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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter κ3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on κ3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

√
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

√
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e− and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e− Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e− colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

arXiv:1910.00012
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Figure 9.14: Combined 90% CL constraints on the cubic and quadratic Higgs self-couplings from
the e+e− colliders ILC (left) and CLIC (right). The upper plots show the constraints in the (c6,c8)
plane; the bottom plots show the constraints in the (κλ,κ4) plane. The red regions marked ILC-H
and CLIC-H refer to a combination of all single Higgs measurements at all energy stages for each
collider under study. In all cases only the perturbative region described in Sec. 2.2, |c6| < 5, |c8| < 31,
has been considered.

9.10 Conclusions

The conclusion of this section have now become clear:

• An e+e− collider with significant integrated luminosity at two different CM energies (e.g., 250

and 350 GeV or 250 and 500 GeV) will be able to determined the Higgs self-coupling from

measurements of single Higgs reactions. This determination would be robust and model-

independent, in the sense that it would be insensitive to the presence of other new physics

effects as parameterised by the SMEFT. For currently proposed e+e− colliders, the precision

on the Higgs self-coupling would be 44% for FCC-ee and 58% for ILC, comparable to the pre-

cision expected from HL-LHC. With four interaction points or double the running time, the

FCC-ee precision would improve to 27%.

• The ILC at 500 GeV would also be able to determine the Higgs self-coupling from the mea-

surement of the Z H H production cross section. This measurement would also be robust and

model-independent, in the same sense as above. The expected precision on the self-coupling

is 27%. This could be combined with the single Higgs determination to reach a precision of

24%.
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as in eq. (2.22), including the dimension-6 and also a dimension-8 perturbation. From this effective

Lagrangian one can define

c6 ≡ (2v2/m2
h)c̄6

c8 ≡ 4(2v2/m2
h)c̄8 . (9.7)

Then, similarly to eq. (2.11),

κλ ≡ λ3

λSM
3

= 1+c6

κ4 ≡ λ4

λSM
4

= 1+6c6 +c8 . (9.8)

In this context, it is possible to analyse processes with single Higgs production, H H production,

and H H H production to deduce constraints on c6 and c8. It is important to note that the restriction

of the fit to two possible operators is a simplification with respect to the analyses described in the

previous sections. First, cH and other possible dimension-6 operator coefficients are not included

in this analysis. We have already seen in Sec. 9.7, though, that the relevant operator coefficients

would already be strongly constrained by expected measurements of single Higgs observables at

e+e− colliders. But, further, the effects of many more new operators appearing at dimension 8

are not included. This analysis assumes that their coefficients are suppressed with respect to c8.

Nevertheless, this analysis represents a first step toward answering this question.

The study [134] derives constraints on these two parameters by considering the deviations in

the total cross section for Higgs production processes at e+e− colliders of increasing energy, treating

both s-channel Z and W fusion reactions, and both tree-level and one-loop effects of the higher-

dimension operators. The specific processes considered, and the loop order at which the two cou-

plings first appear, are:

Process λ3 λ4

Z H , νe ν̄e H one-loop two-loop

Z H H , νe ν̄e H H tree one-loop

Z H H H , νe ν̄e H H H tree tree

(9.9)

In Ref. [134], both tree and one-loop effects are included for each process. Two-loop corrections

are not included. It is important to note that, while the one-loop effects on single Higgs cross-

sections can be computed without reference to an underlying EFT framework, the one-loop correc-

tions to the H H and H H H cross-sections are UV-sensitive and require renormalization. Using the

SMEFT formalism and taking advantage of the parameterisation in eq. (9.6), the authors of Ref. [134]

worked out these UV-finite expressions.

By changing the values of c6 and c8, one can independently change the values of λ3 and λ4. As

already noted, UV-finite radiative corrections due to c6 and c8 are taken into account. The anal-

ogous study for future hadron colliders, was first presented in Ref. [160]. This is technically more

challenging because of the need to consider two-loop calculations in the g g fusion channel. That

analysis is described in Sec. 10.3.

With this formalism in hand, Ref. [134] presented constraints on the c6 and c8 couplings that

would be obtained from the run programs of the proposed e+e− colliders CEPC, FCC-ee, ILC, and

CLIC. The strongest constraints apply to ILC and CLIC at energies of 500 GeV and above, where H H

and eventually H H H production is observable. In this case, we can consider the possibility that

assuming λ3 = λSM
3

quartic coupling constrained
in ±∼ 10 at ILC and ±∼ 5 at CLIC

arXiv:1910.00012, F. Maltoni et al. arXiv:1802.07616, T. Liu et al. arXiv:1803.04359
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assuming λ3 = λSM
3

λ4 constrained in ∼ [−5,15] at 68% CL from pp→HHH

λ4 constrained in ∼ [−2,4] at 68% CL from pp→HH
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the proposed future colliders can put strong constraints on the triple
Higgs coupling

the bounds on the quartic couplings are very loose

I will focus on the sensitivity of the muon collider to the quartic coupling

Spoiler:
under (reasonable) assumptions on the energy and the luminosity, the muon
collider can do a pretty good job in constraining the quartic Higgs coupling
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µ+µ−→HHHνν
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Details of the calculations

µ−

µ+

ν

ν

H H

H

H produced on shell
H → bb (on-shell) decays added at the LHE level
ΓW = ΓZ = ΓH = 0 to avoid issues with gauge invariance
technical cut M(νν)> 150 GeV
σ and dσ computed with WHIZARD at LO
all results cross-checked with MadGraph and an independent calculation
by X. Zhao
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µ+µ−→HHHνν: SM Higgs couplings (energy)

√
s (TeV) / L (ab−1) 1.5 / 1.2 3 / 4.4 6 / 12

σSM (ab) [Nev]
σtot 0.03 [0] 0.31 [1] 1.65 [20]

σ(MHHH < 3TeV) 0.03 [0] 0.31 [1] 1.47 [18]
σ(MHHH < 1TeV) 0.02 [0] 0.12 [1] 0.26 [3]

√
s (TeV) / L (ab−1) 10 / 20 14 / 33 30 / 100

σSM (ab) [Nev]
σtot 4.18 [84] 7.02 [232] 18.51 [1851]

σ(MHHH < 3TeV) 2.89 [58] 3.98 [131] 6.69 [669]
σ(MHHH < 1TeV) 0.37 [7] 0.45 [15] 0.64 [64]

σ increases with
√
s
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µ+µ−→HHHνν: SM Higgs couplings (luminosity)
√
s (TeV) / L (ab−1) 1.5 / 1.2 3 / 4.4 6 / 12

σSM (ab) [Nev]
σtot 0.03 [0] 0.31 [1] 1.65 [20]

σ(MHHH < 3TeV) 0.03 [0] 0.31 [1] 1.47 [18]
σ(MHHH < 1TeV) 0.02 [0] 0.12 [1] 0.26 [3]

√
s (TeV) / L (ab−1) 10 / 20 14 / 33 30 / 100

σSM (ab) [Nev]
σtot 4.18 [84] 7.02 [232] 18.51 [1851]

σ(MHHH < 3TeV) 2.89 [58] 3.98 [131] 6.69 [669]
σ(MHHH < 1TeV) 0.37 [7] 0.45 [15] 0.64 [64]

The lower energy setups (1.5 and 3 TeV) do not have enough events to study
the quartic Higgs self coupling
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µ+µ−→HHHνν: SM Higgs couplings (luminosity)

the luminosities assumed for
√
s= 1.5, 3, 6, 14 TeV are based on MAP

studies

V. Shiltsev FERMILAB-FN_1083-AD-APC,

talks by D. Shulte and M. Palmer https://indico.cern.ch/event/847002/

at
√
s= 10, 30 TeV, the luminosity is fixed by (see arXiv:1910.06150)
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sμ

10 TeV

2
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for the 10 and 30 TeV setups, it might be that higher luminosity could
be achieved
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Deviations from SM Higgs couplings

L=−1
2M

2
HH

2−
(
1 + δ3

)M2
H

2v H
3−

(
1 + δ4

)M2
H

8v2 H
4

We consider 3 different scenarios:
1 δ3 = 0, δ4 arbitrary

2 δ3 arbitrary, δ4 = 6δ3 (well behaved SMEFT)
S. Borowka et al. arXiv:1811.12366

3 δ3 arbitrary and δ4 arbitrary
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the effect of δ3 and δ4

is independent of the energy
is larger for relatively small MHHH

changes sign in the TeV region for δ > 0



Sensitivity to δ3 and δ4

No background process considered:
we quantify the sensitivity in terms of standard deviations from the SM
expectation

|N −NSM|√
NSM

Remarks

no background is considered, but the environment should be rather
clean

no branching ratio is applied, but if the environment is clean enough all
the main decay channels should be visible

(almost) no optimization based on kinematics is performed, so there is
room for improvement
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Sensitivity to δ3 and δ4 (small δ3)

√
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no cuts
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δ3 = 0

6 TeV δ4 ∼ [−0.45,0.8]

10 TeV δ4 ∼ [−0.4,0.7]

14 TeV δ4 ∼ [−0.35,0.6]

30 TeV δ4 ∼ [−0.2,0.5]
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Sensitivity to δ̃4 (deviation from SMEFT)
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Remark on detector acceptance (1)

2 Beam-induced background characterization

The simulation of the beam-induced background has been performed with the MARS15 software [6]
and studied for machines with a center of mass energy of

√
s = 1.5 TeV and

√
s = 125 GeV, as

discussed in detail in Refs. [3, 4] and in Ref. [7]. The background particles reaching the detector
are mainly produced by the interactions of the decay products of the muon beams with the machine
elements. Their type, flux, and characteristics strongly depend on the machine lattice and the
interaction point configuration, which in turn depend on the collision energy. The background
particles may be produced tens of meters upstream the interaction point, as can be seen in Figure 1.
Therefore, a detailed layout of the machine and the machine-detector interface must be included in
the simulation. In particular, the opening angle of two shielding cones (“nozzles”), introduced to
mitigate the effects of the beam-induced background inside the detector, must be optimized for a
specific beam energy and it will affect the detector acceptance.

Figure 1. Illustration of the model of the machine and machine-detector interface built for the MARS15
simulation. The shielding nozzles, described in the text, are represented in yellow inside the detector. This
figure has been reproduced from Ref. [8].

Nevertheless, the flux of particles surviving the shielding is very high. Their main properties
are a relatively low momentum and an arrival time in each sub-detector asynchronous with respect
to the beam crossing. Figure 2 shows the momentum spectra of the electromagnetic (left) and
hadronic (central) components of the beam-induced background for a muon beam of 750 GeV. The
first one is relatively soft (�pph.� = 1.7 MeV and �pel.� = 6.4 MeV), whereas the second one has
an average momentum of about half a GeV (�pn� = 477 MeV and �pch.had.� = 481 MeV). The time
of arrival of the particles at the detector entry point with respect to the bunch crossing time for the
different background components is shown on the right of Figure 2. The peaks that are evident
around zero are primarily due to the leakage of photons and electrons around the interaction point,
where the shielding is minimal.

3 Detector performance

The detector model and software framework used for the studies presented in this paper can be
found also in Ref. [7] and [8]. Figure 3 presents a schematic view of the detector components, as

– 2 –

The detector must be shielded from the beam radi-
ation

5-10 degrees blind spot in the forward region
for
√
s= 3 TeV

angle could be reduced at higher energies
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Remark on detector acceptance (2)
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Remark on detector acceptance (3)
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Possible improvements

realistic study of the background

consider other processes

µ+µ−→HHHµ+µ− (∼ 15/20% µ+µ−→HHHνν)

µ+µ−→HHW+W−νν

...

loop effects from µ+µ−→HHνν
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Conclusions

we studied the sensitivity of the muon collider to the Higgs quartic
coupling by considering the process µ+µ−→HHHνν

no background was considered

(almost) no optimization based on kinematics was performed

the sensitivity increases with
√
s and/or the luminosity√

s [TeV] L [ab−1] δ4 (arbitrary δ3) δ4 (δ3 = 0)
6 12 [-1,1.7] [-0.45,0.8]
10 20 [-0.7,1.55] [-0.4,0.7]
14 33 [-0.55,1.4] [-0.35,0.6]
30 100 [-0.35,1.2] [-0.2,0.5]

under (reasonable) assumptions on the energy and the luminosity, the
muon collider can do a pretty good job in constraining the quartic Higgs
coupling
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Backup slides
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Sensitivity to δ3 and δ4
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Sensitivity to δ̃4 (deviation from SMEFT)
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Sensitivity to δ3 and δ4 (
√
s= 3 TeV, L= 100 ab−1)
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Sensitivity to δ3 and δ4 (arbitrary δ3)
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Sensitivity to δ3 and δ4: comments

stronger constraints on negative δs

constraints on positive δs improve with the cut MHHH < 1 TeV
(provided that the cross section after the cut is large enough)

the bounds improve at large
√
s because the cross section increases

the most interesting region is δ3 ∼ 0, as bounds on δ3 can be obtained
form other processes (i.e. µ+µ−→HHνν). It is reasonable to assume
that such bounds will be competitive or stronger than the ones form
linear colliders

if δ3 6= 0, one can constrain possible deviations from the SMEFT
expectation for δ4: δ̃4 = δ4−6δ3

Mauro Chiesa Muon collider: quartic Higgs coupling


