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We establish a simple yet general parameterization of Higgs-muon interactions within the effective
field theory frameworks, including both the Higgs Effective Field Theory (HEFT) and the Standard
Model Effective Field Theory (SMEFT). We investigate the potential of a muon collider, operating
at center-of-mass energies of 3 and 10 TeV, to probe Higgs-muon interactions. All possible
processes involving the direct production of multiple electroweak bosons (W, Z, and H) with up
to five final-state particles are considered. Our findings indicate that a muon collider can achieve
greater sensitivity than the high-luminosity LHC, especially considering the independence of the
Higgs decay branching fraction to muons. Notably, a 10 TeV muon collider offers exceptional
sensitivity to muon-Higgs interactions, surpassing the 3 TeV option. In particular, searches based
on multi-Higgs production prove highly effective for probing these couplings.

ARrRX1v EPrINT: 2410.06991
42nd International Conference on High Energy Physics (ICHEP2024)

18-24 July 2024
Prague, Czech Republic

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:yang.ma@uclouvain.be
mailto:eugenia.celada@postgrad.manchester.ac.uk
mailto:than@pitt.edu
mailto:kilian@physik.uni-siegen.de
mailto:nils.kreher@uni-siegen.de
mailto:fabio.maltoni@cern.ch
mailto:davide.pagani@bo.infn.it
mailto:juergen.reuter@desy.de
mailto:tobias.striegl@physik.uni-siegen.de
mailto:xiekepi1@msu.edu
https://arxiv.org/abs/2410.06991
https://pos.sissa.it/

Higgs-muon interactions at a multi-TeV muon collider Yang Ma

1. Introduction

As the Higgs boson is believed to be special in the Standard Model (SM) of particle physics and
also a portal to possible new physics beyond the Standard Model (BSM), precise measurements
on its interactions with other SM particles are critical. While the Yukawa couplings of the third-
generation fermions (¢, b, and 7) have been measured to be consistent with the SM predictions,
probing the interactions of the second-generation fermions with the Higgs boson remains a priority.
Evidence for the Higgs-muon coupling has already emerged from Large Hadron Collider (LHC)
measurements of the H — u*u~ decay channel [1, 2], and the High-Luminosity LHC (HL-LHC)
is expected to improve this measurement with higher precision. However, these measurements
depend on the assumption of the Higgs boson’s total decay to be the SM value. Meanwhile,
as a promising next-generation lepton collider, a multi-TeV muon collider [3, 4] combines the
advantages of high-energy hadron colliders and e*e~ colliders [5—7]. In our previous work [8, 9],
we demonstrated that multi-boson production offers a valuable opportunity to measure the Hu
vertex. In this proceeding, we summarize our recent study of the comprehensive parameterization
within the effective field theory (EFT) framework and include multi-Higgs production processes in
the analysis [10].

2. Model Parameterization

To provide a simple yet general parameterization of Higgs-muon interactions, we introduce the
form factors «; and S; to describe the couplings of juH " and H/ interactions, respectively. In the
unitary gauge, the Lagrangian is expressed as:

2
"h

2

i

yn—4

L>-

H? — myfip — H = an il 1

uHHU ;ﬂn nzz; nvnll/l (1)
The above Lagrangian aligns with the Higgs Effective Field Theory (HEFT), where the relations
Yun = \/im,,a/n/v and fy , = B4 hold [8]. By adopting {a| = 1, @y>1} = {1, 0} for muon-Higgs
interactions and {83, B4, Bn>4} = {1, 1/4,0} for Higgs self-interactions, the Lagrangian in Eq. (1)
reduces to the SM one. Focusing on the Yukawa sector, the form factors a,, can be related to the
Standard Model Effective Field Theory (SMEFT) parameters cér;) as follows:
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where we stop up to dimension ten for the SMEFT operators. Specially, in the dim-6 SMEFT
scenario, the relations Aa; = a; — 1 = %a/g =2a3 and a4 = a5 = 0 hold.
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3. Phenomenology

We consider possible high-energy muon colliders with collision energies 3 TeV (10 TeV) with
luminosities 1 ab™! (10 ab™') [3, 4], respectively. The signal is defined as the set of direct muon-
annihilation processes into multiple bosons y*u~ — mV +nH uptom +n =5, where V=W, Z
and H is the Higgs boson. As suggested in Ref. [8, 9], we apply the kinematic cuts on the final-state
bosons

0,5 > 10°, ARpgp > 0.4, Mr > 0.8, 3)

where 0;p is the smallest angle between any final-state boson B (B = H,W,Z) and the beam
axis, ARgp = \An? + A¢? is the separation distance between any two bosons, and My is the
invariant mass of all final-state bosons. The invariant mass cut is sufficient to suppress the vector
boson fusion (VBF) backgrounds and to reconcile the initial state radiation (ISR). The numerical
results are obtained using the general-purpose generators MaApGrapH5_aAMC@NLO [11, 12] and
Whizarp [13]. Other relevant effects from the experimental simulation (e.g., vector-boson tagging
efficiency) and theorical consideration (e.g., PDF effects [6, 7] or NLO EW corrections [14, 15])
are reserved for a future study, which is not expected to change our conclusions dramatically.

3.1 Multi-Higgs production

Due to the smallness of the SM jiuH coupling, the tree-level contribution to the multi-Higgs

. . LO
production cross section oy

the square of one-loop diagrams (O'é(l)\(/}p ). In practice, we have considered O'é(l)\(/}p for only the di-

is highly suppressed and the dominant contribution originates from

Higgs and tri-Higgs production, and the beyond is expect to be suppressed as well. We present
the sensitivities of ogsm on the @; and §; parameters in Figure 1, showing that the multi-Higgs
production processes enable unique measurements on the guH™ vertices. The upper bounds of
a, and the corresponding signal strength are summarized in Table 1. Keeping only the dim-6
operators, we obtain a translation

3x 1072 GeV~? at3 TeV, 4)
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via measuring the 2H production, while from the measurement of 3H production we have

7% 1077 GeV 2 at 3 TeV, (6)
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3.2 Higgs-associated gauge boson production and multi-gauge boson production

While the ZH and 3V production processes depend solely on a; [10], their sensitivities are too
weak to give meaningful constraints. The dependence on ;-1 emerges in processes with higher
multiplicities, summarized as follows.
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Figure 1: The cross sections of u*u~ — nH as functions of the parameters ; and §8; at 3 TeV. The green
curves are for @y = 1 + A in the dim-6 SMEFT scenario. Solid lines refer to the configuration with no
cuts, dashed lines to the case with |6;5| > 10° cuts applied and dotted lines to the case with all cuts applied.

Adapted from Ref. [10].

Vs 3 TeV 10 TeV

n | boundon |a,|] S/B S | boundon|a,| S/B S
2 0.42 1.49 2.05 0.15 1.16 2.12
3 0.33 - - 2.6-1072 323 203
4 0.46 - - 1.4-1072 1.31  2.00
5 0.87 - - 9.0-1073 0.757 2.03

Table 1: Bounds on the signal strength of «,, from the yu

— nH processes. For nH (n > 3) production

at the 3 TeV muon collider, the SM background gives ~ 0 event and the bound on || are taken from § = 3.

* All the 3-boson final states and V3 H productions are dependent on @ and s, with the cor-

responding measurements probing these two parameters simultaneously, shown in Figure 2.

As a reference, we also show the dim-6 SMEFT scenario a1 = 1 + %afz as a black solid line.

e At a 10 TeV muon collider, the u*u~ — 4V and u*u~ — 5V processes are also sensitive

to a; and a, as shown in Figure 3. Combining these processes could help to improve the

constraints on 7 and a>.

* Other processes, such as V2H?, V*H, ZH3, V3H? production, are sensitive also on a3.

Assuming a3 = 0, the constraints on @; and a» can be further improved. In Figure 4, we

combine all the processes to show the constraints on a; and @; at 3 and 10 TeV muon colliders,

where the solid curves include the assumption a3 = 0 and the dashed ones do not.

As shown in Figure 4, the 10 TeV muon collider provides a unique sensitivity to the guH vertex,

significantly better than the 3 TeV option. As can be seen, we obtain the following 95% confidence-

level bounds at a 3 TeV muon collider

|Aa;| < 0.75, laz] < 0.4

|Aai] 5 0.7, laz| < 0.4
and at a 10 TeV muon collider

|Aay| < 0.1, || < 0.15

|Aa;| < 0.1, laz] < 0.1

with no assumptions on a3,

assuming a3 =0,

with no assumptions on a3,

assuming a3 = 0.
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Also, we notice that these multi-boson production processes provide a chance to determine the sign

of the a1, which is not possible in multi-Higgs production and H — u*u~ decay.
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Figure 2: Contour-plots displaying the constraints in the (@], a;) plane from Higgs-associated gauge boson
production processes for three-boson final states (left) and u*u~ — V3H (middle), and the combined signal
significance (right) at a 3 TeV muon collider (dashed curves) and a 10 TeV muon collider (solid curves),
respectively. The red, green, and blue curves represent the S = 2, 3, 5 significances, respectively. The black
solid line corresponds to the dim-6 SMEFT scenario. Adapted from Ref. [10].
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Figure 3: Same as Figure 2 for u*u~ — 4V (left) and u*u~ — 5V (middle) production at a 10 TeV muon
collider. The right plot shows the combined constraints. Adapted from Ref. [10].
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Figure 4: Combined constraints on (@1, @;) from combining the processes at a 3 TeV muon collider (left) and
a 10 TeV muon collider (right), respectively. The dashed curves are for the constraints with no assumptions
and the solid curves includes also the processes with assumption a3z = 0. The red, green, and blue curves
represent S = 2, 3, 5 significances, respectively. The black solid line corresponds to the dim-6 SMEFT
scenario. Adapted from Ref. [10].

4. Summary

In this work, we studied the anomalous giuH" interactions within the EFT framework at a multi-TeV
muon collider. We considered all possible processes involving the direct production of electroweak
bosons (W, Z, and H) with up to five final-state particles. Our results demonstrate that multi-Higgs
production processes offer a unique opportunity to measure the fguH™ vertex. Furthermore, by
combining Higgs-associated gauge boson production with multi-gauge boson production processes,
a 10 TeV muon collider can precisely constrain the parameters | and @;, simultaneously.



Higgs-muon interactions at a multi-TeV muon collider Yang Ma

Acknowledgments

YM acknowledges support from the COMETA COST Action CA22130. WK, NK, and TS
were supported by the Deutsche Forschungsgemeinschaft 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].

[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] K.M. Black et al., Muon Collider Forum report, JINST 19 (2024) T02015 [2209.01318].
[4] C. Accettura et al., Towards a muon collider, Eur. Phys. J. C 83 (2023) 864 [2303.08533].

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

[6] T. Han, Y. Ma and K. Xie, High energy leptonic collisions and electroweak parton
distribution functions, Phys. Rev. D 103 (2021) L031301 [2007.14300].

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

[8] 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].

[9] J. Reuter, T. Han, W. Kilian, N. Kreher, Y. Ma, T. Striegl et al., Precision test of the
muon-Higgs coupling at a high-energy muon collider, PoS ICHEP2022 (2022) 1239
[2212.01323].

[10] E. Celada, T. Han, W. Kilian, N. Kreher, Y. Ma, F. Maltoni et al., Probing Higgs-muon
interactions at a multi-TeV muon collider, JHEP 08 (2024) 021 [2312.13082].

[11] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer et al., The automated
computation of tree-level and next-to-leading order differential cross sections, and their
matching to parton shower simulations, JHEP 07 (2014) 079 [1405.0301].

[12] R. Frederix, S. Frixione, V. Hirschi, D. Pagani, H.S. Shao and M. Zaro, The automation of
next-to-leading order electroweak calculations, JHEP 07 (2018) 185 [1804.10017].

[13] W. Kilian, T. Ohl and J. Reuter, WHIZARD: Simulating Multi-Particle Processes at LHC and
ILC, Eur. Phys. J. C'71 (2011) 1742 [0708.4233].

[14] P.M. Bredt, W. Kilian, J. Reuter and P. Stienemeier, NLO electroweak corrections to
multi-boson processes at a muon collider, JHEP 12 (2022) 138 [2208.094338].

[15] Y. Ma, D. Pagani and M. Zaro, EW corrections and Heavy Boson Radiation at a high-energy
muon collider, 2409.09129.


https://doi.org/10.1007/JHEP01(2021)148
https://doi.org/10.1007/JHEP01(2021)148
https://arxiv.org/abs/2009.04363
https://doi.org/10.1016/j.physletb.2020.135980
https://arxiv.org/abs/2007.07830
https://doi.org/10.1088/1748-0221/19/02/T02015
https://arxiv.org/abs/2209.01318
https://doi.org/10.1140/epjc/s10052-023-11889-x
https://arxiv.org/abs/2303.08533
https://doi.org/10.1007/JHEP09(2020)080
https://arxiv.org/abs/2005.10289
https://doi.org/10.1103/PhysRevD.103.L031301
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/JHEP12(2021)162
https://arxiv.org/abs/2108.05362
https://doi.org/10.22323/1.414.1239
https://arxiv.org/abs/2212.01323
https://doi.org/10.1007/JHEP08(2024)021
https://arxiv.org/abs/2312.13082
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://doi.org/10.1007/JHEP11(2021)085
https://arxiv.org/abs/1804.10017
https://doi.org/10.1140/epjc/s10052-011-1742-y
https://arxiv.org/abs/0708.4233
https://doi.org/10.1007/JHEP12(2022)138
https://arxiv.org/abs/2208.09438
https://arxiv.org/abs/2409.09129

	Introduction
	Model Parameterization
	Phenomenology
	Multi-Higgs production
	Higgs-associated gauge boson production and multi-gauge boson production

	Summary

