, ZHH production at 1.4 TeV is considered as well. The sensitivity is mainly driven
by the bbbb decay of HHnene production at 3 TeV and the use of differential information based on the
invariant mass of the two Higgs bosons as well as a multivariate score. The second largest contribution is
from the cross section measurement of double Higgsstrahlung ZHH production at 1.4 TeV while HHnene
production at 1.4 TeV has a negligible contribution.

Taking into account only the 1.4 TeV stage of CLIC with cross-section measurements of HHnene and
ZHH allows the measurement of the Higgs self-coupling gHHH with relative uncertainties of �34%
and +36% around the SM value at 68 % C.L. Based on events of double Higgs boson production at
both high-energy stages, CLIC can be expected to measure the trilinear Higgs self-coupling gHHH with
a relative uncertainty of �7% and +11% at 68 % C.L., assuming the Standard Model and setting the
quartic HHWW coupling to its Standard Model value. Measuring simultaneously the trilinear Higgs
self-coupling and the quartic Higgs-gauge coupling results in constraints below 4 % in gHHWW and below
20 % in gHHH for large modifications of gHHWW.

Generally, the measurement relies on the high accuracy of heavy flavour tagging and jet energy resol-
ution realised in the CLIC detector models. In this case, the CLIC_ILD model was used. No significant
change is expected for the application of this analysis to the current CLICdet model. This analysis bene-
fits from the higher centre-of-mass energy due to the increase in cross section of the WBF double Higgs
boson production. It therefore provides a strong motivation for the CLIC 3TeV energy stage.
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The Higgs self-interaction
Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics
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The Higgs self-interaction
Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics
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Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–15]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [16] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 10, 17–21].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 19, 22–26]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [14, 27–37] to the case of the h4 vertex. Specifically, we consider the con-
straints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-loop
amplitudes and combine them with the exactO(↵2

s) matrix elements [5–7]. This allows us to predict
the cross section and various distributions for double-Higgs production at the next-to-leading or-
der (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-couplings.

– 2 –

arXiv:1810.04665

λ4 ∈ [∼ −4, ∼ +16] 
 hhh → (b ̄b)(b ̄b)(γγ)        [optimistic scenario !!!]   :
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One should note that contribution from gg → h process
is negligible apply VBF cuts as can be seen from Table II.
For 100 TeV collider the ϵa ¼ 1 − a ¼ 0.1 enhances the
SM cross section by 4 orders of magnitude coming from
VBF fusion and not from gg fusion. Even for ϵa ¼ 0.001—
the limit of the 100 TeV FCC-hh we discuss here, the
enhancement is about factor of 100 for the VBF in
comparison to the SM prediction, so gg is still negligible
in comparison to VBF even for that small value of ϵa.
In the following part, we focus solely on triple Higgs

production with applied VBF cuts, and study the impact of
the anomalous Higgs coupling a for different collision
energies and unitarity bounds.

B. Vector boson scattering level and unitarity

In Fig. 1 we present a schematic diagram for triple Higgs
production, which represents the process under study and
the around a hundred actual Feynman diagrams behind it.
Before calculating the cross sections for the full hadronic
process, however, it is worth investigating only the VBF
part of this process, i.e., VV → hhh with V ¼ Z;W". In
this case, the invariant mass of the three Higgs bosonsMhhh
is equal to the VV center-of-mass (CM) energy

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
, so

Mhhh ¼
ffiffiffiffiffiffiffiffiffi
ŝVBF

p
: ð9Þ

This relation is very useful in two ways. First, it can be used
to calculate the unitarity bound at the VBF stage with high
precision. This is achieved by plugging in the cross sections
for VV → hhh, σVV→VVhhh ≡ σ̂ðhhhÞ, in Eq. (1) and
solving for

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
, which now marks the CM energy,

where unitarity is violated. Second, it acts as a link between
the level of VV scattering and qq scattering. So if parts of
this distribution exceed the unitarity bound found in

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
,

this clearly indicates the presence of new physics, in
particular some resonances which should unitarize the
scattering amplitude.
In order to address the first point, we computed the cross

sections for VV → hhh and its dependence on a using
CALCHEP 3.6.23 [35]. Figure 2 shows a series of these cross
sections for different values of a together with the unitarity
bound [Eq. (1)]. The colored curves show the cross sections
as functions of

ffiffiffiffiffiffiffiffiffi
ŝVBF

p
, where dashed lines refer to a < 1

FIG. 1. Schematic diagram for triple Higgs production in VBF.
The grey blob in the centre represents many Feynamn diagrams
and topologies for two vector-bosons V ¼ Z;W" fusion into
three Higgs bosons h.

TABLE II. Cross sections in pb for different processes with variable a,
ffiffiffi
s

p
and VBF cuts. The cross (×) indicates the cross sections

before VBF cuts, while the tick (✓) refers to the cross sections after VBF cuts.

13 TeV 33 TeV 100 TeV

Process VBF cuts a ¼ 1.0 a ¼ 0.9 a ¼ 1.0 a ¼ 0.9 a ¼ 1.0 a ¼ 0.9

pp → jjWþ W− ✗ 9.88 9.88 60.56 60.48 352.14 352.49
✓ 1.29 × 10−2 1.27 × 10−2 0.48 0.47 5.49 5.47

pp → jjWþ W−h ✗ 1.71 × 10−3 1.43 × 10−3 1.63 × 10−2 1.53 × 10−3 0.69 0.60
✓ 1.26 × 10−5 1.35 × 10−5 9.30 × 10−4 1.05 × 10−3 0.15 0.19

pp → jjhh ✗ 5.11 × 10−4 3.64 × 10−4 3.49 × 10−3 2.93 × 10−3 1.70 × 10−2 1.92 × 10−2

✓ 2.13 × 10−5 1.32 × 10−5 7.65 × 10−4 7.69 × 10−4 5.56 × 10−3 9.20 × 10−3

pp → jjhhh ✗ 2.38 × 10−7 2.50 × 10−5 1.97 × 10−6 1.37 × 10−3 1.23 × 10−5 4.60 × 10−2

✓ 6.14 × 10−9 2.06 × 10−6 4.39 × 10−7 7.48 × 10−4 4.70 × 10−6 4.10 × 10−2

FIG. 2. Cross sections σ̂ðhhhÞ in pb for vector boson scattering
into three Higgs, VV → hhh, V ¼ Z;W", for different values of
a. The grey area marks the region where unitarity is violated.
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FIG. 1: Representative leading-order Feynman diagrams for
triple Higgs production in proton-proton collisions.

sensitivity [14]. However, with the e↵ort of exploiting
previously overlooked advantages of the ditau system and
a boosted configuration, we show in this work that the
bb̄bb̄⌧⌧ channel can be promoted to a leading discovery
channel for triple-Higgs production.

This paper is organized as follows. In Sec. 2, we in-
troduce the adopted simplified model parameterizing in
a model-independent way any new physics e↵ect on the
Higgs self-interactions, and we present technical details
related to our simulation setup. Sec. 3 is dedicated to
our event selection strategy and exhibits details on its
specificity. Our results are given in Sec. 4, together with
prospects for a future 100 TeV proton-proton colliders.

2. THEORETICAL FRAMEWORK AND
TECHNICAL DETAILS

In order to probe for possible new physics e↵ects
in multiple-Higgs interactions, we modify in a model-
independent fashion the SM Higgs potential,

Vh =
m

2

h

2
h
2 + (1 + 3)�

SM

hhhvh
3 +

1

4
(1 + 4)�

SM

hhhhh
4

,

by introducing two i parameters that vanish in the SM.
In our notation, h denotes the physical Higgs-boson field,
mh its mass and v its vacuum expectation value. The SM
self-interaction strengths moreover read

�
SM

hhh = �
SM

hhhh =
m

2

h

2v2
.

We simulate our triple Higgs signal and the associ-
ated backgrounds by implementing the above Lagrangian
in the FeynRules package [18] that we use along
with the NloCT program [19] to generate a UFO li-
brary [20]. The latter allows for event generation for both
tree-level and loop-induced processes within the Mad-

Graph5 aMC@NLO [21, 22] framework, that we use
to convolute hard scattering matrix elements with the
next-to-leading (NLO) set of NNPDF 2.3 parton densi-
ties [23] for a center-of-mass energy of

p
s = 100 TeV.

FIG. 2: Triple-Higgs production cross-section for a center-
of-mass energy of

p
s = 100 TeV presented as a function of

the 3 and 4 parameters depicting the possible deviations
from the SM (indicated by a black star). The results include
a conservative NLO K-factor of 2.

The hard-scattering events are then decayed, showered
and hadronized within the Pythia 6 environment [24]
and reconstructed by using the anti-kT algorithm [25] as
implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which
there is no hadronic object of pT > 1 GeV and no photon
with a pT > 1.5 GeV at an angular distance of the jet
axis greater than rin = 0.1 and smaller than rout = 0.4.
The resulting tau-tagging e�ciency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an e�ciency of 55% can be expected
for a mistagging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-

ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the di↵erent three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ov

h
2

and
Ov

h
3
, respectively, that allow for a boosted Higgs boson

identification. The performance of the method yields a
tagging e�ciency of 40% for a mistagging rate of 2%.

As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both i

parameters as well as on the top Yukawa coupling.
While in either an e↵ective field theory framework or
an ultraviolet-complete model building approach, the i

parameters are not independent, they will be varied in-
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The resulting tau-tagging e�ciency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an e�ciency of 55% can be expected
for a mistagging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-

ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the di↵erent three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ov

h
2

and
Ov

h
3
, respectively, that allow for a boosted Higgs boson

identification. The performance of the method yields a
tagging e�ciency of 40% for a mistagging rate of 2%.

As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both i

parameters as well as on the top Yukawa coupling.
While in either an e↵ective field theory framework or
an ultraviolet-complete model building approach, the i

parameters are not independent, they will be varied in-

2 Theoretical setup

2.1 Notation and parametrisation of New Physics e↵ects

In this work we are interested to the e↵ect induced by the modification V SM(�) ! V (�)

defined as
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where the New Physics (NP) modifications of the potential are all included in V NP and the

symbol � denotes the Higgs doublet. The term V SM has already been defined in eq. (1.1).
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MHHH < X, X [TeV] 10 10 5 5 3 3 1 1.1 1
SM 0.31 7.02 18.51 6.99 16.48 5.91 11.30 3.98 6.69 0.12 0.60 0.86
3 = 0, 4 = �0.5 0.42 7.63 19.55 7.60 17.49 6.50 12.21 4.52 7.49 0.20 0.93 1.32
3 = 0, 4 = �0.2 0.34 7.13 18.68 7.10 16.65 6.02 11.45 4.09 6.83 0.14 0.69 0.97
3 = 0, 4 = �0.05 X X X X X X X X X X X X
3 = 0, 4 = 0.05 X X X X X X X X X X X X
3 = 0, 4 = 0.2 0.31 7.09 18.68 7.06 16.64 5.97 11.42 4.02 6.76 0.11 0.58 0.83
3 = 0, 4 = 0.5 0.34 7.53 19.54 7.50 17.48 6.39 12.15 4.37 7.33 0.12 0.67 0.96
4 = 63, 3 = �0.5 1.09 5.92 36.79 15.88 33.91 14.17 25.76 10.71 17.50 0.55 2.63 3.74
4 = 63, 3 = �0.2 0.52 9.43 23.51 9.40 21.24 8.14 15.22 5.78 9.59 0.23 1.12 1.59
4 = 63, 3 = �0.05 X X X X X X X X X X X X
4 = 63, 3 = 0.05 0.29 6.69 17.79 6.66 15.80 5.61 10.75 3.75 6.29 0.11 0.55 0.79
4 = 63, 3 = 0.2 0.30 6.40 16.99 6.38 15.07 5.37 10.25 3.62 6.06 0.13 0.65 0.93
4 = 63, 3 = 0.5 0.79 9.48 22.18 9.45 20.18 8.37 15.01x 6.40 10.29 0.51 2.25 3.21
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FIG. 1: Representative leading-order Feynman diagrams for
triple Higgs production in proton-proton collisions.

sensitivity [14]. However, with the e↵ort of exploiting
previously overlooked advantages of the ditau system and
a boosted configuration, we show in this work that the
bb̄bb̄⌧⌧ channel can be promoted to a leading discovery
channel for triple-Higgs production.

This paper is organized as follows. In Sec. 2, we in-
troduce the adopted simplified model parameterizing in
a model-independent way any new physics e↵ect on the
Higgs self-interactions, and we present technical details
related to our simulation setup. Sec. 3 is dedicated to
our event selection strategy and exhibits details on its
specificity. Our results are given in Sec. 4, together with
prospects for a future 100 TeV proton-proton colliders.

2. THEORETICAL FRAMEWORK AND
TECHNICAL DETAILS

In order to probe for possible new physics e↵ects
in multiple-Higgs interactions, we modify in a model-
independent fashion the SM Higgs potential,

Vh =
m

2

h

2
h
2 + (1 + 3)�

SM

hhhvh
3 +

1

4
(1 + 4)�

SM

hhhhh
4

,

by introducing two i parameters that vanish in the SM.
In our notation, h denotes the physical Higgs-boson field,
mh its mass and v its vacuum expectation value. The SM
self-interaction strengths moreover read

�
SM

hhh = �
SM

hhhh =
m

2

h

2v2
.

We simulate our triple Higgs signal and the associ-
ated backgrounds by implementing the above Lagrangian
in the FeynRules package [18] that we use along
with the NloCT program [19] to generate a UFO li-
brary [20]. The latter allows for event generation for both
tree-level and loop-induced processes within the Mad-

Graph5 aMC@NLO [21, 22] framework, that we use
to convolute hard scattering matrix elements with the
next-to-leading (NLO) set of NNPDF 2.3 parton densi-
ties [23] for a center-of-mass energy of

p
s = 100 TeV.

FIG. 2: Triple-Higgs production cross-section for a center-
of-mass energy of

p
s = 100 TeV presented as a function of

the 3 and 4 parameters depicting the possible deviations
from the SM (indicated by a black star). The results include
a conservative NLO K-factor of 2.

The hard-scattering events are then decayed, showered
and hadronized within the Pythia 6 environment [24]
and reconstructed by using the anti-kT algorithm [25] as
implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which
there is no hadronic object of pT > 1 GeV and no photon
with a pT > 1.5 GeV at an angular distance of the jet
axis greater than rin = 0.1 and smaller than rout = 0.4.
The resulting tau-tagging e�ciency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an e�ciency of 55% can be expected
for a mistagging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-

ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the di↵erent three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ov

h
2

and
Ov

h
3
, respectively, that allow for a boosted Higgs boson

identification. The performance of the method yields a
tagging e�ciency of 40% for a mistagging rate of 2%.

As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both i

parameters as well as on the top Yukawa coupling.
While in either an e↵ective field theory framework or
an ultraviolet-complete model building approach, the i

parameters are not independent, they will be varied in-
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4 = 63, 3 = �0.5 1.09 5.92 36.79 15.88 33.91 14.17 25.76 10.71 17.50 0.55 2.63 3.74
4 = 63, 3 = �0.2 0.52 9.43 23.51 9.40 21.24 8.14 15.22 5.78 9.59 0.23 1.12 1.59
4 = 63, 3 = �0.05 X X X X X X X X X X X X
4 = 63, 3 = 0.05 0.29 6.69 17.79 6.66 15.80 5.61 10.75 3.75 6.29 0.11 0.55 0.79
4 = 63, 3 = 0.2 0.30 6.40 16.99 6.38 15.07 5.37 10.25 3.62 6.06 0.13 0.65 0.93
4 = 63, 3 = 0.5 0.79 9.48 22.18 9.45 20.18 8.37 15.01x 6.40 10.29 0.51 2.25 3.21

Table 1: Cross section for HHH production.

Process: µ+
µ
� ! HHH⌫⌫, (⌫ = ⌫e, ⌫µ, ⌫⌧ )

Conventions:

• g3H = g
SM

3H , g4H =
⇣
1 + 4

⌘
g
SM

4H

• g3H =
⇣
1 + 3

⌘
g
SM

3H , g4H =
⇣
1 + 63

⌘
g4H

Luminosities:

• L = 5⇥ 20 ab�1 for
p
s = 3 TeV

• L = 20 ab�1 for
p
s = 14 TeV

• L = 100 ab�1 for
p
s = 30 TeV

1

2

g

g

f

h

h

h

g

g

f

h

h

h

g

g

f

h

h

h

g

g

f

h

h

h
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triple Higgs production in proton-proton collisions.

sensitivity [14]. However, with the e↵ort of exploiting
previously overlooked advantages of the ditau system and
a boosted configuration, we show in this work that the
bb̄bb̄⌧⌧ channel can be promoted to a leading discovery
channel for triple-Higgs production.

This paper is organized as follows. In Sec. 2, we in-
troduce the adopted simplified model parameterizing in
a model-independent way any new physics e↵ect on the
Higgs self-interactions, and we present technical details
related to our simulation setup. Sec. 3 is dedicated to
our event selection strategy and exhibits details on its
specificity. Our results are given in Sec. 4, together with
prospects for a future 100 TeV proton-proton colliders.

2. THEORETICAL FRAMEWORK AND
TECHNICAL DETAILS

In order to probe for possible new physics e↵ects
in multiple-Higgs interactions, we modify in a model-
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by introducing two i parameters that vanish in the SM.
In our notation, h denotes the physical Higgs-boson field,
mh its mass and v its vacuum expectation value. The SM
self-interaction strengths moreover read
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.

We simulate our triple Higgs signal and the associ-
ated backgrounds by implementing the above Lagrangian
in the FeynRules package [18] that we use along
with the NloCT program [19] to generate a UFO li-
brary [20]. The latter allows for event generation for both
tree-level and loop-induced processes within the Mad-

Graph5 aMC@NLO [21, 22] framework, that we use
to convolute hard scattering matrix elements with the
next-to-leading (NLO) set of NNPDF 2.3 parton densi-
ties [23] for a center-of-mass energy of

p
s = 100 TeV.

FIG. 2: Triple-Higgs production cross-section for a center-
of-mass energy of

p
s = 100 TeV presented as a function of

the 3 and 4 parameters depicting the possible deviations
from the SM (indicated by a black star). The results include
a conservative NLO K-factor of 2.

The hard-scattering events are then decayed, showered
and hadronized within the Pythia 6 environment [24]
and reconstructed by using the anti-kT algorithm [25] as
implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which
there is no hadronic object of pT > 1 GeV and no photon
with a pT > 1.5 GeV at an angular distance of the jet
axis greater than rin = 0.1 and smaller than rout = 0.4.
The resulting tau-tagging e�ciency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an e�ciency of 55% can be expected
for a mistagging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-

ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the di↵erent three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ov
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identification. The performance of the method yields a
tagging e�ciency of 40% for a mistagging rate of 2%.

As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both i

parameters as well as on the top Yukawa coupling.
While in either an e↵ective field theory framework or
an ultraviolet-complete model building approach, the i

parameters are not independent, they will be varied in-

0.7

0.8

0.9

1

1.1

1.2

0 500 1000 1500 2000 2500 3000 3500

d
�
�
4

d
m

H
H

H

/
d
�
S
M

d
m

H
H

H

MHHH [GeV]

S1 0.5

1

1.2

1.4

1.6

1.8

2

2.2

2.4

0 500 1000 1500 2000 2500 3000 3500

d
�
�
4

d
m

H
H

H

/
d
�
S
M

d
m

H
H

H

MHHH [GeV]

S1 -0.5

Figure 1: Ratio of the MHHH distributions in the S1 scenario (gHHHH = (1± 0.5)gSM

HHHH
) and in the SM at

�
s = 3 TeV.

where 106 is the conversion factor pb⇤ab. If we assume that there are only SM couplings and measure N events, there is a
deviation with respect to the expected number of events NSM (in unit of standard deviation

�
NSM ):
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Plots 27-30 correspond to the values of (�3,�4) such that � = 3 (� = 2 for plots 31-34). Since Eq. 8 is quadratic in �4 we can
span over di⇥erent values of �3 and solve it in �4 for fixed �3.
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�
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Plots 27-30 correspond to the values of (�3,�4) such that � = 3 (� = 2 for plots 31-34). Since Eq. 8 is quadratic in �4 we can
span over di⇥erent values of �3 and solve it in �4 for fixed �3.
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1.4 TeV (0.1,�1.0) (0.2, 9.2) (0.02, 5.2) (0.009, 2.0)

3 TeV (0.1,�0.3) (0.3, 4.1) (0.03, 1.6) (0.02, 0.9)

Table 2: �ij/�00 ratios for (ZHHH, WBF HHH). �ij are defined in eq. (3.22).

3.3 Triple Higgs production

In triple Higgs production cubic and quartic self-couplings are present already at the tree-

level and therefore both the leading dependences on c̄6 and c̄8 are already present at LO

(see diagrams in Fig. 7). Following the same notation used for double Higgs production,

the cross section used for our phenomenological predictions can be written as

�LO(HHH) = �00 +
X

1i+2j4

�ij c̄
i

6c̄
j

8
, (3.22)

where the �00 term corresponds to the LO SM prediction. Similarly to the case of double

Higgs production at one loop, terms up to the eighth power in the (v/⇤) expansion are

present at the cross section level, although in this case only the fourth power is present at

the amplitude level. The upper bounds on c̄6 and c̄8 mentioned in the previous section and

discussed in Appendix C have to be considered also in this case. It is important to note

that although for large values of c̄6 and c̄8 loop corrections may be sizeable, at variance

with double Higgs production, c̄6 and c̄8 are both entering at LO. Thus, when limits on c̄6
and c̄8 are extracted, loop corrections may slightly a↵ect them, but only for large c̄6 and c̄8
values. In Tab. 2 we give all the �ij/�00 ratios, so that the size of all the relative e↵ects from

the di↵erent NP contributions can be easily inferred.10 In Fig. 8, we show �LO at di↵erent

energies for representative values of c̄6 and c̄8, including the SM case (c̄6 = 0, c̄8 = 0) where

�LO = �00. There, we also explicitly show the value of the �02 component, which factorises

10There are large cancellations among the di↵erent contributions; more digits than those shown here have

to be taken into account in order to obtain a reliable result.

– 16 –

e−

e+

Z

Z

H H

H

H
e−

e+

Z

Z

H

H

H

H

H e−

ν̄e

νe

W

e+

W

H

H

H

H

e−

ν̄e

νe

W

e+

W

H

H

H

H

H

Figure 7: Representative tree-level Feynman diagrams for triple Higgs production.

ratio over �00 �10 �20 �30 �40
500 GeV (2.2,�9.0) (1.4, 8.5) (0.3, 34) (0.02, 19)

1 TeV (2.2,�3.7) (1.5, 16) (0.2, 17) (0.01, 6)

1.4 TeV (2.2,�3.4) (1.6, 16) (0.2, 12) (0.01, 3.8)

3 TeV (2.2,�2.1) (1.9, 7.6) (0.2, 3.8) (0.01, 1.0)

ratio over �00 �01 �11 �21 �02
500 GeV (0.1,�4.0) (0.1,�14) (0.01, 16) (0.002, 3.3)

1 TeV (0.1,�1.5) (0.2, 10) (0.02, 7.1) (0.006, 2.3)

1.4 TeV (0.1,�1.0) (0.2, 9.2) (0.02, 5.2) (0.009, 2.0)

3 TeV (0.1,�0.3) (0.3, 4.1) (0.03, 1.6) (0.02, 0.9)

Table 2: �ij/�00 ratios for (ZHHH, WBF HHH). �ij are defined in eq. (3.22).

3.3 Triple Higgs production

In triple Higgs production cubic and quartic self-couplings are present already at the tree-

level and therefore both the leading dependences on c̄6 and c̄8 are already present at LO

(see diagrams in Fig. 7). Following the same notation used for double Higgs production,

the cross section used for our phenomenological predictions can be written as

�LO(HHH) = �00 +
X

1i+2j4

�ij c̄
i

6c̄
j

8
, (3.22)

where the �00 term corresponds to the LO SM prediction. Similarly to the case of double

Higgs production at one loop, terms up to the eighth power in the (v/⇤) expansion are

present at the cross section level, although in this case only the fourth power is present at

the amplitude level. The upper bounds on c̄6 and c̄8 mentioned in the previous section and

discussed in Appendix C have to be considered also in this case. It is important to note

that although for large values of c̄6 and c̄8 loop corrections may be sizeable, at variance

with double Higgs production, c̄6 and c̄8 are both entering at LO. Thus, when limits on c̄6
and c̄8 are extracted, loop corrections may slightly a↵ect them, but only for large c̄6 and c̄8
values. In Tab. 2 we give all the �ij/�00 ratios, so that the size of all the relative e↵ects from

the di↵erent NP contributions can be easily inferred.10 In Fig. 8, we show �LO at di↵erent

energies for representative values of c̄6 and c̄8, including the SM case (c̄6 = 0, c̄8 = 0) where

�LO = �00. There, we also explicitly show the value of the �02 component, which factorises

10There are large cancellations among the di↵erent contributions; more digits than those shown here have

to be taken into account in order to obtain a reliable result.

– 16 –

σHHHZ ~ 1/2 σHHH  @ 3TeV 

         ~ 1/50 σHHH @ 30TeV

HHHZ  negligible !
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.

3

VBF➞HHH 103ev/ 
100ab-1

WW ➜ HHH  takes over 
µµ ➜HZ at 30 TeV !!! 
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Figure 1: MHHH distribution for the ⌫µ final state (s and t-channels) and for the ⌫e final state (s-channel only) for the three
energy setups.
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Figure 2: Ratio of the MHHH distributions with anomalous couplings and the SM ones for the three energy setups and di↵erent
values for 4 (3 = 0).
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3 = 0, 4 = �0.2 0.34 7.13 18.68 7.10 16.65 6.02 11.45 4.09 6.83 0.14 0.69 0.97
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4 = 63, 3 = 0.2 0.30 6.40 16.99 6.38 15.07 5.37 10.25 3.62 6.06 0.13 0.65 0.93
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Figure 3: Ratio of the MHHH distributions with anomalous couplings and the SM ones for the three energy setups and di↵erent
values for 3 (4 = 63).
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backgrounds to VBF ➜ HHH
8-body final states (at least !)  
➜  hard to evaluate via MC's 
all H decay modes are relevant !  [BR(HHH ➜ 6 b) ~ 20 %] 

6b-jet bckgr moderate at FCC-pp  [arXiv:1801.10157] 

might be  S/B >> 1  at multi-TeV muon colliders...
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(N-NSM)/√NSM  versus  (𝜿3 ,𝜿4)   
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VBF→HHH
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Figure 9: 1, 3, and 5� contour plots at 14 TeV.
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Figure 10: 1, 3, and 5� contour plots at 30 TeV.
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Chiesa (Whizard)

[ 𝜿3=0 ]  -0.2<𝜿4 <0.5  (68%CL) !!!

see also talk by M.Chiesa
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VBF → HVV, HHVV
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only from the long-term HL-LHC program, but also
from potential future high energy colliders, such as
the HE-LHC or CLIC.

Our leitmotiv is that any observable modification
of a SM coupling will produce in some process a
growth with energy (see table I). In some sense, this is
obvious: since the SM is the only theory that can be
extrapolated to arbitrarily1 high-energy, any depar-
ture from it can have only a finite range of validity,
a fact that is made manifest by a disproportionate
growth in some scattering amplitude. Theories with
a finite range of validity are, by definition, EFTs;
for this reason the best vehicle to communicate our
message is the EFT language of Eq. (1). We stress
nevertheless that at, tree level, the very same con-
clusions can be reached in the  framework [1] or in
the unitary-gauge framework of Ref. [2, 3].

The operators of Eq. (1) have the form |H|
2
⇥O

SM ,
with O

SM a dimension-4 SM operator (i.e. kinetic
terms, Higgs potential, and Yukawas) times

|H|
2 =

1

2

�
v2 + 2hv + h2 + 2�+�� + (�0)2

�
(2)

where v = 246 GeV is the Higgs vacuum expecta-
tion value (vev), h is the physical Higgs boson, and
�±,0 are the would-be longitudinal polarizations of
W - and Z- bosons. From the operators in Eq. (1),
the piece / v2 can be reabsorbed via a redefinition of
the SM input parameters and is therefore unobserv-
able [15, 16]; the piece / vh constitutes instead the
core of the HC measurements program, as it implies
modifications to single-Higgs processes (triple Higgs
processes for O6), and can be matched easily to the
 framework. The h2 piece was discussed in [17, 18]
in the context of double Higgs production. In this
article we focus on the last two terms in Eq. (2) and
study processes with longitudinal gauge bosons in-
stead of processes with an on-shell Higgs; we dub
this search strategy “Higgs without Higgs” - HwH in
short.

The high-energy avenue is potentially very promis-
ing: for E2-growing e↵ects, a 1% sensitivity at the
Higgs boson mass, corresponds to a O(1) sensitivity
at E ⇠ 1 TeV. We will see that, in practice, High-E
measurements are rather complex, so that this näıve
scaling is hardly achieved in the explorative analysis
presented here. However, we envisage several strate-

1
Modulo the Landau pole and the coupling to gravity, both

irrelevant for the present discussion.

FIG. 1. A unitary-gauge diagram with energy-growing sen-

sitive to the Higgs trilinear. The two VBF jets and, in par-

ticular, same sign leptons, give rise to an exceptionally clean

channel.

gies for improvement that outline a challenging and
exciting collider program.

II. HIGH-ENERGY PROCESSES

The first ingredient in this program is to identify
which processes grow maximally with energy once
Higgs Couplings are modified. There is a simple and
intuitive way of quickly accessing this information
based on 1) dimensional analysis, 2) our choice of
EFT basis Eq. (1), and 3) on the parametrization
chosen in Eq. (2), where the longitudinal polariza-
tions are explicitly represented by their scalar high-
energy counterpart [19–21]. For v ! 0, the opera-
tors of Eq. (1) contribute directly to contact inter-
actions with n = 4 fields (OWW , OBB , OGG, Or),
5 fields (Oy ) or 6 fields (OH), with a coupling
/ 1/⇤2 that carries two inverse powers of mass di-
mensions. Amplitudes generated by just these con-
tact vertices do not involve any propagator (which
carries inverse powers of energy) and are therefore
maximally energy-growing. At high-energy—E �

mW ,mh,mt—the only other dimensionful parameter
is the energy E, so that generically we expect that
the BSM and SM contributions to the same process
scale as

A
O
n

ASM
n

⇠
E2

⇤2
. (3)

Table I shows the relevant processes that exhibit
this behaviour; more explicitly, at hadron (lepton)

anomalous Higgs couplings induce energy-growing effects 
in amplitudes involving longitudin. polarized vector bosons 

energy-growing sensitivity to �3
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

•same in VBF→HHVV for �3, �4
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a few final comments
such a high energy at pointlike level opens up  
hugely new perspectives ! 
µ colliders @10’sTeV can be considered WW colliders ! 
qualitatively new Higgs physics 
physics  bckgds  expected mild also for hadronic final 
states but simulations are quite hard (many particles in 
phase-space) 
explore goodness of Equivalent Vector-Boson Approx. 
many many possible new directions for exploring BSM 
 [VBF-production role to be extensively considered…] 
comparison with FCC (pp,ee) to be kept in mind …
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thanks to M.Chiesa, F.Maltoni, F.Piccinini, A.Wulzer for discussions !!!

see also talks by M.Chiesa, X. Zhao....


