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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.
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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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 HHH  projected  reach  on  λ4 (λ3) 
at 100-TeV pp collider    [gg ➜ HHH] 

 multi-TeV µµ collider ➜ tentative   
parameters and timescale after EPPSU 

 HHH projected reach on  λ4 (λ3)    
at multi-TeV µµ colliders [VBF ➜ HHH]
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not covered here: indirect λ4 bounds from  
H and HH production [see 1810.04665,1811.12366] 

recent study by Chiesa et al. 
JHEP 09 (2020) 098
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value employed

here is expected to be a reasonable approximation to future detec-

tor performance.
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having
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transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops
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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.
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Cuts-based method BDT> 0.02 MLP> 0.51

Signal 20 34 49

Background 2.4⇥ 104 2.8⇥ 104 9.9⇥ 104

S/B 8.3⇥ 10�4 1.2⇥ 10�3 5.0⇥ 10�4

S/
p
S +B 0.13 0.20 0.16

TABLE IV. The number of events and the significances of the BDT and MLP neural network

method are demonstrated. Here, the total integrated luminosity is 30 ab�1.

Integrated luminosity (ab�1) 30 300 3000 1.83⇥ 104

S/
p
S +B 0.2 0.6 2.0 5.0

TABLE V. The values of S/
p
S +B with BDT> 0.02 at di↵erent assumed integrated luminosities

are displayed.

loop [Fig. 7(a)], two Higgs bosons are produced by a box quark loop with a subsequent decay

via trilinear coupling [Fig. 7(b)], a Higgs boson is produced by a triangle quark loop and

then decay to three Higgses through two trilinear vertices [Fig. 7(c)], and the triangle quark

loop produce a Higgs boson which decays to three Higgs bosons through quartic coupling

[Fig. 7(d)]. Only the last kind of diagram involves the quartic coupling.

FIG. 7. The example Feynman diagrams of the process gg ! HHH in the SM.

To explore the dependence of the cross section of the process gg ! HHH upon the

parameters �3 and �4, we can use the Feynman diagrams as a guide and can parametrize

the cross section in the form

�(�3,�4) = A�
2
4 + (B�

2
3 + C�3 +D)�4

+ E�
4
3 + F�

3
3 +G�

2
3 +H�3 + I , (5)

15

 gg ➜ HHH
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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

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.
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.
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Abstract We investigate the production of three Higgs bosons
at a proton-proton collider running at a centre-of-mass en-
ergy of 100 TeV, all of which decay into b-jets. This fi-
nal state encapsulates by far the largest fraction of the to-
tal cross section of triple Higgs boson production, approx-
imately 20%. We examine, by constructing detailed phe-
nomenological analyses, two scenarios: (i) one in which the
triple and quartic Higgs boson self-couplings are modified
independently by new phenomena with respect to their Stan-
dard Model (SM) values and (ii) an extension of the SM by a
gauge-singlet scalar that could drive first-order electroweak
phase transition, within the context of the so-called xSM. In
the former, we find that competitive constraints of O(1) can
be placed on the quartic coupling and in the latter we demon-
strate that it will be possible to obtain important information
on the structure of the extended scalar sector.

1 Introduction

In the past decade of operation of CERN’s Large Hadron
Collider (LHC), the landscape of particle physics has changed
dramatically. The discovery of the Higgs boson and the lack
of stark signals of new phenomena around the TeV scale
are defining characteristics of this new era. In the years to
come the Higgs boson is set to become itself a tool for ex-
ploration and discovery. This will be particularly true at the
future circular collider (FCC), which is planned to be hosted
in a 100 km tunnel, envisioning an ensemble of e+e�, e+ p
and pp collider programmes through towards the end of the
21st century [1–5]. Taken together, all of these programmes
aim to map the properties of the Higgs boson and the elec-
troweak gauge bosons with an accuracy order(s) of magni-
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tude better than today and to improve by almost an order of
magnitude the discovery reach for new particles.

A particular “flagship” target of the FCC will be the in-
vestigation of the Higgs potential, through the measurement
of the Higgs boson’s (h) self-interactions that can be written,
post-electroweak symmetry breaking (EWSB), as:

V (h) =
1
2

m2
hh2 +l3v0h3 +

1
4

l4h4 , (1)

where v0 ' 246 GeV is the Higgs vacuum expectation value
(vev), mh ' 125 GeV is the Higgs boson mass and the self-
couplings take the values l3 = l4 = m2

h/2v2
0 ⌘ lSM within

the SM. Legacy LHC measurements are expected to provide
an . O(1) measurement of the triple coupling, l3, with re-
spect to its SM value [6, 7], and no significant direct infor-
mation on the quartic self-coupling l4. On the other hand,
several studies have demonstrated the potential of the proton-
proton programme of the FCC (the FCC-hh), to constrain
the triple coupling to within a few percent of the SM value,
particularly through the production of Higgs boson pairs [1,
8–14]. Several studies have also hinted that constraints are
possible on the quartic coupling at the FCC-hh, either in-
directly in double Higgs boson production [15, 16], or di-
rectly through triple Higgs boson production [17–23]. Up
until now, in the case of the latter process, the following fi-
nal states have been considered:

– hhh ! (bb̄)(bb̄)(gg),
– hhh ! (bb̄)(bb̄)(t+t�),
– hhh ! (bb̄)(t+t�)(t+t�),
– hhh ! (bb̄) (W+W+)(W+W�).

The sum of all these channels represents less than 10% of
the total branching ratio of hhh. In the present article, we in-
vestigate for the first time, to the best of our knowledge, the
process that encapsulates by far the largest branching ratio:
the case in which all three Higgs bosons decay into bottom
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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-

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

V (�) = V SM(�) + V NP(�) , � =

 
G+

1p
2
(v +H + iG0)

!
, (2.1)

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).

Following the convention of ref. [50], the most general form of V NP that is invariant

under SU(2) symmetry can be written as

V NP(�) ⌘
1X

n=3

c2n
⇤2n�4

✓
�†��

1

2
v2
◆

n

. (2.2)

It is important to specify from the beginning why for our calculation it is convenient

to parametrise the NP contributions as done in eq. (2.2) and not using the standard EFT

parameterisation

V NP

std(�) ⌘
1X

n=3

c0
2n

⇤2n�4

⇣
�†�

⌘
n

. (2.3)

The advantages of the parametrisation in eq. (2.2) w.r.t the one in eq. (2.3) are due

to the fact that after EWSB any
�
�†�

�n
originates H i terms with 1  i  2n, while any�

�†��
1

2
v2
�n

originates H i terms only with n  i  2n. In other words, at tree-level,

the trilinear Higgs self-coupling receives modifications only from c6 and the quadrilinear

only from c6 and c8. Needless to say, when they are summed to V SM, equations (2.2) and

(2.3) not only refer to the same quantity parametrised in a di↵erent way (V SM + V NP

std
=

V SM + V NP), but they are also fully equivalent for any truncation of the series at a given

order n.

Writing V SM(�) + V NP(�) after EWSB as

V (H) =
1

2
m2

HH2 + �3vH
3 +

1

4
�4H

4 + �5

H5

v
+O(H6) (2.4)

allows to define the self-couplings �n, which can be parametrised by the quantities1

3 ⌘
�3

�SM
3

= 1 +
c6v2

�⇤2
⌘ 1 + c̄6, (2.5)

4 ⌘
�4

�SM
4

= 1 +
6c6v2

�⇤2
+

4c8v4

�⇤4
⌘ 1 + 6c̄6 + c̄8 , (2.6)

5 ⌘
�5

�
=

3c6v2

4�⇤2
+

2c8v4

�⇤4
+

c10v6

�⇤6
⌘

3

4
c̄6 +

1

2
c̄8 + c̄10 . (2.7)

1Note that 3 and 4 are defined di↵erently than 5. The former are the ratios of the trilinear and

quadrilinear couplings with their SM values. The latter is the value normalised to �, being a tree-level H5

interaction not present in the SM.
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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-

δ3 δ4
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Fig. 11: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and b-tagging efficiency of 80%. The
black star indicates the SM point.

Fig. 12: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and b-tagging of 90%. The red dashed lines indicate the 2s
points for the constraints on d4.
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Fig. 13: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and b-tagging of 80%. The red dashed lines indicate the 2s
points for the constraints on d4.

a range: d4 2 [�3.1,14.2] at 95% C.L.. The significance for
the SM point (d4,c3) = 0 is also reduced to 1.3s .

Finally, by far the largest theoretical uncertainty is in
the K-factors for the tree-level background processes. In the
main part of this article, we have applied K = 2 to all of
these. If this is increased to K = 3 for all tree-level back-
ground processes, we would obtain ⇠ 4.3⇥104 background
events, yielding a significance for the SM point of ⇠ 1.3s .
On the other hand, if this is reduced K = 1.5, the number
of background events would decrease to ⇠ 2.1 ⇥ 104 with
a significance of ⇠ 1.9s . We reckon that shape uncertain-
ties may also be important, in particular those effects due to
extra radiation generated before the production of b quarks.
However given the complexity related to assessing this kind
of uncertainties, we do not include them in this explorative
study.
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onant production pp ! h2 ! h1h1. This information could
then be employed in the analysis to enhance the significance
of the h1h1h1 further, particularly taking into account the
“double-peak” structure that we have pointed out in subsec-
tion 4.2. Furthermore, cuts affected by the changes in the
transverse momentum distributions as well as the angular
distances can be subject to further optimisation.

Given the values of the significance that we find here,
it is conceivable that the pp ! h1h1h1 channel will play a
crucial role in understanding the extended scalar sector in
many viable scenarios of scalar gauge-singlet models that
satisfy the constraints provided by requiring a SFOEWPT.7

5 Conclusions

We have investigated triple Higgs boson production at a fu-
ture proton collider with centre-of-mass energy 100 TeV,
in the case when all three Higgs bosons decay to bottom-
anti-bottom quark pairs, producing six b-jets. We have con-
structed a detailed phenomenological hadron-level analysis
including the effects of detector geometry. This analysis was
applied to two scenarios: in the first, SM-like triple Higgs
boson production, we allowed for “anomalous” modifica-
tions of the triple and quartic self-couplings independently.
For the SM point, (d4,c3) = (0,0), we demonstrated that sig-
nificances of ⇡ 2s can be obtained from the six b-jet final
state alone. Furthermore, we have shown that a constraint of
d4 & �2 could be obtained in the case that the triple cou-
pling is measured to be close to the SM value, c3 ⇠ 0. These
results are competitive with previously studied final states,
rendering the six b-jet process an important contribution to
the study of the self-couplings of the SM Higgs boson. In
the second scenario, we considered an extension of the SM
by a gauge-singlet scalar that could drive strong first-order
electroweak phase transition. We investigated the triple pro-
duction of the resulting SM-like scalar in the particular six
b-jet final state, for several well-motivated benchmark points
compatible with strong first-order electroweak phase transi-
tion, and we concluded that large significances can be ob-
tained for many of these. This motivates further study of the
triple Higgs boson process in the context of future collider
studies of scalar singlet models.

Finally, we emphasise that our conclusions are affected
by uncertainties due to the absence of higher-order calcu-
lations for several of the background processes and details
of the performance of the detector, particularly with respect
to the tagging efficiencies, acceptance rates, resolution and
triggers. Once these uncertainties have been better under-
stood, a more detailed analysis, e.g. considering the differ-
ences between the radiation pattern of the colour singlet
7We note here that the ratio of h1h1h1 to h1h1 might be interesting to
investigate in this scenario, so as to reduce theoretical uncertainties, as
was done in [65] for the case of Higgs boson pair production.

Fig. 10: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and b-tagging efficiency of 90%. The
black star indicates the SM point.

Higgs boson and QCD, or employing more advanced multi-
variate techniques, could lead to higher significances. Nev-
ertheless, we have demonstrated here by varying several pa-
rameters, that the six b-jet process will certainly constitute
an important component of the study of triple Higgs boson
production at a future 100 TeV hadron collider.
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Appendix A: Variations and uncertainties

In figs. 10 and 11 we show variations of the significance
on the (d4,c3)-plane with 20 ab�1, when the b-tagging ef-
ficiency is reduced from 100% (perfect), to 90% and 80%,
respectively. We also show the c3 = 0 significance over the
values of d4 in figs. 12 and 13. The equivalent constraints at
95% C.L. on d4 would then be, respectively, d4 2 [�3.6,15.2]
and d4 2 [�6.0,17.6], with 20 ab�1.

The FCC-hh detector coverage over which b-jets will be
tagged might also be tighter. Maintaining perfect b-tagging
within the restricted region, with the given set of cuts, we
apply |hb| < 2.5 instead of |hb| < 3.2. The 95% C.L. con-
straint on d4 in this case would be slightly shifted, yielding

100 TeV, 20 ab−1 

[ δ3=0 ]    -6 < δ4 < 18   (95%CL)

7

Fig. 6: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and perfect b-tagging. The black star
indicates the SM point.

Fig. 7: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and perfect b-tagging. The red dashed lines indicate the 2s
points for the constraints on d4.

model and its relation to strong first-order electroweak phase
transition is discussed therein.

4.1 The xSM

The most general form of the xSM that depends on the Higgs
doublet, H, and a gauge-singlet scalar, S, is given by (see,
e.g. [35, 37, 41, 62, 63]):

V (H,S) = � µ2(H†H)+l (H†H)2 +
a1

2
(H†H)S (6)

+
a2

2
(H†H)S2 +

b2

2
S2 +

b3

3
S3 +

b4

4
S4 ,

where the interactions proportional to a1,2 constitute the Higgs
“portal” that links the SM with the singlet scalar. We follow
the study of [41] in retaining all of the parameters, i.e. we
do not impose a Z2 symmetry that would preclude terms of
odd powers of S.

After EWSB, the Higgs doublet and the singlet scalar
both attain vevs: H ! (v0 + h)/

p
(2), with v0 ' 246 GeV

and S ! x0 +s. Inevitably, the two states h and s mix through
both the Higgs portal parameters a1 and a2 as well as the
singlet vev. Diagonalising the mass matrix, one obtains two
eigenstates, denoted by h1 and h2, where:

h1 = hcosq + ssinq , (7)
h2 = �hsinq + scosq .

where q is a mixing angle that can be expressed in terms of
the parameters of the model. For q ⇠ 0, h1 ⇠ h and h2 ⇠ s.
We will identify the eigenstate h1 with the state observed at
the LHC, and hence set m1 = 125 GeV.

All the couplings of h1,2 to the rest of the SM states are
simply obtained by rescaling by:

gh1XX = cosqgSM
hXX , gh2XX = sinqgSM

hXX , (8)

with XX any SM final state. This allows for constraints to be
imposed on cosq through the measurements of Higgs signal
strengths. We concentrate on the scenario m2 � 2m1, allow-
ing for resonant h2 ! h1h1, with no new decay modes ap-
pearing for the h1. The triple couplings between the scalars
h1 and h2, representing terms of the form V (h1,h2) � li jkhih jhk,
i, j,k = {1,2}, are given by:

l111 = lv0c3
q +

1
4
(a1 +2a2x0)c2

q sq , (9)

+
1
2

a2v0s2
q cq +

✓
b3

3
+b4x0

◆
s3

q ,

l112 = v0(a2 �3l )c2
q sq � 1

2
a2v0s3

q

+
1
2
(�a1 �2a2x0 +2b3 +6b4x0)cq s2

q +
1
4
(a1 +2a2x0)c3

q ,

l122 = v0(3l �a2)s2
q cq +

1
2

a2v0c3
q

+ (b3 +3b4x0 � 1
2

a1 �a2x0)sq c2
q +

1
4
(a1 +2a2x0)s3

q ,

l222 =
1

12
⇥
4(b3 +3b4x0)c3

q �6a2v0c2
q sq

+ 3(a1 +2a2x0)cq s2
q �12lv0s3

q
⇤

,

(BR~20%)
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pp, 100 TeV, 30 ab−1 

process �LO (fb) �NLO ⇥ BR ⇥ Ptag (ab) ✏analysis N cuts
30 ab�1

hhh ! (bb̄)(bb̄)(��), SM 2.89 5.4 0.06 9.7

bb̄bb̄�� 1.28 1050 2.6 ⇥ 10�4 8.2

hZZ, (NLO) (ZZ ! (bb̄)(bb̄)) 0.817 0.8 0.002 ⌧ 1

hhZ, (NLO)(Z ! (bb̄)) 0.754 0.8 0.007 ⌧ 1

hZ, (NLO) (Z ! (bb̄)) 8.02 ⇥ 103 1130 O(10�5) ⌧ 1

bb̄bb̄� + jets 2.95 ⇥ 103 2420 O(10�5) O(1)

bb̄bb̄ + jets 5.45 ⇥ 103 4460 O(10�6) ⌧ 1

bb̄�� + jets 98.7 4.0 O(10�5) ⌧ 1

hh + jets, SM 275 593 7 ⇥ 10�4 12.4

Table 41: List of the various processes considered in the “optimistic” analysis of the (bb̄)(bb̄)(��) final state. The
parton-level cross section, including the cuts given in the main text is presented as well as the analysis efficiency
and the expected number of events at 30 ab�1. A flat k-factor of k = 2.0 has been applied to all tree-level processes
(including hh+jets) as an estimate of the expected increase in cross section from LO to NLO. The hZZ, hhZ and
hZ processes have been produced at NLO and hence no k-factor is applied.

b-jets originating from Higgs decay and the one of fat b-jets from QCD gluon splitting 19. The expected
sensitivity to triple Higgs production in the SM obtained with this analysis is S/

p
B ⇠ 2.1 for 30 ab�1,

with S/B ⇠ 0.5. Finally, assuming that the trilinear Higgs coupling is not modified from the SM value,
it can be estimated that the �4 parameter can be constrained to the range �4 2 [⇠ �4, ⇠ +16] at 95%
confidence level with an integrated luminosity of 30 ab�1 .

5.3.4 Prospects of measuring the Higgs quartic self-coupling
The comparison among the three analyses presented in this section allows one to draw some general
conclusions about the possibility to measure the triple-Higgs production cross section and to extract the
Higgs quadrilinear self-coupling.

A crucial element that determines the experimental sensitivity are the efficiency and the fake re-
jection rates of the b-tagging procedure. The “pessimistic” and ”intermediate” analyses indeed show that
two and even three b-tags are not sufficient to efficiently suppress the large backgrounds. In particular,
as it can be seen from Table 38, the ��bbjj background can only be kept under control with 4 b-tags,
a choice that allows one to reduce it to a level comparable with the SM signal yield. In this situation
the overall efficiency of the b-tagging procedure becomes an essential ingredient to determine the sen-
sitivity of the search. An increase in the reconstruction efficiency from the 60% level assumed in the
“pessimistic” analysis to the 70% used in the “intermediate” one already implies an enhancement of the
signal by almost a factor two. An 80% efficiency would instead increase the number of reconstructed
signal events by a factor three. A minimal b-tagging efficiency of 70% seems thus necessary to achieve
some sensitivity to the signal.

It must be however noticed that an increase in the b-tagging efficiency can be effective only if it
can be achieved by keeping the fake rejection rates to an acceptable level (namely at most ⇠ 1% for the
light jets and 10 � 20% for c-jets). Indeed, in all the analyses the main backgrounds include some with
fake b-jets (e.g. ��bbjj in the “pessimistic” and “intermediate” analyses and hhjj in the “optimistic”
one).

Another element that can significantly affect the analysis is the experimental resolution in the
19Note that the additional two b-jets in hh+jets and hZ+jets have been generated by gluon splitting into bb̄ performed by the

shower Monte Carlo program.
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process �LO (fb) �NLO ⇥ BR ⇥ Ptag (ab) ✏analysis N cuts
30 ab�1

hhh ! (bb̄)(bb̄)(��), SM 2.89 5.4 0.06 9.7

bb̄bb̄�� 1.28 1050 2.6 ⇥ 10�4 8.2

hZZ, (NLO) (ZZ ! (bb̄)(bb̄)) 0.817 0.8 0.002 ⌧ 1

hhZ, (NLO)(Z ! (bb̄)) 0.754 0.8 0.007 ⌧ 1

hZ, (NLO) (Z ! (bb̄)) 8.02 ⇥ 103 1130 O(10�5) ⌧ 1

bb̄bb̄� + jets 2.95 ⇥ 103 2420 O(10�5) O(1)

bb̄bb̄ + jets 5.45 ⇥ 103 4460 O(10�6) ⌧ 1

bb̄�� + jets 98.7 4.0 O(10�5) ⌧ 1

hh + jets, SM 275 593 7 ⇥ 10�4 12.4

Table 41: List of the various processes considered in the “optimistic” analysis of the (bb̄)(bb̄)(��) final state. The
parton-level cross section, including the cuts given in the main text is presented as well as the analysis efficiency
and the expected number of events at 30 ab�1. A flat k-factor of k = 2.0 has been applied to all tree-level processes
(including hh+jets) as an estimate of the expected increase in cross section from LO to NLO. The hZZ, hhZ and
hZ processes have been produced at NLO and hence no k-factor is applied.

b-jets originating from Higgs decay and the one of fat b-jets from QCD gluon splitting 19. The expected
sensitivity to triple Higgs production in the SM obtained with this analysis is S/

p
B ⇠ 2.1 for 30 ab�1,

with S/B ⇠ 0.5. Finally, assuming that the trilinear Higgs coupling is not modified from the SM value,
it can be estimated that the �4 parameter can be constrained to the range �4 2 [⇠ �4, ⇠ +16] at 95%
confidence level with an integrated luminosity of 30 ab�1 .

5.3.4 Prospects of measuring the Higgs quartic self-coupling
The comparison among the three analyses presented in this section allows one to draw some general
conclusions about the possibility to measure the triple-Higgs production cross section and to extract the
Higgs quadrilinear self-coupling.

A crucial element that determines the experimental sensitivity are the efficiency and the fake re-
jection rates of the b-tagging procedure. The “pessimistic” and ”intermediate” analyses indeed show that
two and even three b-tags are not sufficient to efficiently suppress the large backgrounds. In particular,
as it can be seen from Table 38, the ��bbjj background can only be kept under control with 4 b-tags,
a choice that allows one to reduce it to a level comparable with the SM signal yield. In this situation
the overall efficiency of the b-tagging procedure becomes an essential ingredient to determine the sen-
sitivity of the search. An increase in the reconstruction efficiency from the 60% level assumed in the
“pessimistic” analysis to the 70% used in the “intermediate” one already implies an enhancement of the
signal by almost a factor two. An 80% efficiency would instead increase the number of reconstructed
signal events by a factor three. A minimal b-tagging efficiency of 70% seems thus necessary to achieve
some sensitivity to the signal.

It must be however noticed that an increase in the b-tagging efficiency can be effective only if it
can be achieved by keeping the fake rejection rates to an acceptable level (namely at most ⇠ 1% for the
light jets and 10 � 20% for c-jets). Indeed, in all the analyses the main backgrounds include some with
fake b-jets (e.g. ��bbjj in the “pessimistic” and “intermediate” analyses and hhjj in the “optimistic”
one).

Another element that can significantly affect the analysis is the experimental resolution in the
19Note that the additional two b-jets in hh+jets and hZ+jets have been generated by gluon splitting into bb̄ performed by the

shower Monte Carlo program.

104

5

IV. ANALYSIS

A. Di↵erential distributions

We investigate the shape of the di↵erential distribu-
tions in Higgs triple production in the Standard Model.
Here we keep the Higgs bosons stable and include parton
shower e↵ects. We compare the shape of the hhh distri-
butions to those coming from the more familiar case of
Higgs boson pair production (hh) at 100 TeV.

Figure 4(a) shows the transverse momentum of any
single Higgs boson either in hh or hhh production, pT,h.
Evidently, the transverse momentum of a Higgs boson
in hhh is softer than that of hh, peaking at ⇠ 100 GeV
instead of ⇠ 150 GeV.

In Fig. 4(b) we show the the spectrum of the transverse
momentum of the Higgs boson “system”, pT,hn , i.e. the
triplet of Higgs bosons in hhh, and the two Higgs bosons
in hh. One can observe that the pT,hn is harder in hhh

than that of the pair in hh.
We examine the distance between two Higgs bosons,

�R(h, h), in hh and hhh production in Fig. 4(c). In
the case of triple production the distance is calculated
between any two Higgs bosons. The Higgs bosons in hh

are found to be more back-to-back than those in hhh, as
expected.

Finally, in Fig. 4(d) we show the the invariant mass
of all Higgs bosons in hh or hhh production, Mhn .
The invariant mass distribution in hhh peaks just above
Mh3 ⇠ 600 GeV, whereas that in Higgs pair production,
just above Mh2 ⇠ 400 GeV.

B. hhh ! (bb̄)(bb̄)(��)

The hhh ! (bb̄)(bb̄)(��) process is expected to be rel-
atively clean and simple to reconstruct.¶ The excellent
resolution of the di-photon invariant mass, that has con-
tributed to the Higgs boson discovery at the LHC’s Run
1, can be exploited to facilitate background rejection.

The present analysis follows a simple path, using the
R = 0.4 anti-kt jets as described in Section III. Note,
however, that an analysis utilising the jet substructure
of boosted Higgses to a bottom-anti-bottom pairs, e.g.
as in [98], could assist in signal-background separation.
We defer this task to future work.

We ask for four b-jets, or light jets mis-identified as
b-jets, within |⌘| < 3.0, possessing transverse momenta
pT,b{1,2,3,4} > {80, 50, 40, 40} GeV, where the subscripts
1, 2, 3, 4 denote the first, second, third and fourth
hardest b-jets respectively. We ask for two photons,
or mis-identified jets as photons, within |⌘| < 3.0 and

¶
Note that this final state has been considered in [97], in the context

of the two-Higgs doublet model hH ! hhh final state. Here we

consider the SM case.

pT,�{1,2} > {70, 40} GeV. Due to the fact that, for the
majority of b-jets we cannot identify whether they orig-
inated from a b-quark or an anti-b-quark, there exists a
3-fold combinatorial ambiguity in combining b-jets into
the two Higgs boson candidates. As a simple choice, we
take the highest-pT b-jet and pair it with the closest b-
jet in �R =

p
�⌘2 +��2, and pair the other two re-

maining b-jets together.k We thus construct the paired
b-jet invariant mass, respectively, m

close,1
bb and m

close,2
bb ,

for which we demand m
close,1
bb 2 [100, 160] GeV and

m
close,2
bb 2 [90, 170] GeV. The rather large mass win-

dows are chosen to maintain high signal e�ciency given
the small initial cross section. Moreover, we construct
the distance between the highest-pT b-jet and the corre-
sponding paired one, and impose �R

close,1
bb 2 [0.2, 1.6].⇤⇤

For the photon pair, we simply construct the invariant
mass and impose a strong window on the measured Higgs
boson mass m�� 2 [124, 126] GeV.†† We also restrict the
distance between the two photons to �R�� 2 [0.2, 4.0].
We collect these selection cuts in Table III.

observable selection cut
pT,b{1,2,3,4} > {80, 50, 40, 40} GeV
|⌘b| < 3.0
m

close,1
bb 2 [100, 160] GeV

m
close,2
bb 2 [90, 170] GeV

�R
close,1
bb 2 [0.2, 1.6]

�R
close,2
bb no cut

pT,�{1,2} > {70, 40} GeV
|⌘� | < 3.5
�R�� 2 [0.2, 4.0]
m�� 2 [124, 126] GeV

TABLE III: The final selection cuts imposed in the analysis
of the (bb̄)(bb̄)(��) final state. The observables are defined in
the main text.

We show a summary of the processes considered in the
analysis in Table IV. The most significant backgrounds
in our set-up turn out to be the SM bb̄bb̄�� and those
coming from Higgs boson pair production in association
with extra jets. Specifically, the latter emulates the signal
well, as the di-photon mass window is expected to have
similar e�ciency to the signal. Moreover, as we have
pointed out at the beginning of the section, the Higgs
bosons in hh are harder on average than than those in

k
We have verified explicitly that an alternative method based on

minimization of the squared sum of (mbb �mh) from each combi-

nation yields results that di↵er by O(1%) compared to the simpler

�R method.
⇤⇤

The distance between the other paired b-jets was not found to have

significant discriminatory power.

††
This cut implies that the di-photon resolution should be better

than ⇠ 1 GeV at the FCC-hh. The current resolution at the LHC

is 1-2 GeV, [99, 100] and thus it is not unreasonable to expect an

improvement at the detectors of the future collider.

process �LO (fb) �NLO ⇥ BR ⇥ Ptag (ab) ✏analysis N cuts
30 ab�1

hhh ! (bb̄)(bb̄)(��), SM 2.89 5.4 0.06 9.7

bb̄bb̄�� 1.28 1050 2.6 ⇥ 10�4 8.2

hZZ, (NLO) (ZZ ! (bb̄)(bb̄)) 0.817 0.8 0.002 ⌧ 1

hhZ, (NLO)(Z ! (bb̄)) 0.754 0.8 0.007 ⌧ 1

hZ, (NLO) (Z ! (bb̄)) 8.02 ⇥ 103 1130 O(10�5) ⌧ 1

bb̄bb̄� + jets 2.95 ⇥ 103 2420 O(10�5) O(1)

bb̄bb̄ + jets 5.45 ⇥ 103 4460 O(10�6) ⌧ 1

bb̄�� + jets 98.7 4.0 O(10�5) ⌧ 1

hh + jets, SM 275 593 7 ⇥ 10�4 12.4

Table 41: List of the various processes considered in the “optimistic” analysis of the (bb̄)(bb̄)(��) final state. The
parton-level cross section, including the cuts given in the main text is presented as well as the analysis efficiency
and the expected number of events at 30 ab�1. A flat k-factor of k = 2.0 has been applied to all tree-level processes
(including hh+jets) as an estimate of the expected increase in cross section from LO to NLO. The hZZ, hhZ and
hZ processes have been produced at NLO and hence no k-factor is applied.

b-jets originating from Higgs decay and the one of fat b-jets from QCD gluon splitting 19. The expected
sensitivity to triple Higgs production in the SM obtained with this analysis is S/

p
B ⇠ 2.1 for 30 ab�1,

with S/B ⇠ 0.5. Finally, assuming that the trilinear Higgs coupling is not modified from the SM value,
it can be estimated that the �4 parameter can be constrained to the range �4 2 [⇠ �4, ⇠ +16] at 95%
confidence level with an integrated luminosity of 30 ab�1 .

5.3.4 Prospects of measuring the Higgs quartic self-coupling
The comparison among the three analyses presented in this section allows one to draw some general
conclusions about the possibility to measure the triple-Higgs production cross section and to extract the
Higgs quadrilinear self-coupling.

A crucial element that determines the experimental sensitivity are the efficiency and the fake re-
jection rates of the b-tagging procedure. The “pessimistic” and ”intermediate” analyses indeed show that
two and even three b-tags are not sufficient to efficiently suppress the large backgrounds. In particular,
as it can be seen from Table 38, the ��bbjj background can only be kept under control with 4 b-tags,
a choice that allows one to reduce it to a level comparable with the SM signal yield. In this situation
the overall efficiency of the b-tagging procedure becomes an essential ingredient to determine the sen-
sitivity of the search. An increase in the reconstruction efficiency from the 60% level assumed in the
“pessimistic” analysis to the 70% used in the “intermediate” one already implies an enhancement of the
signal by almost a factor two. An 80% efficiency would instead increase the number of reconstructed
signal events by a factor three. A minimal b-tagging efficiency of 70% seems thus necessary to achieve
some sensitivity to the signal.

It must be however noticed that an increase in the b-tagging efficiency can be effective only if it
can be achieved by keeping the fake rejection rates to an acceptable level (namely at most ⇠ 1% for the
light jets and 10 � 20% for c-jets). Indeed, in all the analyses the main backgrounds include some with
fake b-jets (e.g. ��bbjj in the “pessimistic” and “intermediate” analyses and hhjj in the “optimistic”
one).

Another element that can significantly affect the analysis is the experimental resolution in the
19Note that the additional two b-jets in hh+jets and hZ+jets have been generated by gluon splitting into bb̄ performed by the

shower Monte Carlo program.
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Parameter Unit 3 TeV 10 TeV 14 TeV
L 1034 cm-2s-1 1.8 20 40
N 1012 2.2 1.8 1.8
fr Hz 5 5 5

Pbeam MW 5.3 14.4 20
C km 4.5 10 14

<B> T 7 10.5 10.5
εL MeV m 7.5 7.5 7.5

σE / E % 0.1 0.1 0.1
σz mm 5 1.5 1.07
β mm 5 1.5 1.07
ε μm 25 25 25
σx,y μm 3.0 0.9 0.63

Note: The study will have to 
verify that these parameters 
can be met

Develop emittance budgets

Based on extrapolation of 
MAP parameters
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Letter of Interest: Muon Collider Physics Potential
D. Buttazzo, R. Capedevilla, M. Chiesa, A. Costantini, D. Curtin, R. Franceschini,

T. Han, B. Heinemann, C. Helsens, Y. Kahn, G. Krnjaic, I. Low, Z. Liu,
F. Maltoni, B. Mele, F. Meloni, M. Moretti, G. Ortona, F. Piccinini, M. Pierini,
R. Rattazzi, M. Selvaggi, M. Vos, L.T. Wang, A. Wulzer *, M. Zanetti, J. Zurita

On behalf of the forming muon collider international collaboration [1]. * wulzer@cern.ch

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target
accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies ECM = 3, 10, 14, and the more speculative ECM = 30 TeV, with reference integrated
luminosities L = (ECM/10 TeV)2 ⇥ 10 ab�1 [3]. Variations around the reference values are
encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4], which provide reference points for comparison for our studies.

1 Physics study topics
Among the many possible directions, we plan to first focus on the following ones.

Reach of the direct search for heavy new physics particles. This will be a main strength
of the muon collider running at multi-TeV energies. Selected study topics include:
1) SUSY. The reaches for the stop, other sfermions, and EW-inos will be estimated, possibly
including R-parity-violating signatures. Scenarios with well separated to compressed particle
spectra will be considered, which will require significantly different strategies and challenge the
detector performances (see below). The lessons learned from SUSY benchmarks will be also
useful for the study of other new physics scenarios.
2) Minimal WIMP dark matter scenarios. Many of the simplest WIMP dark matter scenarios
put its mass in the multi-TeV range, within the reach of a high energy muon collider. They often
feature a highly compressed spectrum. Direct reach can be based on stub-tracks, as well as more
inclusive search channels, such as the mono-X. Indirect searches can also be sensitive [5]. Possible
benchmarks include the Minimal DM [6] in which the dark matter resides in an electroweak
multiplet, as well as the Coannihilation [7] and well-tempered [8] scenarios. See also [9, 10]
3) Heavy particle production in Vector Boson Fusion (VBF), including �� initial state. VBF
is instrumental at a high energy muon collider. Its potential in the singlet searches has been
demonstrated [11,12]. An assessment of the VBF opportunities for direct new physics searches, by
extending and refining Ref. [13], will be performed. This might impact the studies in “1” and ”2”.
High energy measurements. Cross-sections at the highest available energies offer tremendous
indirect sensitivity to very heavy new physics. This will be substantiated by the following study.
4) Effective Field Theory (EFT) sensitivity of high energy di-boson/di-fermion production cross-
section, with interpretation in Composite Higgs (and Top) and simple Z 0 models. The interplay
with direct searches will also be explored. Low-energy (e.g., Higgs couplings) and intermediate-
energy (e.g., VBF double-Higgs at TeV energies [14]) probes will be also exploited.
The precision measurement of the Higgs couplings. The muon collider with the baseline
energies and luminosities will produce a large number of Higgs bosons, from 105 at 3 TeV to more
than 107 at 10 TeV and above. We will study how to fully take advantage of this opportunity.The
main targets of the study are:
5) Projections of the precision of single Higgs coupling measurements, with EFT interpretation
for a comparison of the sensitivity with other probes such as those at point “4”. Unlike the
other proposed (e+e�) Higgs factories running at lower energies, the main Higgs production
mode would be vector boson fusion instead of higgsstrahlung. The implications of this difference
will be carefully investigated. The possible complementarity with low-energy Higgs factories,
probably constructed before the muon collider, will be investigated.
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Letter of Interest: Muon Collider Physics Potential
D. Buttazzo, R. Capedevilla, M. Chiesa, A. Costantini, D. Curtin, R. Franceschini,

T. Han, B. Heinemann, C. Helsens, Y. Kahn, G. Krnjaic, I. Low, Z. Liu,
F. Maltoni, B. Mele, F. Meloni, M. Moretti, G. Ortona, F. Piccinini, M. Pierini,
R. Rattazzi, M. Selvaggi, M. Vos, L.T. Wang, A. Wulzer *, M. Zanetti, J. Zurita

On behalf of the forming muon collider international collaboration [1]. * wulzer@cern.ch

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target
accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies ECM = 3, 10, 14, and the more speculative ECM = 30 TeV, with reference integrated
luminosities L = (ECM/10 TeV)2 ⇥ 10 ab�1 [3]. Variations around the reference values are
encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4], which provide reference points for comparison for our studies.

1 Physics study topics
Among the many possible directions, we plan to first focus on the following ones.

Reach of the direct search for heavy new physics particles. This will be a main strength
of the muon collider running at multi-TeV energies. Selected study topics include:
1) SUSY. The reaches for the stop, other sfermions, and EW-inos will be estimated, possibly
including R-parity-violating signatures. Scenarios with well separated to compressed particle
spectra will be considered, which will require significantly different strategies and challenge the
detector performances (see below). The lessons learned from SUSY benchmarks will be also
useful for the study of other new physics scenarios.
2) Minimal WIMP dark matter scenarios. Many of the simplest WIMP dark matter scenarios
put its mass in the multi-TeV range, within the reach of a high energy muon collider. They often
feature a highly compressed spectrum. Direct reach can be based on stub-tracks, as well as more
inclusive search channels, such as the mono-X. Indirect searches can also be sensitive [5]. Possible
benchmarks include the Minimal DM [6] in which the dark matter resides in an electroweak
multiplet, as well as the Coannihilation [7] and well-tempered [8] scenarios. See also [9, 10]
3) Heavy particle production in Vector Boson Fusion (VBF), including �� initial state. VBF
is instrumental at a high energy muon collider. Its potential in the singlet searches has been
demonstrated [11,12]. An assessment of the VBF opportunities for direct new physics searches, by
extending and refining Ref. [13], will be performed. This might impact the studies in “1” and ”2”.
High energy measurements. Cross-sections at the highest available energies offer tremendous
indirect sensitivity to very heavy new physics. This will be substantiated by the following study.
4) Effective Field Theory (EFT) sensitivity of high energy di-boson/di-fermion production cross-
section, with interpretation in Composite Higgs (and Top) and simple Z 0 models. The interplay
with direct searches will also be explored. Low-energy (e.g., Higgs couplings) and intermediate-
energy (e.g., VBF double-Higgs at TeV energies [14]) probes will be also exploited.
The precision measurement of the Higgs couplings. The muon collider with the baseline
energies and luminosities will produce a large number of Higgs bosons, from 105 at 3 TeV to more
than 107 at 10 TeV and above. We will study how to fully take advantage of this opportunity.The
main targets of the study are:
5) Projections of the precision of single Higgs coupling measurements, with EFT interpretation
for a comparison of the sensitivity with other probes such as those at point “4”. Unlike the
other proposed (e+e�) Higgs factories running at lower energies, the main Higgs production
mode would be vector boson fusion instead of higgsstrahlung. The implications of this difference
will be carefully investigated. The possible complementarity with low-energy Higgs factories,
probably constructed before the muon collider, will be investigated.
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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
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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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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.

 [GeV]s
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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.

3

40.000 HH pairs at 14 TeV !

T. Han et al. arXiv:2008.12204

p
s [TeV] �SM [fb] R1 R2 R3 R4 R5

3 TeV 0.91 �3.5 �0.65 3.1 14 0.49

6 TeV 2.0 �3.9 �0.50 2.8 29 0.35

10 TeV 3.6 �4.3 �0.43 2.7 54 0.29

14 TeV 4.9 �4.4 �0.38 2.6 80 0.25

30 TeV 7.6 �4.4 �0.28 2.3 210 0.19

Table 4: Predicted cross sections of the inclusive µ
+
µ
�

! HH +X, as given in Eq. (4.2) at
different muon collider energies.

where ASM, A2 ⇠ constant, and A1 ⇠ E
2 at high energies E � MW . Because of the energy

growing behavior of A1, the cross section has a strong dependence on �W2 over a large
range of phase space. As a result, we expect to be able to constrain W2 better than 3.
This argument also shows, when extracting the trilinear Higgs self-coupling it is important to
consider the impact from the quartic V V HH coupling. In this study, we have assumed the
HHV V vertex is modified only in its strength for simplicity, while in many well-motivated new
physics models the tensor structure of the quartic coupling could also be corrected [37, 38].
It will be interesting to further assess the impact of these additional modifications on the
extraction of 3 [39].

For the Higgs decays, we once again focus on the leading decay channel HH ! bb̄ bb̄,
which has a SM branching fraction BR(4b) ' 34%. We impose basic acceptance cuts

pT (b) > 30 GeV, 10� < ✓b < 170�, �Rbb > 0.4. (4.4)

As before, we further assume the jet energy resolution to be �E/E = 10%.
The Higgs candidates are reconstructed from the four most energetic jets. The four jets

are paired by minimizing
(mj1j2 � mH)2 + (mj3j4 � mH)2. (4.5)

And for each Higgs candidate, we impose

|mjj � mH | < 15 GeV (4.6)

to reject background from Z and W resonances. We also require the recoil mass

Mrecoil =
q

(pµ+ + pµ� � pH1 � pH2)
2 > 200 GeV. (4.7)

The signal selection efficiencies and the corresponding cross sections are listed in Table 2. If
we tighten the angular cut to 20�, the efficiencies would drop by a factor of 3 – 4.

We again perform a simultaneous fit to 3 and W2 using binned maximum likelihood
fit. Given the different energy dependence in the subamplitudes controlled by 3 and W2 , we
decided to bin the mHH distribution into the following intervals2

mHH = [0, 350, 450, 550, 650, 750, 950, 1350, 5000] GeV. (4.8)
2
A similar procedure for double Higgs production in hadron colliders can be found in Ref. [40].
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than 3. This argument also shows, when extracting the trilinear Higgs self-coupling it is

important to consider the impact from the quartic V V HH coupling. In this study, we have

assumed the HHV V vertex is modified only in its strength for simplicity, while in many

well-motivated new physics models the tensor structure of the quartic coupling could also

be corrected [39, 40]. It will be interesting to further assess the impact of these additional

modifications on the extraction of 3 [41].

For the Higgs decays, we once again focus on the leading decay channel HH ! bb̄ bb̄,

which has a SM branching fraction BR(4b) ' 34%. We impose basic acceptance cuts

pT (b) > 30 GeV, 10� < ✓b < 170�, �Rbb > 0.4. (20)

As before, we further assume the jet energy resolution to be �E/E = 10%.

The Higgs candidates are reconstructed from the four most energetic jets. The four jets

are paired by minimizing

(mj1j2 � mH)2 + (mj3j4 � mH)2. (21)

And for each Higgs candidate, we impose

|mjj � mH | < 15 GeV (22)

to reject background from Z and W resonances. We also require the recoil mass

Mrecoil =
q

(pµ+ + pµ� � pH1 � pH2)2 > 200 GeV. (23)

The signal selection efficiencies and the corresponding cross sections are listed in Table II.

If we tighten the angular cut to 20�, the efficiencies would drop by a factor of 3 – 4.

We again perform a simultaneous fit to 3 and W2 using binned maximum likelihood fit.

Given the different energy dependence in the subamplitudes controlled by 3 and W2 , we

decided to bin the mHH distribution into the following intervals2

m
HH

= [0, 350, 450, 550, 650, 750, 950, 1350, 5000] GeV. (24)

The binned cross section of µ
+
µ
�

! HH + X ! bb̄ bb̄ + X after the selection cuts can be

parametrized, in a similar fashion, as

� = �SM

⇥
1 + r1�W2 + r2�3 + r3�W2�3 + r4 (�W2)

2 + r5 (�3)
2⇤

, (25)

2
A similar procedure for double Higgs production in hadron colliders can be found in Ref. [42].
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(95% CL, single-parameter fit)

mHH [GeV] �SM [ab] r1 r2 r3 r4 r5

[0, 350) 15 �2.7 �1.7 7.6 6.7 2.6

[350, 450) 24 �3.4 �1.2 5.2 7.8 0.95

[450, 550) 24 �4.0 �0.91 4.6 12 0.52

[550, 650) 21 �4.6 �0.70 4.7 17 0.36

[650, 750) 17 �5.3 �0.60 5.1 26 0.28

[750, 950) 24 �6.9 �0.52 6.3 46 0.23

[950, 1350) 23 �11 �0.47 8.7 120 0.19

[1350, 5000) 15 �18 �0.30 7.2 240 0.075

Table 5: Cross sections of the inclusive µ
+
µ
�

! HH + X ! bb̄ bb̄ + X in different mHH

ranges as the coefficients corresponding to the five terms in Eq. (4.9) with
p
s = 10 TeV.

.
p
s (TeV) 3 6 10 14 30

benchmark lumi (ab�1) 1 4 10 20 90
(�W2)in 5.3% 1.3% 0.62% 0.41% 0.20%
(�3)in 25% 10% 5.6% 3.9% 2.0%

Table 6: The 95% C.L. in �W2 and �3 for the inclusive channel, by varying one coupling
at a time.

The binned cross section of µ+
µ
�

! HH + X ! bb̄ bb̄ + X after the selection cuts can be
parametrized, in a similar fashion, as

� = �SM

h
1 + r1�W2 + r2�3 + r3�W2�3 + r4 (�W2)

2 + r5 (�3)
2
i
, (4.9)

where the values are given in Table 5 for
p
s = 10 TeV for illustration. It is important to note

again the increasing sensitivity on W2 at higher values of m
HH

. The resulting contours are
shown in Fig. 7. In Table 6 we also provide the 95% C.L. from the single parameter fit, by
allowing 3 and W2 to vary only one at a time.

5 Discussion and Conclusion

As we have shown in this work, a multi-TeV high energy muon collider will have a tremendous
potential to constrain the electroweak Higgs couplings with unprecedented accuracy. It will
offer a unique probe into the nature of the Higgs boson as well as the scale of possible new
physics beyond the SM. In Table 7, we present a summary of the estimated sensitivities at
different collider energies and luminosities. In the last column of the table, we compare with
the expected precision from other proposed colliders. It is clear that a multi-TeV muon collider
could improve the measurements substantially.
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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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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

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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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
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σHHHZ ~ 1/2 σHHHvv @ 3TeV 

         ~ 1/50 σHHHvv @ 30TeV

HHHZ  subdominant !

J
H
E
P
0
9
(
2
0
2
0
)
0
9
8

particular the multi-TeV energy and order 1035 cm−2s−1 luminosity options considered in

table 1. Since, for
√
s ! 1.5TeV, vector-boson-fusion channels (whose cross sections grow

as log s) get the upper-hand on the corresponding s-channel production mediated by the

µ+µ− → HHHZ∗ process, our analysis will be mainly focused on the W-boson-fusion

(WBF) process

µ+µ− → W ∗W ∗νµνµ → HHHνµνµ. (1.2)

Depending on the particular Higgs decay channel involved, the final signature of triple

Higgs events can be quite diverse [19], although a few kinematical common features (like

the presence of three systems resonating at the Higgs masses) will be universal. Thanks to

these features, even dijet final states, such as the b-jets from high-rate H → bb̄ decays, are

expected to be efficiently reconstructed.3

In this study, we work under two main hypotheses. First, we assume that a number

of potential machine and detector issues will be solved after detailed studies, possibly in-

volving innovative technologies, and discuss the potential consequences of just having at

disposal signal event statistics for triple Higgs bosons corresponding to such high c.m. en-

ergies and luminosities as envisaged in the MAP project. Second, we assume that the bulk

of the different HHH final states corresponding to the dominant Higgs decay channels can

be reconstructed with high efficiency. Correspondingly, we estimate the muon collider sen-

sitivity to detect a deviation in the Higgs λ3 and λ4 self-couplings through the full statistics

of the triple Higgs production. On the other hand, as far as the Higgs trilinear self-coupling

λ3 is concerned, we do not consider here the stronger direct constraints that presumably

can be obtained through the scrutiny of the higher-rate double Higgs production.

The plan of the paper is as follows. In section 2 we present the results of our Monte

Carlo simulations for the signal cross sections and distributions in the standard model,

including a study of the acceptance of 6 b-jet final state.

In section 3, we parametrise the cross sections dependence in new physics scenarios as

a quartic polynomial of the deviations δ3 and δ4 of the self-couplings with respect to the SM

predictions and study the sensitivity of representative distributions to them. Finally, we

determine the constraining potential (considering different energy and luminosity setups)

of a future muon collider. In the last section, we present our conclusions and the outlook.

2 Triple Higgs production in the standard model

In this section, we present the cross sections and a few kinematical distributions for the

process

µ+µ− → HHH νν, (2.1)

in the SM and in scenarios where the Higgs self-couplings are modified, at muon collider

energies in the range [1.5, 30] TeV.

3In fact, the final detection efficiency could be strongly affected by the machine-induced background and

the machine detector interface that could seriously impact the final detector acceptance [27, 28]. In any

case, it is clear that further research and development of accelerator, detector, and analysis technologies

for a multi-TeV muon collider will be needed to reach robust conclusions on the physics potential of such

a machine.
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sitivity to detect a deviation in the Higgs λ3 and λ4 self-couplings through the full statistics

of the triple Higgs production. On the other hand, as far as the Higgs trilinear self-coupling

λ3 is concerned, we do not consider here the stronger direct constraints that presumably

can be obtained through the scrutiny of the higher-rate double Higgs production.

The plan of the paper is as follows. In section 2 we present the results of our Monte

Carlo simulations for the signal cross sections and distributions in the standard model,

including a study of the acceptance of 6 b-jet final state.

In section 3, we parametrise the cross sections dependence in new physics scenarios as

a quartic polynomial of the deviations δ3 and δ4 of the self-couplings with respect to the SM

predictions and study the sensitivity of representative distributions to them. Finally, we

determine the constraining potential (considering different energy and luminosity setups)

of a future muon collider. In the last section, we present our conclusions and the outlook.

2 Triple Higgs production in the standard model

In this section, we present the cross sections and a few kinematical distributions for the

process

µ+µ− → HHH νν, (2.1)

in the SM and in scenarios where the Higgs self-couplings are modified, at muon collider

energies in the range [1.5, 30] TeV.

3In fact, the final detection efficiency could be strongly affected by the machine-induced background and

the machine detector interface that could seriously impact the final detector acceptance [27, 28]. In any

case, it is clear that further research and development of accelerator, detector, and analysis technologies

for a multi-TeV muon collider will be needed to reach robust conclusions on the physics potential of such

a machine.
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Figure 1. Representative Feynman diagrams contributing to the process µ+µ− → HHHνν that do
not involve self-couplings (top-left and bottom-right), involve the trilinear twice (top-right) and once
(central), and the quartic (bottom-left) couplings. s-channel diagrams (bottom-right) contribute
but become negligible at high energy (note that in this case ν = νe, νµ, ντ ).

In figure 1, we show a few representative Feynman diagrams of the process. By in-

spection, one can quickly conclude that at the tree level, each diagram can be at most

linearly dependent on the quartic self-coupling λ4, and linearly or quadratically dependent

on λ3. In fact, the majority of diagrams are independent from Higgs self-couplings. This

observation leads to the expectation that on the one hand, the cross section sensitivity to

self-couplings in general and to the quartic coupling in particular, will be quite mild and

on the other hand, a very precise knowledge of the WWH and WWHH couplings will be

needed in order to pin down the Higgs potential.
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Figure 6: Higgs rapidity (left) and Higgs-pair �R (right) distributions in µ
+
µ
�
! HHH⌫⌫, in

the SM, at
p
s '14 TeV, for M⌫̄⌫ & 150 GeV. The index 1 refers to the highest-pT Higgs, while

the index 3 refers to the lowest-pT Higgs. The solid lines stand for the inclusive distributions,
the dashed (dotdashed) lines correspond to applying a further cut MHHH< (>)1 TeV.

3 Triple Higgs production with anomalous self-couplings

We can now pass to consider in detail how modifications of the trilinear and quartic couplings
can modify cross sections and distributions. As already mentioned, the Feynman diagrams
contributing to the process µ

+
µ
�
! HHH⌫⌫ can involve one quartic Higgs vertex or up to

two Higgs trilinear vertices, see figure 1.
As a result, the most general expression for the cross section as a function of the deviations

from the SM cubic and quartic Higgs couplings can be expressed in terms of a polynomial which
is quartic in �3 and quadratic in �4:

� = c1 + c2�3 + c3�4 + c4�3�4 + c5�
2
3 + c6�

2
4 + c7�

3
3 + c8�

2
3�4 + c9�

4
3 , (9)

where the coefficients ci can be obtained once for all from a MC simulation and they are collected
in table 4, for the total cross sections with and without an upper cut on the HHH invariant
mass of 1 TeV. This parametrization is useful for at least two reasons. The first is that it can
be used to extract sensitivities to different scenarios without the need to rerun MC simulations
for each benchmark point. The second advantage is that it is possible to directly gauge the
sensitivity to new physics effects by comparing the value of the SM coefficient (c1), with the
linear terms c2, c3, which are dominant for �3,4 ⌧ 1, and the quadratic (mixed or diagonal)
terms (c4,5,6), the cubic (c7,8) and finally the quartic terms (c9). First, the SM coefficient, as we
had already seen in figure 2, grows faster than linearly, yet tends to flatten at high energy. As
also seen before, the increase of the cross section is clearly provided by configurations which are
far from threshold, and where at least one Higgs boson is soft and can be very forward. In fact,
once an upper cut on the HHH invariant mass of 1 TeV is set, the increase on the cross sections
is less than linear and very mild. Second, at the linear level and for total cross sections, the
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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-

δ3 δ4
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Figure 2: Expected cross sections (left) and signal event numbers for a reference integrated
luminosity of 100 ab�1 (right) for µ

+
µ
�

! HHH⌫⌫ versus the c.m. collision energy, for
M⌫̄⌫ & 150GeV. Cross sections for different assumptions of the trilinear and quartic couplings
are presented, as well as for the SM case, obtained by Whizard (left-hand side) and Mad-

Graph5_aMC@NLO (right-hand side). Details on the scenarios are given in the text.

In order to get a first feeling of the cross section sensitivity to variations of the Higgs quartic
coupling, in figures 2 we also show the cross section obtained by keeping the SM value for �3

and switching off �4 (�3 = 0, �4 = �1 or 3 = 1,4 = 0). The effect is an increase, as expected
from general arguments on unitarity cancellation, of production rates of about 20%�30% in
the

p
s range considered here. On the right-hand plot, we show the corresponding results as

obtained from MG5aMC also including two scenarios of interest: the �3 = ±1, �4 = ±6 cases,
corresponding to relative shift between �3 and �4 consistent with an EFT approach, and a
scenario �3 = 0, �4 = +1 with no change in �3, yet a 100% increase of �4. It is interesting to note
that, as far as total rates are concerned, the latter case turns out to be hardly distinguishable
from the scenario where �3 = �SM and �4 = 0.

A second set of relevant information is provided in table 2, where we report the µ
+
µ
�
!

HHH⌫⌫ total cross sections and event numbers 7 for the reference set of collision energies and
integrated luminosities of table 1. In addition to total cross sections, also the number of events
close to threshold, i.e., with a requirement on the HHH-invariant-mass (MHHH) to be less
than 1 and 3 TeV is given. As we will discuss in the following, the sensitivity to the quartic
coupling depends rather strongly on the phase space region occupied by the Higgs bosons in
the final state, being the strongest close to threshold.

Given the very small cross section at 1.5 TeV (cf. table 2), we will not consider this option in
our sensitivity studies. On the other hand, in section 4 we will include the case

p
s =3 TeV even

7
A cut M⌫̄⌫ & 150 GeV will be implicit from now on.
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Graph5_aMC@NLO (right-hand side). Details on the scenarios are given in the text.

In order to get a first feeling of the cross section sensitivity to variations of the Higgs quartic
coupling, in figures 2 we also show the cross section obtained by keeping the SM value for �3

and switching off �4 (�3 = 0, �4 = �1 or 3 = 1,4 = 0). The effect is an increase, as expected
from general arguments on unitarity cancellation, of production rates of about 20%�30% in
the

p
s range considered here. On the right-hand plot, we show the corresponding results as

obtained from MG5aMC also including two scenarios of interest: the �3 = ±1, �4 = ±6 cases,
corresponding to relative shift between �3 and �4 consistent with an EFT approach, and a
scenario �3 = 0, �4 = +1 with no change in �3, yet a 100% increase of �4. It is interesting to note
that, as far as total rates are concerned, the latter case turns out to be hardly distinguishable
from the scenario where �3 = �SM and �4 = 0.

A second set of relevant information is provided in table 2, where we report the µ
+
µ
�
!

HHH⌫⌫ total cross sections and event numbers 7 for the reference set of collision energies and
integrated luminosities of table 1. In addition to total cross sections, also the number of events
close to threshold, i.e., with a requirement on the HHH-invariant-mass (MHHH) to be less
than 1 and 3 TeV is given. As we will discuss in the following, the sensitivity to the quartic
coupling depends rather strongly on the phase space region occupied by the Higgs bosons in
the final state, being the strongest close to threshold.

Given the very small cross section at 1.5 TeV (cf. table 2), we will not consider this option in
our sensitivity studies. On the other hand, in section 4 we will include the case

p
s =3 TeV even

7
A cut M⌫̄⌫ & 150 GeV will be implicit from now on.
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Figure 12: Left: 1-� exclusion plot 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⌫⌫), for M⌫̄⌫ & 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 plot zoomed
around the SM configuration. The integrated luminosity assumed is about 20 times larger than
the reference luminosity in table 1.

Constraints on �4 (with �3 = 0)
p
s (TeV) Lumi (ab�1) x-sec only, acceptance cuts

1 � 2 � 3 �

6 12 [�0.50, 0.70] [�0.74, 0.95] [�0.93, 1.15]
10 20 [�0.37, 0.54] [�0.55, 0.72] [�0.69, 0.85]
14 33 [�0.28, 0.43] [�0.42, 0.58] [�0.52, 0.68]
30 100 [�0.15, 0.30] [�0.24, 0.38] [�0.30, 0.45]
3 100 [�0.34, 0.64] [�0.53, 0.82] [�0.67, 0.97]

Table 6: Constraints on �4 (�3 =0) for the c.m. energies and the instantaneous luminosities in
table 1 once the geometric acceptance cuts pT >20 GeV and |⌘| < 3 are applied to the Higgs
decay products. The bounds are obtained from the total expected cross sections for the process
µ
+
µ
�
! HHH⌫⌫̄. The Higgs bosons are produced on-shell and decayed to bb̄ pairs but no

branching ratio is applied.
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‡
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‡(MHHH < 3TeV) 0.03 [0] 0.31 [1] 1.47 [18]
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Figure 3: Inclusive Higgs transverse momentum distributions (normalized) for the µ
+
µ
�

!

HHH⌫⌫ process, in the SM, at different collision energies. A technical cut of M⌫̄⌫ & 150 GeV
is included. The plot on the right includes an upper cut of 1 TeV on the HHH invariant mass.
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plot on the right includes an upper cut of 1 TeV on the HHH invariant mass.
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Figure 7: Dependence of the MHHH distributions on a variation of the quartic Higgs coupling,
for three energy setups, assuming �3 = 0 (i.e., a SM trilinear self-coupling).

attention on the HHH invariant mass. In figure 7 we plot the ratio between the MHHH

distribution in a scenario where �3 = 0, for �4 = �0.5,�0.2,�0.05 (left plot) and for �4 =
0.5, 0.2, 0.05 (right plot) for different c.m. energies. The first observation is the size as well
as the dependence of the corrections on the MHHH are very different between positive and
negative values of �4. The main reason can be traced back to the fact that even at the total
integrated level the linear coefficient c3 is negative while the quadratic coefficient c6 is positive.
For negative values of �4 the contributions sum and the final result is always larger than the SM,
the larger effects being at threshold. For positive values of �4, cancellations take place between
the differential version of c3 and c6, leading to a final non trivial pattern shown on the right plot:
corrections start negative very close to threshold, and then become positive above about 600-
800 GeV. In figure 8 we show the results of an analogous study, assuming �3 = �0.5,�0.2,�0.05
(left plot) and �3 = 0.5, 0.2, 0.05 with �4 = 6 �3, i.e., in the SMEFT scenario. Also in this case
the shape changes are larger at threshold and deviations with respect to SM predictions can be
quite significant.

4 Sensitivity to the Higgs self-coupling deviations

We are now ready to perform the first exploration of the sensitivity of a future muon collider
to deviations of the Higgs self-couplings.

For the sake of simplicity, we restrict the presentation to two possibly relevant scenarios:

A) �3 = 0, �4 6= 0, i.e., deviations only in the quartic Higgs coupling;

B) �4 = 6 �3, i.e., the pattern of deviations as expected from the SMEFT at dim=6.
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Figure 9: Dependence of the µ
+
µ
�

! HHH⌫⌫ cross section on the anomalous Higgs self-
couplings in two different scenarios: A (�3 = 0) on the left and B (�4 = 6 �3) on the right. In
the latter case the ratio of the cross sections is expressed in terms of �3.

Constraints on �4 (with �3 = 0)
p
s (TeV) Lumi (ab�1) x-sec only x-sec only threshold + MHHH > 1 TeV

1 � 2 � 1 �

6 12 [�0.60, 0.75] [�0.90, 1.00] [�0.55, 0.85]
10 20 [�0.50, 0.55] [�0.70, 0.80] [�0.45, 0.70]
14 33 [�0.45, 0.50] [�0.60, 0.65] [�0.35, 0.55]
30 100 [�0.30, 0.35] [�0.45, 0.45] [�0.20, 0.40]
3 100 [�0.35, 0.60] [�0.50, 0.80] [�0.45, 0.65]

Table 5: Summary of the constraints on the quartic deviations �4, assuming �3 = 0, for various
muon collider energy/luminosity options, as obtained from the total expected cross sections
(1� and 2� CL). The third column shows the bounds obtained from the combination of the
constraints corresponding to the setups MHHH < 1 TeV and MHHH > 1 TeV.
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Figure 9: Dependence of the µ
+
µ
�

! HHH⌫⌫ cross section on the anomalous Higgs self-
couplings in two different scenarios: A (�3 = 0) on the left and B (�4 = 6 �3) on the right. In
the latter case the ratio of the cross sections is expressed in terms of �3.

Constraints on �4 (with �3 = 0)
p
s (TeV) Lumi (ab�1) x-sec only x-sec only threshold + MHHH > 1 TeV

1 � 2 � 1 �

6 12 [�0.60, 0.75] [�0.90, 1.00] [�0.55, 0.85]
10 20 [�0.50, 0.55] [�0.70, 0.80] [�0.45, 0.70]
14 33 [�0.45, 0.50] [�0.60, 0.65] [�0.35, 0.55]
30 100 [�0.30, 0.35] [�0.45, 0.45] [�0.20, 0.40]
3 100 [�0.35, 0.60] [�0.50, 0.80] [�0.45, 0.65]

Table 5: Summary of the constraints on the quartic deviations �4, assuming �3 = 0, for various
muon collider energy/luminosity options, as obtained from the total expected cross sections
(1� and 2� CL). The third column shows the bounds obtained from the combination of the
constraints corresponding to the setups MHHH < 1 TeV and MHHH > 1 TeV.
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obtained considering deviations from the inclusive cross sections only.
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decay products must have pT >20 GeV and |⌘| <3.
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for δ3≠0, can constrain deviations from  
SMEFT configuration  [δ4 ~ 6 δ3]

22               H2020,  29  October 2020
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Figure 18: One-sigma exclusion plots in the (�3, �̃4) plane in terms of standard deviations
|N(�3, �̃4 + 6�3) � N(�3, 6�3)|/

p
N(�3, 6�3) with respect to the SMEFT configuration (�̃4 =

�4 � 6�3), for the c.m. energy of 6 (top left), 10 (top right), 14 (bottom left), and 30 TeV
(bottom right). The generation cut M⌫̄⌫ & 150GeV is applied, but no cut is imposed on the
Higgs bosons or their decay products.
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Figure 18: One-sigma exclusion plots in the (�3, �̃4) plane in terms of standard deviations
|N(�3, �̃4 + 6�3) � N(�3, 6�3)|/

p
N(�3, 6�3) with respect to the SMEFT configuration (�̃4 =

�4 � 6�3), for the c.m. energy of 6 (top left), 10 (top right), 14 (bottom left), and 30 TeV
(bottom right). The generation cut M⌫̄⌫ & 150GeV is applied, but no cut is imposed on the
Higgs bosons or their decay products.
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F. Collamati - MDI simulation and optimisation at a Muon Collider - CERN - 22.09.2020
3

• Beam Induced Background (BIB) in the detector can severely impair its 
performances 

• MAP developed a realistic simulation 
of BIB in the detector by 
implementing a model of the tunnel 
and accelerator ±200m from the 
interaction point, @Ecm = 1.5 TeV 

• Secondary and tertiary particles from 
muon decays are simulated with 
MARS15 then transported to the 
detector 

• Two tungsten nozzles play a crucial 
role in background mitigation inside 
the detector

The Tool IdentificationThe Problem The Procedure Results

10°

5°

Barbara Mele

Beam Induced Bckgr (BIB) from muons' decay

23               H2020,  29  October 2020

two tungsten nozzles can mitigate BIB in detector 
➜ ➜ reduced acceptance in forward regions
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Figure 3: Inclusive Higgs transverse momentum distributions (normalized) for the µ
+
µ
�

!

HHH⌫⌫ process, in the SM, at different collision energies. A technical cut of M⌫̄⌫ & 150 GeV
is included. The plot on the right includes an upper cut of 1 TeV on the HHH invariant mass.
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Figure 4: Inclusive Higgs rapidity distributions (normalized) for the µ
+
µ
�
! HHH⌫⌫ process,

in the SM, at different collision energies. A technical cut of M⌫̄⌫ & 150 GeV is included. The
plot on the right includes an upper cut of 1 TeV on the HHH invariant mass.
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(➜ MAP studies at √Sµµ~1.5 TeV)

➜➜cutting off small angles  
can increase sensitivity !
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Figure 1. Representative Feynman diagrams contributing to the process µ+µ− → HHHνν that do
not involve self-couplings (top-left and bottom-right), involve the trilinear twice (top-right) and once
(central), and the quartic (bottom-left) couplings. s-channel diagrams (bottom-right) contribute
but become negligible at high energy (note that in this case ν = νe, νµ, ντ ).

In figure 1, we show a few representative Feynman diagrams of the process. By in-

spection, one can quickly conclude that at the tree level, each diagram can be at most

linearly dependent on the quartic self-coupling λ4, and linearly or quadratically dependent

on λ3. In fact, the majority of diagrams are independent from Higgs self-couplings. This

observation leads to the expectation that on the one hand, the cross section sensitivity to

self-couplings in general and to the quartic coupling in particular, will be quite mild and

on the other hand, a very precise knowledge of the WWH and WWHH couplings will be

needed in order to pin down the Higgs potential.
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δ4 bounds [δ3=0] : σtot vs  σ[reduced accept.]  

geometrical selection on H ➜ bb decay products  
(in principle inclusive on H ➜ bb,cc,gg,τ	τ...➜ no BR applied) 

clear improvement in sensitivity !
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Figure 12: Left: 1-� exclusion plot 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⌫⌫), for M⌫̄⌫ & 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 plot zoomed
around the SM configuration. The integrated luminosity assumed is about 20 times larger than
the reference luminosity in table 1.

Constraints on �4 (with �3 = 0)
p
s (TeV) Lumi (ab�1) x-sec only, acceptance cuts

1 � 2 � 3 �

6 12 [�0.50, 0.70] [�0.74, 0.95] [�0.93, 1.15]
10 20 [�0.37, 0.54] [�0.55, 0.72] [�0.69, 0.85]
14 33 [�0.28, 0.43] [�0.42, 0.58] [�0.52, 0.68]
30 100 [�0.15, 0.30] [�0.24, 0.38] [�0.30, 0.45]
3 100 [�0.34, 0.64] [�0.53, 0.82] [�0.67, 0.97]

Table 6: Constraints on �4 (�3 =0) for the c.m. energies and the instantaneous luminosities in
table 1 once the geometric acceptance cuts pT >20 GeV and |⌘| < 3 are applied to the Higgs
decay products. The bounds are obtained from the total expected cross sections for the process
µ
+
µ
�
! HHH⌫⌫̄. The Higgs bosons are produced on-shell and decayed to bb̄ pairs but no

branching ratio is applied.
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�
! HHH⌫⌫), for M⌫̄⌫ & 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 plot zoomed
around the SM configuration. The integrated luminosity assumed is about 20 times larger than
the reference luminosity in table 1.
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Table 6: Constraints on �4 (�3 =0) for the c.m. energies and the instantaneous luminosities in
table 1 once the geometric acceptance cuts pT >20 GeV and |⌘| < 3 are applied to the Higgs
decay products. The bounds are obtained from the total expected cross sections for the process
µ
+
µ
�
! HHH⌫⌫̄. The Higgs bosons are produced on-shell and decayed to bb̄ pairs but no

branching ratio is applied.
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Figure 9: Dependence of the µ
+
µ
�

! HHH⌫⌫ cross section on the anomalous Higgs self-
couplings in two different scenarios: A (�3 = 0) on the left and B (�4 = 6 �3) on the right. In
the latter case the ratio of the cross sections is expressed in terms of �3.

Constraints on �4 (with �3 = 0)
p
s (TeV) Lumi (ab�1) x-sec only x-sec only threshold + MHHH > 1 TeV

1 � 2 � 1 �

6 12 [�0.60, 0.75] [�0.90, 1.00] [�0.55, 0.85]
10 20 [�0.50, 0.55] [�0.70, 0.80] [�0.45, 0.70]
14 33 [�0.45, 0.50] [�0.60, 0.65] [�0.35, 0.55]
30 100 [�0.30, 0.35] [�0.45, 0.45] [�0.20, 0.40]
3 100 [�0.35, 0.60] [�0.50, 0.80] [�0.45, 0.65]

Table 5: Summary of the constraints on the quartic deviations �4, assuming �3 = 0, for various
muon collider energy/luminosity options, as obtained from the total expected cross sections
(1� and 2� CL). The third column shows the bounds obtained from the combination of the
constraints corresponding to the setups MHHH < 1 TeV and MHHH > 1 TeV.
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the reference luminosity in table 1.
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6 12 [�0.50, 0.70] [�0.74, 0.95] [�0.93, 1.15]
10 20 [�0.37, 0.54] [�0.55, 0.72] [�0.69, 0.85]
14 33 [�0.28, 0.43] [�0.42, 0.58] [�0.52, 0.68]
30 100 [�0.15, 0.30] [�0.24, 0.38] [�0.30, 0.45]
3 100 [�0.34, 0.64] [�0.53, 0.82] [�0.67, 0.97]

Table 6: Constraints on �4 (�3 =0) for the c.m. energies and the instantaneous luminosities in
table 1 once the geometric acceptance cuts pT >20 GeV and |⌘| < 3 are applied to the Higgs
decay products. The bounds are obtained from the total expected cross sections for the process
µ
+
µ
�
! HHH⌫⌫̄. The Higgs bosons are produced on-shell and decayed to bb̄ pairs but no

branching ratio is applied.
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Figure 14. One-sigma constraints on δ4 assuming δ3 = 0, for the c.m. energies in table 1, as a
function of the integrated luminosity. The curves are obtained by requiring at least twenty signal
events. The left plot corresponds to the inclusive setup, while in the right plot the Higgs decay
products must have pT > 20GeV and |η| < 3.
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mass distributions of the three Higgs bosons for δ4 = ±0.2 (δ3 = 0) and in the SM. The dots
correspond to the inclusive setup, while the solid/dashed curves are obtained by imposing the
geometric acceptance cuts on the Higgs decay products.

in the inclusive setup and after imposing a minimum transverse momentum of 20GeV and

a maximum rapidity of 3 to the Higgs decay products: while in the inclusive setup the high

invariant-mass tail is dominated by forward events and basically independent of δ4, when

the acceptance cuts are imposed the ratios become positive for large invariant masses and

– 21 –

p
r
o
o
f
s
 
J
H
E
P
_
1
9
7
P
_
0
4
2
0

δ 4

L [ab−1]

√
s =3 TeV

6 TeV
10 TeV
14 TeV
30 TeV

−1

−0.5

0

0.5

1

1.5

1 10 100 1000

L
=

4
.4

a
b
−

1

L
=

1
2

a
b
−

1

L
=

2
0

a
b
−

1

L
=

3
3

a
b
−

1

L
=

1
0
0

a
b
−

1

pbT > 20 GeV

|ηb| < 3

δ 4
L [ab−1]

√
s =3 TeV

6 TeV
10 TeV
14 TeV
30 TeV

−1

−0.5

0

0.5

1

1.5

1 10 100 1000

L
=

4
.4

a
b
−

1

L
=

1
2

a
b
−

1

L
=

2
0

a
b
−

1

L
=

3
3

a
b
−

1

L
=

1
0
0

a
b
−

1

Figure 14. One-sigma constraints on δ4 assuming δ3 = 0, for the c.m. energies in table 1, as a
function of the integrated luminosity. The curves are obtained by requiring at least twenty signal
events. The left plot corresponds to the inclusive setup, while in the right plot the Higgs decay
products must have pT > 20GeV and |η| < 3.

MHHH < 1 TeV

δ 4

L [ab−1]

√
s =3 TeV

6 TeV
10 TeV
14 TeV
30 TeV

−1

−0.5

0

0.5

1

1.5

1 10 100 1000

L
=

4
.4

a
b
−

1

L
=

1
2

a
b
−

1

L
=

2
0

a
b
−

1

L
=

3
3

a
b
−

1

L
=

1
0
0

a
b
−

1

0.8

0.9

1

1.1

1.2

1.3

1.4

0 2 4 6 8 10

cuts:
pbT > 20 GeV

|ηb| < 3

0.8

0.9

1

1.1

1.2

1.3

1.4

0 2 4 6 8 10

δ4 = −0.2, inclusive
δ4 = +0.2, inclusive

δ4 = −0.2, cuts
δ4 = +0.2, cuts

dσ
(δ

3
=

0,
δ 4

=
±
0.
2)
/d

σ
S
M

MHHH [TeV]

√
s =10 TeV

14 TeV
30 TeV

Figure 15. Left plot: one-sigma constraints on δ4 in the threshold region (MHHH < 1TeV)
assuming δ3 = 0, for the c.m. energies in table 1, as a function of the integrated luminosity. The
curves are obtained by requiring at least twenty signal events. Right plot: ratios of the invariant
mass distributions of the three Higgs bosons for δ4 = ±0.2 (δ3 = 0) and in the SM. The dots
correspond to the inclusive setup, while the solid/dashed curves are obtained by imposing the
geometric acceptance cuts on the Higgs decay products.

in the inclusive setup and after imposing a minimum transverse momentum of 20GeV and

a maximum rapidity of 3 to the Higgs decay products: while in the inclusive setup the high

invariant-mass tail is dominated by forward events and basically independent of δ4, when

the acceptance cuts are imposed the ratios become positive for large invariant masses and
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in the inclusive setup and after imposing a minimum transverse momentum of 20GeV and

a maximum rapidity of 3 to the Higgs decay products: while in the inclusive setup the high

invariant-mass tail is dominated by forward events and basically independent of δ4, when

the acceptance cuts are imposed the ratios become positive for large invariant masses and
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in the inclusive setup and after imposing a minimum transverse momentum of 20GeV and

a maximum rapidity of 3 to the Higgs decay products: while in the inclusive setup the high

invariant-mass tail is dominated by forward events and basically independent of δ4, when

the acceptance cuts are imposed the ratios become positive for large invariant masses and
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Figure 1. Representative Feynman diagrams contributing to the process µ+µ− → HHHνν that do
not involve self-couplings (top-left and bottom-right), involve the trilinear twice (top-right) and once
(central), and the quartic (bottom-left) couplings. s-channel diagrams (bottom-right) contribute
but become negligible at high energy (note that in this case ν = νe, νµ, ντ ).

In figure 1, we show a few representative Feynman diagrams of the process. By in-

spection, one can quickly conclude that at the tree level, each diagram can be at most

linearly dependent on the quartic self-coupling λ4, and linearly or quadratically dependent

on λ3. In fact, the majority of diagrams are independent from Higgs self-couplings. This

observation leads to the expectation that on the one hand, the cross section sensitivity to

self-couplings in general and to the quartic coupling in particular, will be quite mild and

on the other hand, a very precise knowledge of the WWH and WWHH couplings will be

needed in order to pin down the Higgs potential.
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all HHH decay modes with sizeble BR's are relevant !   
8-body final states (at least !)  
➜  hard to evaluate via MC's 
6b-jet bckgr moderate at FCC-hh  [arXiv:1801.10157] 

might be  S/B >> 1  at multi-TeV muon colliders... ➜

Barbara Mele 26               H2020,  29  October 2020

Chiesa et al., in progress

"Physics" bckgds  to  VBF ➜ HHH
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S/B ~ 1

cf. bckgds to VBF ➜ HH at CLIC_3TeV

27

9

Table 4 Cross sections, �, selection e�ciencies, ✏looseBDT (✏tightBDT), and expected number of events in the loose (tight)

BDT selection region of the HH! bbbb analysis, NlooseBDT (NtightBDT), at
p
s =3TeV for L = 5ab

�1
. The cross sections

are for unpolarised beams; the numbers of events assume the 4:1 polarisation scheme.

Process �/fb ✏looseBDT NlooseBDT ✏tightBDT NtightBDT

e
+
e
� ! HHnn 0.59 17.6% 766 8.43% 367

only HH! bbbb 0.19 53.4% 734 26.3% 361
only HH! other 0.40 1.1% 32 0.2% 6

e
+
e
� ! qqqq 547 0.0065% 259 0.00033% 13

e
+
e
� ! qqqqnn 72 0.17% 876 0.017% 90

e
+
e
� ! qqqqln 107 0.053% 421 0.0029% 23

e
+
e
� ! qqHnn 4.7 3.8% 1171 0.56% 174

e
±g ! nqqqq 523 0.023% 821 0.0014% 52

e
±g ! qqHn 116 0.12% 979 0.0026% 21

HHnn signal is dominant compared to backgrounds at
higher BDT score values. Selected samples with mod-
ified gHHH are compared in Fig. 5 (b), which shows a
small overall sensitivity of the BDT score to the Higgs
self-coupling. The main influence on the area of the dis-
tributions is the total cross section: The selection e�-
ciencies vary only between 17 and 18% among the event
samples with the given coupling values, while the total
cross sections vary between 0.471 and 0.68 fb The distri-
bution of the invariant mass of the double Higgs boson
system for the SM contributions in the loose BDT re-
gion is presented in Fig. 6. Fig. 7 (a) and 7 (b) show the
invariant di-Higgs mass distributions for selected val-
ues of gHHH and gHHWW . The di-Higgs invariant mass
distributions between points with similar, but opposite,
variation of the gHHH coupling di↵er especially in the
lower invariant mass region as illustrated in Fig. 7 (b),
comparing the distributions between HHH = 0.8, 1.2
and 2.2 to the SM. As shown in Fig. 7, the gHHWW

coupling impacts also the higher invariant mass region,
which allows it to be distinguished from modifications
in the gHHH coupling.

5 Cross section measurement

5.1 Precision of the cross section measurement for
HHnn production at 1.4 and 3TeV

The cross-section measurement is based on the base-
line luminosity and polarisation scheme resulting in the
event yields for the WBF Higgs pair production signal
and the backgrounds listed in Tables 1 and 2 for the
bbWW⇤ analysis and in Tables 3 and 4 for the bbbb
analysis. From this, the precision of the cross-section
measurement assuming the SM value can be determined
according to ��

�
=

p
S+B

S
, where S (B) is the number

of signal (background) events passing the selection. In

the bbbb (bbWW⇤) analysis channel, the contribu-
tion of HH decaying to other final states than bbbb
(bbWW⇤) yet passing the signal selection is counted
towards the number of signal events.

The Z(! nn)HH contribution to the HHnn final
state exhibits a dependence on gHHH , though a di↵erent
one than the WBF component. In the HHnn analysis at
3TeV, the modification of the HHnn cross section due
to the variation of gHHH is treated as independent of
a possible change in the Z(! nn)HH contribution due
to analysis selection criteria. It has been checked that
the impact of a di↵erent e�ciency for the Z(! nn)HH
component is small. In a future study, the components
could be separated in the signal region based on kine-
matic information, using their individual dependencies
on gHHH .

The energy stage at
p
s = 1.4TeV with an inte-

grated luminosity of L=2.5 ab�1 and the 4:1 polarisa-
tion scheme provides evidence for the e+e� ! HHnn
process with a measurement significance of 3.5� cor-
responding to a cross-section precision of 28%. At the
3TeV stage alone, the observation of e+e� ! HHnn
production is reached after 700 fb�1 of data taking.
Based on the 3TeV stage and both decay channels,
the precision of the HHnn cross-section measurement
is 7.3%. The 3TeV stage clearly dominates the cross-
section measurement for WBF double Higgs produc-
tion. With the bbbb channel at 3TeV alone, the preci-
sion is 7.4%. This demonstrates that the contribution
from the bbWW⇤ analysis is very small. In the fol-
lowing, we therefore consider only the bbbb analysis.
The uncertainties on the cross section measurement are
summarised in Table 5.

As described in Sec. 2, the e+e� ! HHnn cross sec-
tion is dependent on the beam polarisation. In the nom-
inal 4:1 polarisation scheme, the number of e+e� !
HHnn events is scaled by a factor of fp = 1.43 (1.48)
at 1.4TeV (3TeV). For the ZHH process at 1.4TeV,
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Table 4 Cross sections, �, selection e�ciencies, ✏looseBDT (✏tightBDT), and expected number of events in the loose (tight)

BDT selection region of the HH! bbbb analysis, NlooseBDT (NtightBDT), at
p
s =3TeV for L = 5ab

�1
. The cross sections

are for unpolarised beams; the numbers of events assume the 4:1 polarisation scheme.

Process �/fb ✏looseBDT NlooseBDT ✏tightBDT NtightBDT

e
+
e
� ! HHnn 0.59 17.6% 766 8.43% 367

only HH! bbbb 0.19 53.4% 734 26.3% 361
only HH! other 0.40 1.1% 32 0.2% 6
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+
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� ! qqqq 547 0.0065% 259 0.00033% 13
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+
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� ! qqqqnn 72 0.17% 876 0.017% 90

e
+
e
� ! qqqqln 107 0.053% 421 0.0029% 23
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� ! qqHnn 4.7 3.8% 1171 0.56% 174

e
±g ! nqqqq 523 0.023% 821 0.0014% 52

e
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HHnn signal is dominant compared to backgrounds at
higher BDT score values. Selected samples with mod-
ified gHHH are compared in Fig. 5 (b), which shows a
small overall sensitivity of the BDT score to the Higgs
self-coupling. The main influence on the area of the dis-
tributions is the total cross section: The selection e�-
ciencies vary only between 17 and 18% among the event
samples with the given coupling values, while the total
cross sections vary between 0.471 and 0.68 fb The distri-
bution of the invariant mass of the double Higgs boson
system for the SM contributions in the loose BDT re-
gion is presented in Fig. 6. Fig. 7 (a) and 7 (b) show the
invariant di-Higgs mass distributions for selected val-
ues of gHHH and gHHWW . The di-Higgs invariant mass
distributions between points with similar, but opposite,
variation of the gHHH coupling di↵er especially in the
lower invariant mass region as illustrated in Fig. 7 (b),
comparing the distributions between HHH = 0.8, 1.2
and 2.2 to the SM. As shown in Fig. 7, the gHHWW

coupling impacts also the higher invariant mass region,
which allows it to be distinguished from modifications
in the gHHH coupling.

5 Cross section measurement

5.1 Precision of the cross section measurement for
HHnn production at 1.4 and 3TeV

The cross-section measurement is based on the base-
line luminosity and polarisation scheme resulting in the
event yields for the WBF Higgs pair production signal
and the backgrounds listed in Tables 1 and 2 for the
bbWW⇤ analysis and in Tables 3 and 4 for the bbbb
analysis. From this, the precision of the cross-section
measurement assuming the SM value can be determined
according to ��

�
=

p
S+B

S
, where S (B) is the number

of signal (background) events passing the selection. In

the bbbb (bbWW⇤) analysis channel, the contribu-
tion of HH decaying to other final states than bbbb
(bbWW⇤) yet passing the signal selection is counted
towards the number of signal events.

The Z(! nn)HH contribution to the HHnn final
state exhibits a dependence on gHHH , though a di↵erent
one than the WBF component. In the HHnn analysis at
3TeV, the modification of the HHnn cross section due
to the variation of gHHH is treated as independent of
a possible change in the Z(! nn)HH contribution due
to analysis selection criteria. It has been checked that
the impact of a di↵erent e�ciency for the Z(! nn)HH
component is small. In a future study, the components
could be separated in the signal region based on kine-
matic information, using their individual dependencies
on gHHH .

The energy stage at
p
s = 1.4TeV with an inte-

grated luminosity of L=2.5 ab�1 and the 4:1 polarisa-
tion scheme provides evidence for the e+e� ! HHnn
process with a measurement significance of 3.5� cor-
responding to a cross-section precision of 28%. At the
3TeV stage alone, the observation of e+e� ! HHnn
production is reached after 700 fb�1 of data taking.
Based on the 3TeV stage and both decay channels,
the precision of the HHnn cross-section measurement
is 7.3%. The 3TeV stage clearly dominates the cross-
section measurement for WBF double Higgs produc-
tion. With the bbbb channel at 3TeV alone, the preci-
sion is 7.4%. This demonstrates that the contribution
from the bbWW⇤ analysis is very small. In the fol-
lowing, we therefore consider only the bbbb analysis.
The uncertainties on the cross section measurement are
summarised in Table 5.

As described in Sec. 2, the e+e� ! HHnn cross sec-
tion is dependent on the beam polarisation. In the nom-
inal 4:1 polarisation scheme, the number of e+e� !
HHnn events is scaled by a factor of fp = 1.43 (1.48)
at 1.4TeV (3TeV). For the ZHH process at 1.4TeV,
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+
e
� ! HHnn 0.59 17.6% 766 8.43% 367

only HH! bbbb 0.19 53.4% 734 26.3% 361
only HH! other 0.40 1.1% 32 0.2% 6

e
+
e
� ! qqqq 547 0.0065% 259 0.00033% 13

e
+
e
� ! qqqqnn 72 0.17% 876 0.017% 90

e
+
e
� ! qqqqln 107 0.053% 421 0.0029% 23

e
+
e
� ! qqHnn 4.7 3.8% 1171 0.56% 174

e
±g ! nqqqq 523 0.023% 821 0.0014% 52

e
±g ! qqHn 116 0.12% 979 0.0026% 21

HHnn signal is dominant compared to backgrounds at
higher BDT score values. Selected samples with mod-
ified gHHH are compared in Fig. 5 (b), which shows a
small overall sensitivity of the BDT score to the Higgs
self-coupling. The main influence on the area of the dis-
tributions is the total cross section: The selection e�-
ciencies vary only between 17 and 18% among the event
samples with the given coupling values, while the total
cross sections vary between 0.471 and 0.68 fb The distri-
bution of the invariant mass of the double Higgs boson
system for the SM contributions in the loose BDT re-
gion is presented in Fig. 6. Fig. 7 (a) and 7 (b) show the
invariant di-Higgs mass distributions for selected val-
ues of gHHH and gHHWW . The di-Higgs invariant mass
distributions between points with similar, but opposite,
variation of the gHHH coupling di↵er especially in the
lower invariant mass region as illustrated in Fig. 7 (b),
comparing the distributions between HHH = 0.8, 1.2
and 2.2 to the SM. As shown in Fig. 7, the gHHWW

coupling impacts also the higher invariant mass region,
which allows it to be distinguished from modifications
in the gHHH coupling.

5 Cross section measurement

5.1 Precision of the cross section measurement for
HHnn production at 1.4 and 3TeV

The cross-section measurement is based on the base-
line luminosity and polarisation scheme resulting in the
event yields for the WBF Higgs pair production signal
and the backgrounds listed in Tables 1 and 2 for the
bbWW⇤ analysis and in Tables 3 and 4 for the bbbb
analysis. From this, the precision of the cross-section
measurement assuming the SM value can be determined
according to ��

�
=

p
S+B

S
, where S (B) is the number

of signal (background) events passing the selection. In

the bbbb (bbWW⇤) analysis channel, the contribu-
tion of HH decaying to other final states than bbbb
(bbWW⇤) yet passing the signal selection is counted
towards the number of signal events.

The Z(! nn)HH contribution to the HHnn final
state exhibits a dependence on gHHH , though a di↵erent
one than the WBF component. In the HHnn analysis at
3TeV, the modification of the HHnn cross section due
to the variation of gHHH is treated as independent of
a possible change in the Z(! nn)HH contribution due
to analysis selection criteria. It has been checked that
the impact of a di↵erent e�ciency for the Z(! nn)HH
component is small. In a future study, the components
could be separated in the signal region based on kine-
matic information, using their individual dependencies
on gHHH .

The energy stage at
p
s = 1.4TeV with an inte-

grated luminosity of L=2.5 ab�1 and the 4:1 polarisa-
tion scheme provides evidence for the e+e� ! HHnn
process with a measurement significance of 3.5� cor-
responding to a cross-section precision of 28%. At the
3TeV stage alone, the observation of e+e� ! HHnn
production is reached after 700 fb�1 of data taking.
Based on the 3TeV stage and both decay channels,
the precision of the HHnn cross-section measurement
is 7.3%. The 3TeV stage clearly dominates the cross-
section measurement for WBF double Higgs produc-
tion. With the bbbb channel at 3TeV alone, the preci-
sion is 7.4%. This demonstrates that the contribution
from the bbWW⇤ analysis is very small. In the fol-
lowing, we therefore consider only the bbbb analysis.
The uncertainties on the cross section measurement are
summarised in Table 5.

As described in Sec. 2, the e+e� ! HHnn cross sec-
tion is dependent on the beam polarisation. In the nom-
inal 4:1 polarisation scheme, the number of e+e� !
HHnn events is scaled by a factor of fp = 1.43 (1.48)
at 1.4TeV (3TeV). For the ZHH process at 1.4TeV,
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outlook

testing Higgs potential via Higgs self-coupling 
measurement of paramount importance ! 
triple Higgs production only direct access  
to quartic self-coupling 

projections at FCC-hh  can give few-% accuracy on λ3  
but only mild bounds on λ4 (δλ4/λ4~10) at present 

first indications that µ colliders @10+TeV with  
L~ 1035cm-2s-1 might provide a λ4 determination with 
few-10% accuracy (δλ4/λ4~1), i.e. significantly better 
that other future colliders ! 
physics  bckgds  expected mild (also for hadronic final 
states) ➜ detailed simulations needed  
(challenging ➜ many particles in phase-space)
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