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a few such examples for physics beyond the Standard Model. With the accidentally small value of
the muon Yukawa coupling and its subtle role in the high-energy production of multiple (vector
and Higgs) bosons, we show that it is possible to measure the muon-Higgs coupling to an accuracy
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three boson production, potentially sensitive to a new physics scale about Λ ∼ 30–100 TeV.
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1. Introduction

To scrutinize the Higgs boson discovered a decade ago at the Large Hadron Collider (LHC) is
of the utmost importance, especially such elusive parameters like the muon-Higgs Yukawa coupling
in order to check whether the Standard Model (SM) Higgs mechanisms is responsible for the masses
of the second lepton generation. There is already first evidence for the existence of a muon-Higgs
coupling from the LHC measurements [1, 2], and the high-luminosity LHC (HL-LHC) will provide
such a test with a precision of maybe even below ten percent, albeit in a model-dependent way
from the total rate of production times decay. A future high-energy muon collider operating in the
multi-TeV regime (between 3 and up to 30 TeV) can perform a high-precision Higgs program [3],
and can directly access the muon-Higgs coupling as both Higgs and longitudinal electroweak (EW)
gauge bosons couple through it to the initial state muons. There is a subtle cancellation between the
gauge and Goldstone parts of the amplitudes mandated by the perturbative unitarity of the SM or
any of its extensions. Muon colliders have recently gained, triggered by experimental advances, a
lot of interest in the US Snowmass Community Study [4–8]. Specific new physics models like large
extra dimensions, Randall-Sundrum models or also Higgs sector or supersymmetric extensions
predict large deviations of the muon-Higgs coupling. Within this study based on [9] we investigate
a model-independent approach based on different effective-field theory (EFT) frameworks. The
setup will be discussed in the next section.

2. Model setup and phenomenology

We parameterized deviations of the muon-Higgs coupling in two different frameworks based
on a linear Higgs realization (SMEFT with truncation at dimensions 6, 8 or 10) and on a non-
linear Higgs realization (HEFT, also truncated). Besides an extreme benchmark where the higher-
dimensional contributions exactly cancel the SM coupling resulting in a vanishing muon-Higgs
coupling ("matched" case), we consider deviations of the muon-Higgs coupling parameterized in
terms of a signal-strength modifier, ^` (for details cf. [9]), modelled in an EFT framework with
dimension-6 operators only or dimension-6 and dimension-8 operators simultaneously. For more
details, cf. [9].

Besides their sensitivity on deviations in the gauge sector, the production of multiple Higgs and
gauge bosons is also a very sensitive probe for the muon-Higgs coupling. In the SM, there is a subtle
cancellation between muon mass insertion in the couplings to Higgs and longitudinal gauge bosons.
In Fig. 1, we show the cross sections for the prompt production of one, two and three bosons (full
lines), dashed lines show the cross sections of the corresponding final states in vector-boson fusion
(VBF), and dotted lines show deviations due to the presence of higher-dimensional operators. In
general, the deviations become the larger the higher the final-state multiplicity. However, in the
same way the base cross sections become smaller, and the optimal sensitivity to deviations is given
by the production of triple bosons, like `+`− → 𝑊+𝑊−𝐻, 𝑍𝑍𝐻 etc. Triple-boson processes have
been used in the same context at high-energy 𝑒+𝑒− colliders as well [10–12]. We have validated
our framework by two independent analytic calculations using the Goldstone-boson equivalence
theorem, and two different Monte Carlo generators, while the final cross sections and distributions
for signal and background have been calculated with the event generator Whizard [13], using its
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Figure 1: Cross sections for di- and triboson processes on the left and right, respectively, as a function of
the muon collider energy. Full lines show prompt production, dashed lines production through vector-boson
fusion and dotted lines deviations induced by higher-dimensional operators.

Figure 2: Differential distributions to isolate the prompt production from the VBF background. 3-boson
invariant mass (upper left), diboson 𝑅-distance (upper right), and boson polar angle (lower plot), respectively.

FeynRules/UFO interface [14] (note that recently it is also possible to generate these processes at
next-to-leading (NLO) EW order [15]) .

At a high-energy muon collider, the EW boson fluxes from collinear splittings are high and
hence there is a large rate of vector-boson fusion/scattering (VBF/VBS) processes [16–18]. These,
however, are not sensitive to the muon-Higgs coupling like the prompt production, hence, the VBF
processes must be kinematically suppressed with a dedicated cut flow. This is demonstrated in Fig. 2:
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Figure 3: Cross section for the process `+`− → 𝑊+𝑊−𝐻 as a function of the muon collider energy, with
a variation of the muon-Higgs signal strength signifier, ^` (left); unitarity bound for the production of three
Higgs and/or Goldstone bosons for different SMEFT truncation scenarios, in which the maximally possible
multiplicity in the final state is 3,5,7,9,11 from bottom to top, respectively.

first of all, the triboson invariant mass which can be experimentally reconstructed very well at a
lepton collider, is peaked at the collider energy up to a tail from QED initial-state resummed photon
radiation, while VBF production peaks at threshold. This motivates a selection cut 𝑀3𝐵 > 0.8

√
𝑠 to

separate the two. Secondly, as VBF processes are much more forward due to the collinear splitting,
we employ a cut on the boson angles, 10° < \𝐵 < 170° (also motivated by detector design). Finally,
to separate the bosons, we apply a selection cut, demanding Δ𝑅𝐵𝐵 > 0.4. The effect of these cuts
on the VBF and prompt production is shown in Fig. 2 for 𝑀3𝐵, 𝑅𝐵𝐵 and \𝐵, respectively.

We concentrate here on the process `+`− → 𝑊+𝑊−𝐻 which has not the largest, but a high
sensitivity to deviations, and a large (SM) cross section among the processes of multiplicity three.

Figure 4: Statistical sensitivity to the muon-Higgs coupling ^` from three-boson measurements the muon
collider.

4



P
o
S
(
I
C
H
E
P
2
0
2
2
)
1
2
3
9

Precision test of the muon-Higgs coupling at a high-energy muon collider Jürgen Reuter

Fig. 3 shows on the left how the cross section as a function of the collider energy varies with
the muon-Higgs coupling modifier ^`, which gives the ratio ^` = 𝑌`/𝑌𝑆𝑀

` . On the right, the
unitarity bound for the production of three Goldstone and/or Higgs bosons is shown for different
EFT scenarios described in detail in [9], based on the derivation in [19]. This shows that for a
10 TeV muon collider there is no unitarity constraint, and for 30 TeV only in very extreme EFT
scenarios.

As benchmark scenarios, we consider muon colliders in the energy range 1 TeV <
√
𝑠 < 30 TeV

with the luminosity scaling L =
(√

𝑠/10 TeV
)2 · 10 ab−1. We define the number of signal events

as 𝑆 = 𝑁^` − 𝑁^`=1 and the number of background events 𝐵 = 𝑁^`=1 + 𝑁VBF, respectively.
Note that 𝑁^` ≥ 𝑁^`=1. The statistical significance for anomalous muon-Higgs couplings is
then defined as S = 𝑆/

√
𝐵. In Fig. 4 we show the statistical significance for a 2𝜎 evidence

and a 5𝜎 discovery for the deviation from the SM muon-Higgs coupling, given by the deviation
^` − 1 of the signal strength modifier from one. We show the significance from four different
processes, `+`− → 𝑊+𝑊−𝐻, 𝑍𝑍𝐻, 𝑍𝐻𝐻, 𝑍𝑍𝑍 , respectively, using the cuts mentioned above to
separate the signal from the VBF background. We can see that a 10 TeV collider is sensitive to
a Δ^`/^` ∼ 20% deviation, while a 30 TeV collider could go down to 1-2% deviation. Via the
relation Λ > 10 TeV ·

√︁
𝑔/Δ^`, where 𝑔 is the dimensionless Wilson coefficient in EFT framework,

this translates into a discovery potential for new physics in the range of tens of TeV. These results
are to be put into relation with the sensitivity from the HL-LHC (and FCC-hh) which comes from
the 𝐻 → `` decay only which cannot resolve a case of ^` ∼ −1.

3. Conclusions

In conclusion, a high-energy muon collider of 10-30 TeV, besides a plethora of fantastic physics
capabilities for SM measurements and BSM discoveries, can access deviations of the muon-Higgs
coupling from its SM value up to a precision of ten to a few percent, in a model-independent way.
It thereby is able to probe physics scales of Λ ∼ 30 − 100 TeV.

Acknowledgements

JRR acknowledges the support by the Deutsche Forschungsgemeinschaft (DFG, German
Research Association) under Germany’s Excellence Strategy-EXC 2121 "Quantum Universe"-
3908333. This work has been supported in part by the U.S. Department of Energy under grant
No. DE-FG02-95ER40896, U.S. National Science Foundation under Grant No. PHY-1820760, and
in part by the PITT PACC. This work has also been funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) - 491245950. WK and NK were supported in part by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under grant 396021762 –
TRR 257.

References

[1] CMS collaboration, Evidence for Higgs boson decay to a pair of muons, JHEP 01 (2021)
148 [2009.04363].

5

https://doi.org/10.1007/JHEP01(2021)148
https://doi.org/10.1007/JHEP01(2021)148
https://arxiv.org/abs/2009.04363


P
o
S
(
I
C
H
E
P
2
0
2
2
)
1
2
3
9

Precision test of the muon-Higgs coupling at a high-energy muon collider Jürgen Reuter

[2] ATLAS collaboration, A search for the dimuon decay of the Standard Model Higgs boson
with the ATLAS detector, Phys. Lett. B 812 (2021) 135980 [2007.07830].

[3] T. Han, D. Liu, I. Low and X. Wang, Electroweak couplings of the Higgs boson at a
multi-TeV muon collider, Phys. Rev. D 103 (2021) 013002 [2008.12204].

[4] Muon Collider collaboration, Promising Technologies and R&D Directions for the Future
Muon Collider Detectors, 2203.07224.

[5] Muon Collider collaboration, The physics case of a 3 TeV muon collider stage,
2203.07261.

[6] Muon Collider collaboration, A Muon Collider Facility for Physics Discovery,
2203.08033.

[7] C. Aime et al., Muon Collider Physics Summary, 2203.07256.

[8] K.M. Black et al., Muon Collider Forum Report, 2209.01318.

[9] T. Han, W. Kilian, N. Kreher, Y. Ma, J. Reuter, T. Striegl et al., Precision test of the
muon-Higgs coupling at a high-energy muon collider, JHEP 12 (2021) 162 [2108.05362].

[10] M. Beyer, W. Kilian, P. Krstonosic, K. Monig, J. Reuter, E. Schmidt et al., Determination of
New Electroweak Parameters at the ILC - Sensitivity to New Physics, Eur. Phys. J. C 48
(2006) 353 [hep-ph/0604048].

[11] C. Fleper, W. Kilian, J. Reuter and M. Sekulla, Scattering of W and Z Bosons at High-Energy
Lepton Colliders, Eur. Phys. J. C 77 (2017) 120 [1607.03030].

[12] D. Buarque Franzosi et al., Vector boson scattering processes: Status and prospects, Rev.
Phys. 8 (2022) 100071 [2106.01393].

[13] W. Kilian, T. Ohl and J. Reuter, WHIZARD: Simulating Multi-Particle Processes at LHC and
ILC, Eur. Phys. J. C71 (2011) 1742 [0708.4233].

[14] N.D. Christensen and C. Duhr, FeynRules - Feynman rules made easy, Comput. Phys.
Commun. 180 (2009) 1614 [0806.4194].

[15] P. Bredt, W. Kilian, J. Reuter and P. Stienemeier, NLO Electroweak Corrections to
Multi-Boson Processes at a Muon Collider, 2208.09438.

[16] T. Han, Y. Ma and K. Xie, High Energy Leptonic Collisions and Electroweak Parton
Distribution Functions, 2007.14300.

[17] T. Han, Y. Ma and K. Xie, Quark and gluon contents of a lepton at high energies, JHEP 02
(2022) 154 [2103.09844].

[18] A. Costantini, F. De Lillo, F. Maltoni, L. Mantani, O. Mattelaer, R. Ruiz et al., Vector boson
fusion at multi-TeV muon colliders, JHEP 09 (2020) 080 [2005.10289].

[19] F. Maltoni, J.M. Niczyporuk and S. Willenbrock, The Scale of fermion mass generation,
Phys. Rev. D 65 (2002) 033004 [hep-ph/0106281].

6

https://doi.org/10.1016/j.physletb.2020.135980
https://arxiv.org/abs/2007.07830
https://doi.org/10.1103/PhysRevD.103.013002
https://arxiv.org/abs/2008.12204
https://arxiv.org/abs/2203.07224
https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2203.08033
https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2209.01318
https://doi.org/10.1007/JHEP12(2021)162
https://arxiv.org/abs/2108.05362
https://doi.org/10.1140/epjc/s10052-006-0038-0
https://doi.org/10.1140/epjc/s10052-006-0038-0
https://arxiv.org/abs/hep-ph/0604048
https://doi.org/10.1140/epjc/s10052-017-4656-5
https://arxiv.org/abs/1607.03030
https://doi.org/10.1016/j.revip.2022.100071
https://doi.org/10.1016/j.revip.2022.100071
https://arxiv.org/abs/2106.01393
https://doi.org/10.1140/epjc/s10052-011-1742-y
https://arxiv.org/abs/0708.4233
https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1016/j.cpc.2009.02.018
https://arxiv.org/abs/0806.4194
https://arxiv.org/abs/2208.09438
https://arxiv.org/abs/2007.14300
https://doi.org/10.1007/JHEP02(2022)154
https://doi.org/10.1007/JHEP02(2022)154
https://arxiv.org/abs/2103.09844
https://doi.org/10.1007/JHEP09(2020)080
https://arxiv.org/abs/2005.10289
https://doi.org/10.1103/PhysRevD.65.033004
https://arxiv.org/abs/hep-ph/0106281

	Introduction
	Model setup and phenomenology
	Conclusions

