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  Physics :  planning

√Sµµ ~ 6, 10, 14, 30 TeV

µ+ µ-

3 sectors : direct pair production  
of new heavy states... 

 W+W- → X νν  (vs   µ+µ-  → X )       

indirect / off-shell / radiative 
effects of even heavier states
(e.g. µ+µ-  → Z’ )  
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what can one do with muon collisions  
  @ √Sµµ  up  to  tens of TeV ???

plain pair production  
of new heavy states... 

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

mF ≲ √Sµµ/2  
    ~ 3, 5, 7,15 TeV !!!

FIRST  AND  FOREMOST
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Direct production µµ ➜ XX
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Roberto Franceschini Muon Collider Workshop https://indico.cern.ch/event/845054/contributions/3573348/
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Wulzer

σµµ➜XX  ~ uniform up to threshold mF ~ √Sµµ/2 !

in a clean   

environment !!!

hard at 
had. coll.s !
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→ Luminosity ruled by heavy pair x-section
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�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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L ⇠ 1036cm�2s�1
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L ⇠ 1036cm�2s�1
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L ⇠ 1035cm�2s�1 ⇠ 1 ab�1/y

! 1000 evs/y (
10 TeVp

S
)2
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“equivalent” reach in pp after rescaling for pdf's
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arXiv:1901.06150

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

 µµ @ 30 TeV       pp @ 350  (600)EW TeV !!
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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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for colored NP objects

(even better for EW NP)

[MNP ~ √Sµ/2]
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yet  unexplored  pheno !!!



 actually physical BACKGROUND  
to µ+µ- (e+e-) collisions hugely better  
than in hadron collisions 

 this moves equivalent √Sµµ  (at fixed √Spp) 
at even lower values in general… 
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WARNING !!  
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at √Sµµ > a few TeV’s  
point σµµ➜X superseded by σWW➜X !
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plenty of 
Higgs’s !

2.2 Other accelerator options
Given that we are discussing a long-term strategy covering the next 40 - 50 years, we cannot ignore the potential
of novel accelerator concepts.
A muon collider has been discussed for many years, and has been reviewed in Ref [12]. Recently, first results on
muon cooling were obtained [13], and a new implementation idea [14] is being evaluated. An µ

+
µ
� collider at

p
s

= 125 GeV producing the Higgs boson in the s-channel [15] would make possible a scan of the Higgs boson line-
shape yielding exquisite precision for its mass and a direct measurement of its width, but would not be competitive
with FCC-ee in the measurement of either the width or the couplings. Conceivably, a 3 TeV muon collider could
become an attractive alternative to CLIC at 3 TeV, and it has been suggested that a 14 TeV muon collider [16]
might be a viable alternative to FCC-hh at 100 TeV, at least for some physics aspects.
However, considerable R&D will be required to demonstrate the feasibility of a muon collider [12], and its physics
potential depends strongly on the expected luminosity. Figure 1 shows the cross-sections of the main physics
channels for lepton-antilepton colliders (which are compared with those for hadron colliders in Figure 3). We note
that 1% statistical accuracy on a process with 1 fb cross-section requires 10 years at 1035 cm�2s�1 luminosity, and
that 0.1 fb leads to 100 events per inverse ab.

Figure 1: Production cross-sections vs. centre-of-mass energy for a lepton-antilepton collider, evaluated at lead-
ing order and including initial-state radiation. In the case of a muon collider, e and ⌫e would be replaced by µ and
⌫µ [6].

Other even more advanced schemes of acceleration, e.g., wake-field acceleration, may provide a breakthrough in a
more distant future [17]. Both concepts require very ambitious accelerator R&D, which obviously must be pursued,
and the physics potential of these novel accelerator concepts ought to be more concretely assessed. However, as
these concepts are very many years away from the maturity of the CLIC and FCC proposals, we do not consider a
muon collider or new modes of acceleration in the present discussion.
In Section 3, we discuss the physics potentials of the first phases of the FCC and CLIC projects, namely electron-
positron collisions at energies up to 380 GeV. In section 4, we compare the potentials at their respective ultimate
stages, CLIC at 3000 GeV, FCC-hh at 100 TeV.

3 Stage 1: CLIC 380 or FCC-ee from the Z Peak to 365 GeV
There is overwhelming consensus on the physics agenda, with an e

+
e
� collider at an energy scale up to about

400 GeV, just above the tt̄ threshold, as the next high-energy facility.
CLIC 380 aims at an instantaneous luminosity of 1.5⇥ 1034 cm�2s�1 at 380 GeV, of which 60% would be above
99% of

p
s. With an integrated luminosity of 1 ab�1 about 160,000 Higgs bosons are produced at CLIC 380. This

could be achieved in 3 years of luminosity ramp-up and 5 years of data taking [18].
FCC-ee plans to operate at 365 GeV with a physics programme similar to CLIC 380. In addition, FCC-ee offers

3

[102 ab-1]

108ev 

106ev 

104ev 

arXiv:1812.06018 
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# VBF events (green) + σWW➜X /σµµ➜X  (red)
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[Maltoni et al]

# 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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Higgs  self-interaction  couplings
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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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what about quartic  
H self-coupling ?

H H

H H
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FCC-pp : 
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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 !!!]   :

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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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 → jjWþW− ✗ 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 → jjWþW−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.

BELYAEV, SCHAEFERS, and THOMAS PHYS. REV. D 99, 015030 (2019)

015030-4

(95%C.L.)
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Xsect [ab]

p
s [TeV]

3 14 30 14 30 14 30 14 30 3 14 30

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 = 63, 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 = 63, 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 = 63, 3 = �0.05 X X X X X X X X X X X X
4 = 63, 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 = 63, 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 = 63, 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 + 63

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

� =
N ⇥NSM�

NSM

(7)

=
�
c1�3 + c2�4 + c3�3�4 + c4�

2
3 + c5�

2
4 + c6�

3
3 + c7�

2
3�4 + c8�

4
3

⇥ 106
�
L�

c0106
(8)

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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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

1i+2j4

�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.
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σHHHZ ~ 1/2 σHHH  @ 3TeV 

         ~ 1/50 σHHH @ 30TeV

HHHZ  negligible !

(𝜿i ➜ δi)
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(N-NSM)/√NSM  versus  (δ3,δ4)   
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VBF→HHH

[ δ3=0 ]  -0.4< δ4 <0.4  (68%CL) !!!
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Figure 11: Left: 1-� exclusion plots for the anomalous Higgs self-couplings in terms of the
standard deviations |N � NSM|/

p
NSM from the SM (green dot), where the event numbers N

refer either to �(µ+
µ
�
! HHH⌫⌫), forM⌫̄⌫

>
⇠

150GeV (blue area), or to the same cross section
with an upper cut of 1 TeV on the HHH invariant mass (red area). Right: same plots zoomed
around the SM configuration.
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(N-NSM)/√NSM  versus  δ4   
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|N � NSM|/
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! HHH⌫⌫), for M⌫̄⌫

>
⇠

150GeV, for �3 = 0 (left), and �4 = 6�3 (right). Results are
obtained considering deviations from the inclusive cross sections only.
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backgrounds to VBF ➜ HHH
8-body final states (at least !)  
➜  very 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...

14               Vidyo,  5  May 2020

MC development for 
WW approx. needed !
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off-shell effects
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Roberto Franceschini Muon Collider Workshop https://indico.cern.ch/event/845054/contributions/3573348/
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

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

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

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

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

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

30 TeV μμ

preliminary

Franceschini
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the “size” of the Higgs boson
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Very High Energy Lepton Collider
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The size of the Higgs boson

{ℓHiggs ∼ m−1
⋆

(EFT approach)
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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 (test quartic self-coupl.) 

physics  bckgds  expected mild also for hadronic final 
states BUT simulations are quite hard (many particles in 
phase-space)     implement Equivalent Vector-Boson 
Approx. in MC’s ! 

many many possible new directions for exploring BSM 
in off-shell/indirect effects via precision measurements 
 [also VBF-production role to be extensively considered…]
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