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Abstract

A lepton collider in the multi-TeV range has the potential to mea-
sure the trilinear Higgs self-coupling constant λhhh via the W-fusion
mode `+`− → ν`ν̄`hh. In this paper we do a generator-level study to
explore how center-of-mass energy spread, cone size, tracking resolu-
tion, and collision energy range affect how precisely a muon collider
can measure λhhh in comparison to an e+e− collider. The smaller
spread in center-of-mass energy and higher energy range of a muon
collider improve cross section while the larger cone required to reduce
beam-induced background hinders detection of double-Higgs events.
Our results motivate a more detailed study of a multi-TeV muon col-
lider and innovative detector and analysis technologies required for
background rejection and precision measurement.

1 Introduction

Measurement of the Higgs trilinear self-coupling is a direct probe of the
shape of the Higgs potential and a crucial test of the Standard Model. In
the Standard Model, the Higgs potential is given by Eq. 1:
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The trilinear self-coupling is defined in the Standard Model as λhhh =
λhhhh = (m2

h/2v
2) ≈ 0.13 for Higgs mass mh = 125 GeV and vacuum ex-

pectation value v = (
√

2GF )
−1/2 ≈ 246 GeV [3]. For convenience we will

use λ = λhhh to refer to the measured value and λSM to refer to the value
predicted by the Standard Model.
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Figure 1: Feynman diagrams of the three double-Higgs production modes
accessible at a multi-TeV muon collider. Figure 1a is the only process directly
affected by the value of λ but interference between these diagrams means each
contributes to the Higgs self-coupling measurement.

Figure 1 shows the three processes at a muon collider whose cross sections
are affected by the value of the trilinear Higgs self-coupling. Only the diagram
in Figure 1a is directly affected by the value of λ, but the total cross section
of all three processes contributes to the measurement because interference
between them affects their cross sections.

It is estimated that with an integrated luminosity of 3000 fb−1, the LHC
will be able to measure λ with an uncertainty of ∼ +30% and ∼ −20% [3].
This measurement has been studied for e+e− colliders and it is anticipated
that a machine such as the proposed e+e− Compact Linear Collider (CLIC)
could reduce uncertainties to as low as ±11% [8]. A muon collider should
ostensibly have very similar signal physics and background properties because
we assume lepton universality, meaning that muons and electrons couple
equally to W and Z bosons. However, differences in beam and detector
properties lead to differences that affect this measurement at each potential
machine.
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The trilinear Higgs self-coupling measurement has been extensively stud-
ied for CLIC [4, 8]. The basic method is to measure the cross section of
double-Higgs production events and compare it to values predicted for vary-
ing values of λ. In addition some studies perform template fits to the distribu-
tion of the decay angle, which is sensitive to λ because the relative dominance
of the three different signal processes leads to different kinematics [4]. The
cross section is measured using an Artificial Neural Network (ANN) to tag
double-Higgs events based on jet tags, kinematics, and other predictors [8].

Research and development for the muon collider is not yet at the stage
where a comparably detailed study is possible; detector and shielding de-
signs, full background simulations, and reconstruction methods are still in
early development. We present here a brief study of key aspects of a muon
collider which differentiate its ability to measure this constant from that of
an e+e− collider using generator-level simulation and parametrized detector
acceptance to describe the physics signal. CLIC design reports serve as a
basis for comparison of cone angles and signal properties [4, 8]. Parameters
for the muon collider are taken from the 2013 Snowmass Whitepaper from
the U.S. Muon Accelerator Program (MAP) [2]. In particular we study the
impacts of a more narrow center-of-mass energy spread, the higher energy
range of a muon collider, different tracker geometries, and the larger shielding
cone needed for the reduction of beam-induced background.

2 Generator Level Studies

We use Whizard 2 with O’Mega [7, 9] to calculate cross sections, Mad-
Graph 5 [1] with a Pythia 6.4 [10] interface for event generation and
hadronization, and org.lcsim [6] for analysis. We assume a Standard Model
Higgs boson with mass Mh = 125 GeV and total width Γh = 4.07 MeV with
the exception of modifying the value of λ.

We compare our data to CLIC studies using an e+e− beam with center
of mass energy

√
ŝ = 3 TeV and unpolarized beams. These studies used a

Standard Model Higgs with mass Mh = 120 GeV , which slightly increases
the cross section of the double-Higgs production modes. Note that beam
polarization at an e+e− machine may increase the double-Higgs production
cross section by a factor of up to two [8].

To compare the two machines we assume the acceptance of `+`− →
ν`ν̄`hh → bb̄bb̄ events for each detector geometry is representative of the
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relative efficiencies for all double-Higgs events. Then we use the different ac-
ceptances, luminosities, and cross sections to compare the expected number
of double-Higgs and background events to compute the estimated uncertainty
in the self-coupling measurement, using the assumption that background re-
jection and physics signatures will be effectively identical between the two
machines.

2.1 Cross Sections and Luminosity

2.1.1 Cross Sections

In first order, the signal and physics backgrounds at a multi-TeV muon
collider are identical to those at an electron collider. However, the wider
spread in collision energies at an electron collider reduces the cross section at√
ŝ = 3 TeV by about 27%, whereas the energy spread for a muon collider

in this range is negligible. Additionally, the muon collider can operate at√
ŝ = 6 TeV and potentially beyond, increasing the cross section by a factor

of 2.4 at the cost of more forward events. Figure 2 illustrates the difference
in cross section between e+e− and µ+µ− machines.

The sensitivity of the cross section to the value of λ/λSM is used to convert
from measured cross section uncertainty to the self-coupling measurement
uncertainty as shown in Equation 2.

δλ

λSM
= R

δσ

σ
(2)

where

R ≡ δλ/λ

δσ/σ

∣∣∣∣
λ=1

σ=σmeas

(3)

and the derivatives in Eq. 3 are calculated by fitting the cross section vs
λ/λSM curves in Figure 2 to a parabola. The values of R for each machine,
assuming Standard Model cross sections, are found in Table 1.

2.1.2 Luminosity

The expected average luminosities for CLIC and the Muon Collider are listed
in Table 2. The higher 3 TeV lumonisity at CLIC suggests that it will have
better statistics than a Muon Collider at that energy, despite the slightly
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Figure 2: Comparison of double-Higgs production cross sections at lepton col-
liders. The lower cross section for electron-positron collider at the same nom-
inal center-of-mass energy is due to its higher center-of-mass energy spread,
caused by initial state radiation and beam-beam effects. This is believed to
be negligible for a muon collider. The data are fitted to a parabola. Muon
collider calculations done with Whizard 2, [7, 9]
e+e− data is taken from [8].

√
ŝ

R
CLIC Muon Collider

3 TeV 1.52 1.53
6 TeV — 2.08

Table 1: Scaling factors for propagating uncertainty from δσ/σ to δλ/λSM .
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√
ŝ

L (1034cm−2s−1)
CLIC Muon Collider

3 TeV 5.4 4.4
6 TeV — 12

Table 2: Expected luminosities at CLIC and a Muon Collider [4, 2].

lower cross section. Figure 3 compares the expected total numbers of double-
Higgs events at each machine after 5 ‘Snowmass years’, or 5× 107s.

2.2 Detector Geometry

A muon collider requires a detector with good suppression of the beam-
induced background. This will be accomplished by increasing the angle of
the beam pipe cone, reducing forward tracking coverage, and by using more
radiation-hard materials in the tracking system, reducing tracking precision.
We compare propsed detector geometries for CLIC and a muon collider in
their ability to observe double-Higgs events, focusing on the hh→ bb̄bb̄ chan-
nel in particular.

2.2.1 Visible Energy

We define ‘visible energy’ as the total energy theoretically visible to the de-
tector; it is the sum of the energies of all final state particles with momentum
vectors that don’t point into the cone, barring neutrinos. As a simple exercise
to estimate the effect of the cone on the signal we simulated double-Higgs
production events with λ = λSM at center-of-mass energies

√
ŝ = 3 TeV

and 6 TeV and recorded the total visible energy as a fraction of the energy
visible with no cone for a range of cone angles, as seen in Figure 4. We
find that a cone angle of 10◦ blocks approximately half of the energy in the
signal events at 3 TeV and up to two thirds at 6 TeV . As an approximation,
cones are assumed to start from the primary vertex. The tradeoff between
more forward events versus higher cross sections and smaller cones at higher
energies will need to be studied in greater detail.
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Figure 3: Estimated number of double-Higgs events after five Snowmass
years, or 5× 107s.
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Figure 4: Fraction of energy visible to a detector with given cone angles
in double-Higgs production events with λ = λSM . Events generated by
Whizard 2 [7] and hadronized with Pythia 6.4 [10]

2.2.2 b-Tagging

We use hypothetical b-tagging performance in signal events where both Higgs
bosons decay into bb̄ pairs to compare the efficiency of the muon collider
and electron collider detector designs and assume that performance in this
channel is representative of their relative efficiencies. This is the largest
channel in the signal, making up about 33% of the double-Higgs events for
a Standard Model 125 GeV Higgs. The cross section is therefore 0.28fb,
without any kinematic cuts, and the four-b physics background to this is
∼ 4fb at 3 TeV . This background becomes orders of magnitude larger when
fake rates and jet-clustering effects are considered [8]. We therefore use
existing CLIC studies as a benchmark for background rejection and signal
detection. With this method we combine the effects of cone angle and tracker
design requirements on the double-Higgs signal.

We define a b quark as taggable if it has a displaced vertex outside the
cone and produces least two charged particle tracks with significant three-
dimensional impact parameters. Impact parameters are significant if they are
at least three times larger than their measured uncertainty. We simulated
double-Higgs to bb̄ pairs in MadGraph 5 and hadronized them in Pythia.
Track reconstruction and parameter calculation was carried out using the
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Figure 5: Effective cross sections of hh→ bb̄bb̄ signal events where we require
that all four b’s can theoretically be tagged. This is calculated as σ(µ+µ− →
νµν̄µhh)×Br(h→ bb̄)

2× εacc where εacc is the acceptance efficiency for four-
b signal events. The acceptance rate is calculated by counting events with
four ‘taggable’ b’s. A b is ‘taggable’ if it has a displaced vertex outside the
cone and produces least two charged particle tracks with significant three-
dimensional impact parameters.

MCFast() org.lcsim driver [6] and geometry files for the CLIC SiDLoI3 de-
tector [5]. We then calculated the fraction of signal events with four taggable
b’s to get the effective acceptance, as seen in Figure 5.

3 Conclusions and Remarks

A muon collider presents distinct advantages and disadvantages for a precise
measurement of the trilinear Higgs self-coupling. The higher signal cross sec-
tion at a 3TeV Muon Collider compared to CLIC increases the cross section
and sensitivity, but the higher luminosity at CLIC provides more statis-
tics. The cones required for shielding pose a significant challenge due to the
amount of energy they block and the forward-boosted nature of the signal
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events. Our analysis of the 4-b channel suggests that the increased cross
section of the physics signal at a 6 TeV Muon Collider outweighs the signal
lost in the cone due to the increased forward boost. There are also other
factors that have yet to be studied in detail, particularly machine-induced
backgrounds. Our results suggest that a muon collider has the potential to
measure λhhh as well as or better than an electron-positron collider with a
sufficiently advanced detector. Further research and development of acceler-
ator, detector, and analysis technologies and in-depth study of the physics
opportunities at a multi-TeV muon collider will be necessary to fully deter-
mine the project’s feasability.
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