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We explore the sensitivity of future muon colliders to CP-violating interactions in the
Higgs sector, specifically focusing on the process u~u* — hvjv; — bbvyv;. Using a model-
independent approach within the framework of the Standard Model effective field theory,
we analyze the contribution of dimension-six operators to Higgs—gauge boson couplings,
emphasizing CP-violating effects. To simulate the process, all signal and background events
are generated through MadGraph. The analysis provides 95% confidence level limits on the
relevant Wilson coefficients ¢y g, Cyw, ¢,, with a comparative discussion of existing exper-
imental and phenomenological constraints. Our best constraints on ¢y, Cyw, ¢, with an
integrated luminosity of 10 ab™! are [—0.017428; 0.018 991], [—0.002 880; 0.002 586], and
[—0.010784; 0.011 381], respectively. In this context, this study highlights the capability of
future muon collider experiments to probe new physics in the Higgs sector, potentially of-
fering tighter constraints on CP-violating Higgs—gauge boson interactions than those pro-
vided by current colliders.

Subject Index B40, B52, B53, B57, B59

1. Introduction

The discovery of the 125 GeV Higgs boson by the ATLAS[1]and CMS [2] Collaborations at the
Large Hadron Collider (LHC) marked a turning point in our understanding of fundamental
physics, confirming the Higgs mechanism as responsible for electroweak symmetry breaking
(EWSB). This discovery was a key validation of the Standard Model (SM), yet it also opened
new questions about the deeper nature of the Higgs boson. While the current experimental data
align well with the SM predictions, particularly indicating that the Higgs is a CP-even scalar
[3—7], the matter—antimatter asymmetry observed in the universe suggests there may be new,
unexplored sources of CP violation [8-10].

In the SM, CP violation occurs primarily through the Cabibbo—Kobayashi-Maskawa (CKM)
matrix in weak interactions [11,12]. However, the level of CP violation that it provides is insuf-
ficient to explain the baryon asymmetry of the universe, indicating that additional mechanisms
must exist beyond the SM [13]. This motivates the exploration of Higgs boson interactions with
gauge bosons and fermions, which could harbor new CP-violating effects. These interactions,
if discovered, could provide key insights into the origin of the universe’s matter dominance and
guide us towards a more complete theory of particle physics [14].
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One of the most promising frameworks for investigating these interactions is the Stan-
dard Model effective field theory (SMEFT). By incorporating higher-dimensional operators,
SMEFT allows for the systematic study of potential new physics contributions to Higgs cou-
plings. In particular, CP-violating operators that couple the Higgs boson to gauge boson pairs
(such as HZy, HZZ, and HW W) are of special interest. Precision measurements of these
couplings could reveal deviations from SM predictions, pointing towards new physics.

Future high-energy colliders like the future muon collider are poised to make significant con-
tributions in this area. With its ability to probe Higgs boson properties with unparalleled pre-
cision at multiple energy stages, the muon collider offers a unique opportunity to explore both
CP-conserving and CP-violating interactions. By conducting detailed studies on the Higgs bo-
son’s couplings with SM particles, the muon collider could potentially provide the experimental
evidence for new sources of CP violation, offering a crucial key to solving the puzzle of the
matter—antimatter asymmetry and leading to discoveries beyond the SM.

This study, therefore, focuses on exploring the potential CP-violating Higgs—gauge boson
couplings using dimension-six operators within the SMEFT framework, and outlines the sig-
nificance of these investigations in future collider experiments. In the following, after introduc-
ing our theoretical framework for the CP-violating Higgs—gauge boson couplings (Section 2),
we will present our strategy for testing for CP-violating Higgs—gauge boson couplings at the
future muon collider in Section 3, and our results in Section 4. Finally, we offer our conclusions
in Section 5.

2. Effective theory approach
Effective field theory (EFT) is a model-independent approach that simply analyzes devi-
ations from the SM to study the properties of the Higgs boson. In this approach, new
physics contributions beyond the SM, in addition to the SM Lagrangian, are parameterized
as higher-dimensional operators. The effective Lagrangian respects the SU(3)¢ x SU(2), x
U(1)y gauge symmetries, and the operators can be constrained separately by the Wilson coef-
ficients as free parameters.

We consider the interactions of the Higgs boson and electroweak gauge bosons in the strongly
interacting light Higgs (SILH) basis [15]. If the effects of physics beyond the SM are described
by the dimension-six operators O;, the effective Lagrangian is given by:

L= Lsm + Zzioi = Lsm + Lcpv (1)

where ¢; are dimensionless Wilson coefficients normalized by the form of the new physics scale
A identified with the W -boson mass my and Lgy is the dimension-four SM Lagrangian. In this
paper, we focus on the CP-violating interactions of the Higgs and electroweak gauge bosons,
and these are written in terms of the SILH basis:

2
D" Ty D' O, + ig¢ HBD“cDTD”cDBWJrg Y oleB,, B 2)

myy, my, myy,
where 75 = oy/2 with o} are the Pauli matrices. B, = d,B, — 9,B,, and Wk =0, W"
BN Wk + g€;; W’ W, are the field strength tensors corresponding to U (l)y and SU (2) of the
SM gauge groups, respectively, with gauge coupling constants ¢’ and g. B,w = e,wpaB”" and
Wk = 1€MvaW ok are the dual field strength tensors. D is a covariant derivative operator
and ® is the Higgs doublet in the SM.

igCrw

Lcpy =
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An effective Lagrangian in the mass basis with anomalous Higgs couplings is used for a phe-
nomenological and experimental approach. It has proven to be a useful approach to relate
experimental bounds expressed in terms of anomalous couplings to phenomenological bounds
obtained by theories or models. The relevant subset of anomalous HZy, HZZ, and HW W
couplings in the mass basis and in the unitary gauge is written as [16]:

1. ~ 1. v e 77
£ = =382 2" h = STy Zy F* b= S W W ®

where /1 is the Higgs boson field. The relation between these anomalous coupling coefficients
in the mass basis and the dimension-six coefficients is given by:

~ 2¢ . N N
8hzz = — [CHBS%/V - 40)/5‘]‘/[/ + C%/VCHW] (4)
Coy My
~ 8w 1. ~ ~
8hyz = [CHW —cgp+ SCVS%/V] (5)
Cy My
~ 2g .
Ehww = ——CHW (6)
myy

where sy = sinfy and ¢y = cos Oy with 0y being the weak mixing angle. There are three
Wilson coefficients, ¢z, Cyw, and ¢, for CP-violating couplings.

We focus on the sensitivity study of ¢yp, ¢yw, and ¢, coefficients in the anomalous HZy,
HZZ,and HW W vertices through the u~u™ — hvjvy; — bbvv, process with single Higgs bo-
son production at the muon collider, and the investigation of the CP-violating properties of
the anomalous couplings. In this paper, analysis of the dimension-six operators in Higgs—gauge
boson couplings are performed in MADGRrAPHS_aMC@NLO [17] based on Monte Carlo simu-
lations using FeynRules [18] and the UFO [19] framework. The HEL model file [16] containing
the 39 dimension-six operators and their corresponding Wilson coefficients is implemented in
FeynRules.

There are many phenomenological studies to obtain constraints on the Wilson coefficients
of CP-conserving and/or CP-violating dimension-six operators using various channels at the
pp [20-26], ee [27-34], ep [35,36], and up [37] colliders. Focusing on the design of a muon
collider with high luminosity and high energy, the International Muon Collider Collaboration
(IMCC) [38] has recently been studying the possibility of developing a muon collider with 10
TeV center-of-mass energy. In this study, we consider a 10 TeV center-of-mass energy (1/s = 10
TeV) muon collider that produces an integrated luminosity equal to 10 ab™! per interaction
point (IP). Lepton colliders are generally known to have much smaller backgrounds and a
cleaner environment than hadron colliders. Because muons are 207 times heavier than electrons,
muon collisions produce less synchrotron radiation than electron—positron collisions, making
it easier to accelerate them to high energies with a circular collider. Muon colliders, which have
the advantage of both being lepton colliders and operating at multi-TeV energies, offer a unique
opportunity in the search for new physics by enabling precise measurements of Higgs—gauge
bosons couplings.

The Feynman diagrams of the u~ut — hvjv; process including the anomalous Higgs—gauge
bosons vertices are given in Fig. 1. These Feynman diagrams represent signal processes involv-
ing new physics contributions from the anomalous HZy, HZZ, and HW W vertices.

The total cross sections of the process u~ut — hvjv, — bbvyv; in term of the coefficients
Cup, Cuw, and ¢, at the muon collider are shown in Fig. 2. The calculation method of the
total cross sections in Fig. 2 is that a certain coefficient is variable each time, while the other
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Fig. 1. Feynman diagrams of the = u™ — hvjv; process including the anomalous Higgs—gauge bosons
vertices.

a(pb)

-0.4 -0.2 0.0 0.2 0.4
Couplings

Fig. 2. The total cross sections of the process = u*t — hvjv; — bbvyv; in terms of the coefficients &z,
Cuw, and ¢, at the muon collider.

coefficients are fixed to zero. All Wilson coefficients being equal to zero (¢yp = ¢yw = ¢, = 0)
correspond to the cross section of the SM contribution in the process u~ ™ — hvjv; — bbvv;.

3. [Event generation and cut-based analysis

In this section, we describe our simulation setup and apply a cut-based analysis to derive con-
straints on anomalous HZy, HZZ, and HW W Higgs—gauge boson couplings via the pro-
cess u~ 't — hvjuy — bbvyy; at the muon collider. The process u—put — hvjy, — bbvv; serves
as the signal, including SM contributions, pure new physics terms with contributions from
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Fig. 3. The number of events as a function of pr for the process u~ut — hvy;, — bbv;v; and related
backgrounds at the muon collider with /s = 10 TeV.

nonzero coefficients ¢y g, Caw, ¢, and interference terms between the SM and pure new physics
terms. On the other hand, some background processes are examined to have a more realis-
tic simulation. The background process is defined as follows: By, represents the SM back-
ground process u~ut — hvju — bbvyv;, which has the same final state as the signal process.
The other backgrounds are: i) the process =+ — bbvjvy, labeled as B,; -, considering the
full contribution of the bbi;v; final state; and ii) the pair production of the top quark, re-
alized through the process u~ut — 17 — WHtbW b — £+v;b0~ ;b labeled as B,7, where one
top quark (anti-top quark) decays to W*h (W ~b), which contains the leptonic decay channel
of the W*-boson.

To simulate signals for each coupling and relevant backgrounds, we generated 400 k samples
using MADGRAPHS_aMC@NLO. For signal identification, a set of cuts was applied to separate
signal and backgrounds in the bbvv final state. First, the transverse momentum distributions for
the final-state b-quark for the signal and relevant background processes at the muon collider
are presented in Fig. 3. It can be seen from Fig. 3 that the signal can be separated from the
backgrounds by pr > 50 GeV. Figure 4 shows pseudo-rapidity distributions for the b-quark,
with a distinct separation in signal occurring for |7”| < 2.4, which is implemented as Cut-1.

On the other hand, Figs. 5 and 6 demonstrate that background suppression is further achieved
by imposing missing transverse energy £ > 100 (Cut-2) and restricting the distance between
final-state b-quarks AR(b, b) < 1.6 (Cut-3).

For the invariant mass of the final-state h-quarks from the decay of the Higgs boson, shown
in Fig. 7, we set 120 < M,; < 130 GeV (Cut-4).

Finally, a list of the particle-level cuts that are used in our calculations is given in a flow in
Table 1. On the other hand, Table 2 shows the number of events after each cut for the signals
(cwp=0.1, ¢gw = 0.1, ¢, = 0.1) and relevant backgrounds. The number of events are calcu-
lated with an integrated luminosity of L, = 10 ab™! for each cut of the signal and relevant
backgrounds. As seen in Table 2, Cut-4 shows a significant improvement in the separation en-
hancement between the signals and related backgrounds.
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Fig. 4. The number of events as a function of n” for the process u~ut — hijv; — bbvyv; and related
backgrounds at the muon collider with /s = 10 TeV.
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Fig. 5. The number of events as a function of £z for the process u~u™ — hojv; — bbvjv; and related
backgrounds at the muon collider with /s = 10 TeV.

In order to investigate the CP-violating nature of the Higgs—gauge boson interactions,
we analyze the differential distribution of the azimuthal angle difference between the two
b-jets, A¢,;. As shown in Fig. 8, the distribution exhibits characteristic modulations depend-
ing on the presence of CP-violating operators. Specifically, scenarios involving the CP-odd
couplings ¢yp, Cyw, and ¢, show noticeable deviations from the SM background (Bp.s),
particularly at lower values of Ag¢,;. These deviations are indicative of interference effects
arising from CP-odd interactions and demonstrate the potential of angular observables in
distinguishing CP-violating new physics from both the SM and CP-conserving dimension-six
operators.
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Fig. 6. The number of events as a function of AR,; for the process u~ut — hvjy — bbvyv; and related
backgrounds at the muon collider with /s = 10 TeV.
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Fig. 7. The number of events as a function of M,; for the process u~u* — hijv; — bbvjv; and related
backgrounds at the muon collider with /s = 10 TeV.

4. Expected sensitivities on dim-6 CP-violating Higgs—gauge boson couplings

The sensitivity of dimension-six Higgs—gauge boson interactions to anomalous couplings was
examined using simulated data from muon collisions at a center-of-mass energy of 10 TeV. The
analysis was conducted using a x? test to quantify the deviations from SM predictions. This
test compares the total cross section, including contributions from effective couplings, with the
cross section of backgrounds. Both systematic and statistical uncertainties were considered to
obtain accurate error margins. The x? test is defined as follows:

osm(v/S) — Ootal (V. Crrp, Crw . €y ) ’
GB(\/E) (‘Ssys)2 =+ (‘sst)2 ’

x> (Cup, Enw, &) = ( (7N
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Table 1. Particle-level selection cuts for the u~pu* — hvjvy; — bbvy, signal at the muon collider.

Kinematic cuts Cup, CHw > Cy
Cut-1 pr > 50, [n?| < 2.4
Cut-2 Er > 100 GeV
Cut-3 AR(b,b) < 1.6
Cut-4 120 < M,; < 130 GeV

Table 2. The number of events of Higgs—gauge boson couplings for the process =t — hvjv, — bbvjy,
and relevant backgrounds. Here, €[%] is the relative efficiency of each cut, M = 10°, and the b-tagging
efficiency ¢, = 0.7 is considered.

MuCol. Presel. Cut-1 Cut-2 Cut-3 Cut-4
Signal Events ¢€[%] Events ¢€[%] Events ¢[%] Events ¢[%] Events ¢[%]
¢yp=0.1 7.72M 3.99M 52 2.73M 68 1.76M 64 1.76M 100
cuw =0.1 11.28M ... 6.96M 61 5.71M 82  4.66M 81 4.66M 100
¢, =0.1 7.83M 4.09M 52 2.85M 69 1.87M 66 1.87M 100
Backgrounds

By, 7.66M 3.77TM 49  2.69M 71 1.95M 72 0.95M 49
B; 534 513 96 478 93 0 0 0

where {B}osm(+/s) represents the cross section of the SM background, and
Ototal (WS, €, Crw, Cy) 1s the total cross section of both the new physics coming from
beyond the SM and the SM. On the other hand, op(4/s) is the total background that we
consider in the analysis. 8 = «/LNT; and &,y are the statistical error and systematic uncertainty,
respectively. The event number of the cumulative background is defined as Ng = £ x op X &p,
where L is the integrated luminosity and &, is the h-tagging efficiency.

Identifying jets originating from b-quarks (b-tagging) is crucial in collider-based particle
physics experiments. It plays a significant role in studies involving Higgs boson decays to bb,
Higgs boson production along with the top-quark pair, precision measurements in the SM,
and searches for physics beyond the SM [39]. In experimental analyses, h-tagging algorithms
exploit properties such as the relatively long lifetime, large mass, and high decay multiplicity of
b-hadrons. The performance of b-tagging is typically characterized by two parameters: the b-
tagging efficiency (g,), which is the probability of correctly identifying a b-jet, and the misiden-
tification rates of charm (¢) or light-flavor (u, d, s quarks, or gluons) jets as b-jets. These rates
depend on the specific algorithm employed and the kinematic properties, such as the transverse
momentum of the jet. This study adopts a constant b-tagging efficiency of &, = 0.7, consistent
with values used in recent phenomenological analyses [40,41].

The primary focus of the analysis was to obtain the sensitivities on various Higgs—gauge bo-
son couplings at the 95% confidence level (CL). Systematic errors were accounted for in the
calculations to reflect more realistic experimental conditions. Here, possible sources of system-
atic uncertainties are integrated luminosities, photon efficiencies, jet-photon misidentification,
detector efficiency, and background estimation. The obtained sensitivities on Higgs—gauge cou-
plings at 95% CL are given in Table 3 under systematic uncertainties of 0%, 3%, and 5% and
compared with the experimental results.
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Fig. 8. The number of events as a function of A¢,; for the process u~u* — hjv; — bbvv; and SM
background at the muon collider with /s = 10 TeV.

Table 3. Sensitivities at 95% CL on the anomalous Higgs—gauge boson couplings for various systematic
uncertainties.

Muon collider

Effective couplings  Experimental results (ATLAS)  Systematic errors Our projection
[—0.23;0.23] [42] 5 =0% [—0.017428; 0.018 991]
Cup [—0.16; 0.16] [43] 8 =3% [—0.116988; 0.118 550]
[—0.065; 0.063] [44] 8 =5% [—0.151243; 0.152805]
[—0.23; 0.23] [42] 5 =0% [—0.002 880; 0.002 586]
Cuw [—0.16; 0.16] [43] 8 =3% [—0.017882; 0.017 588]
[—0.065; 0.063] [44] 8 =5% [—0.023 040; 0.022 746]
[—0.0018; 0.0018] [42] 5§ =0% [—0.010784; 0.011 381]
Cy [—0.00028; 0.000 43] [44] 8 =3% [—0.071416; 0.072012]
8 =5% [—0.092276; 0.092 872]

The results in Table 3 indicate that our projections provide particularly strong sensitivity to
deviations from the SM, with the limits on the ¢y 5, ¢y couplings being highly constrained at
the 10 TeV muon collider with integrated luminosities of 10 ab~! compared with the ATLAS
results.

On the other hand, Fig. 9 compares the obtained sensitivities at the future muon collider and
the experimental results for ATLAS with barcharts [43,44]. As seen in Fig. 9, our results demon-
strate the potential of future muon colliders to probe new physics scenarios with unprecedented
precision. Finally, to evaluate how constraints on a specific CP-violating coupling are affected
by the presence of others, 2D contours are considered in which the other coefficient is fixed at
zero while scanning is performed on these two Wilson coefficients. Figure 10 illustrates the 95%
CL contours in the ¢y p—Chw, Cup—Cy, and ¢,—Cyw planes, based on a two-parameter analysis
at the muon collider for systematic uncertainties of 0%, 3% and 5%.
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Fig. 9. Comparison of ATLAS bounds and obtained sensitivities on the anomalous ¢xp, Cyw, ¢, pa-
rameters via the process u~u™ — hvjv; — bbvv; at the muon collider.

003 ——r——— 0.4 R e S
— 8=0% 5=0%
— 730, 3
0.02 ?3/“
5=5%
= SM E
0.01 ! =
= 0004 . : 4 3
E -
10 o
-0.01 4
-0.02 4 =
-0.03 -0.4 . . . . '
06 04 02 0.0 0.2 0.4 0.6 06 0.4 0.2 0.0 0.2 0.4 0.6
Cis Cus
(a) (b)
0.03
— 8=0%
— 3=39
0.02 ?3/“
— 8=5%
m SM
0.01 T =
= 0.00 4 1 1 1 1 -
jas}
10
-0.01 4
-0.02 } 1 1 1 4
003 4+t

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 04

(c)
Fig. 10. 2D 95% CL intervals in plane for ¢y p—Cuw (a), ¢up—C, (b), and ¢,—Cyw (c) taking a systematic

error of g5 = 0%, 3%, and 5% at the muon collider. The black square represents the SM expectation.

5. Conclusions

We have investigated the sensitivity of CP-violating dimension-six operators in the Higgs—
gauge boson sector using the process = ut — hv;v; — bbv;v; at a future muon collider with
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Vs =10 TeV and an integrated luminosity of 10 ab~'. Our analysis, which included a de-
tailed study of kinematic distributions such as the transverse momentum, pseudo-rapidity,
the AR value of the final-state h-quarks, missing energy transverse, and the invariant mass
of the Higgs boson, aimed to provide new limits on the Wilson coefficients ¢y, ¢y, and
¢,. The obtained sensitivities at 95% CL for these parameters are [—0.017428; 0.018 991],
[—0.002 880; 0.002 586], and [—0.010 784; 0.011 381], respectively. When compared to the ex-
perimental limits of [—0.23; 0.23] [42], [0.16; 0.16] [43], and [—0.065; 0.063] [44] for both ¢y 5
and ¢y, and [—0.00028; 0.00043] [44] for ¢,, we observe a significant improvement in the
constraints on the ¢ and ¢y couplings. However, for ¢y, while our results do not surpass
the experimental limits provided by ATLAS at /s = 13 TeV with an integrated luminosity
of 139 fb~!, they still offer valuable insights that are consistent with the phenomenological
study at CLIC and the muon collider in Ref. [37]. A phenomenological study on CP-violating
dimension-six operators through the process e"e~ — Hvb has been performed considering a
fast detector simulation with Delphes at the 3 TeV center-of-mass energy of CLIC with an
integrated luminosity of 5.0 ab~!, and the 95% CL limits were reported as [—0.03; 0.03] and
[—0.007; 0.007] for ¢yp and ¢y, respectively [34]. Comparing our results with the limits of
Ref. [34], we obtain 1.5 and 2.7 times better sensitivity for CP-violating parameters ¢y p and
Cuw, respectively. Our results, combined with the muon collider’s clean experimental environ-
ment and high center-of-mass energy and integrated luminosities, make it a highly promising
platform to probe new physics beyond the SM and this is the main motivation for designing
this study at a future muon collider.

In conclusion, our study demonstrates that future muon colliders, operating at /s = 10 TeV
with high integrated luminosity, will play a crucial role in advancing our understanding of the
Higgs sector, particularly in scenarios involving CP-violating Higgs—gauge boson interactions.
The enhanced sensitivity to ¢y and ¢y couplings, along with competitive results for ¢, un-
derscores the potential of such colliders to explore physics beyond the SM. Future experiments
at lepton colliders, combined with complementary results from hadron colliders, will provide
a comprehensive approach to probing the fundamental nature of Higgs—gauge boson interac-
tions and their possible CP-violating extensions.
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