
Higgs quartic coupling at a Muon Collider

Mauro Chiesa

CNRS, LAPTh, Annecy

EF02, June 26th, 2020

based on arXiv:2003.13628

in collaboration with Luca Mantani, Fabio Maltoni, Barbara Mele, Fulvio Piccinini
and Xiaoran Zhao

Mauro Chiesa Muon collider: quartic Higgs coupling



H self-couplings measurement: future colliders (HHHH)

the proposed future colliders can put strong constraints on the triple
Higgs coupling δ3: ±10% 1-σ bound at CLIC and ILC, ±5% at FCC

the bounds on the quartic couplings δ4 are very loose (68% CL)

ILC: ∼ [−10,+10] (±1000%!)
CLIC: ∼ [−5,+5]
FCC: ∼ [−5,+15], from pp→HHH
FCC: ∼ [−2,+4], from pp→HH

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: 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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(3 TeV/10 TeV)2 6 ⋅ 1035

L ≳ 5 years
time

sμ

10 TeV

2

2 ⋅ 1035cm−2s−1

�

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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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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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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sensitivity increases because the SM production is forward, the BSM central
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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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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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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
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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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Using 20 times the
expected luminosity!
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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
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