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Abstract: We study the new Z’ boson as a portal for the production of Higgs bosons Ay and Hy predicted by the
Bestest Little Higgs Model through the Higgs-strahlung processes utu~ — (Z,Z’')— Zhy,ZHy. We focus on the res-

onance and non-resonance effects of the Zhy,ZH, signals. In our analysis, we consider the center-of-mass energies
of /s =3,4,6,10,30 TeV and integrated luminosities of £ = 2,4,6,10,30 ab™! projected for a future muon collider.
The possibility of performing precision measurements for the Higgs bosons Ao and Hy is very promising at the fu-

ture muon collider. Furthermore, our results may be helpful to the High Energy Physics community. Complementar-

ily, we generate and provide the Feynman rules necessary for studying the processes utu~ — (Z,Z') — Zhy,ZHj.
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I. INTRODUCTION

Since the confirmation of the existence of the Higgs
boson by the ATLAS [1] and the CMS [2] Collabora-
tions at the Large Hadron Collider (LHC), the scientific
community has undertaken the task of confirming that its
properties match those of the scalar boson predicted by
the Standard Model (SM) [3—7]. Any deviation from the
SM predictions could be valuable information about a
possible extended theory. Despite the great predictive
power of the SM, there are unsolved problems, such as
the hierarchy problem. Namely, quantum corrections
render the Higgs potential fine-tuned. These quantum
corrections come from three different sectors of the SM:
the gauge sector, the fermion sector, and the Higgs sector.
To have a theory that is not fine-tuned, new physics is
needed in each of these three sectors to cancel quantum
corrections to the Higgs potential.

Several physics models beyond the SM have been
proposed to solve the so named hierarchy problem. Some
of the proposed extensions are the Little Higgs Models
(LHM) [8—12] that employ a mechanism called collect-
ive symmetry breaking. Its main idea is to represent the
SM Higgs boson as a pseudo-Nambu-Goldstone boson of
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an approximate global symmetry spontaneously broken at
a certain scale in the teraelectronvolt (TeV) range. In
these models, the collective symmetry-breaking mechan-
isms are implemented in three sectors: fermion, gauge,
and Higgs. In each sector, new particles in the mass range
of a few TeV are predicted. These new particles play the
role of partners of the top quark, of the gauge bosons, and
the Higgs boson, the effect of which is to generate radiat-
ive corrections for the mass of the Higgs boson and, thus
cancel the divergent corrections induced by SM particles.
On the other hand, the LHM [8—12] have the inconveni-
ence of being strongly constrained by electroweak preci-
sion measurements in the gauge sector [13—15], but also
predict top partners that are much heavier than the mass
of the new gauge bosons, which leads to significant fine-
tuning in the Higgs potential [13, 16].

The Bestest Little Higgs Model (BLHM) [13, 17-25]
overcomes the difficulties presented by LHM, which is
achieved by incorporating two independent symmetry-
breaking scales, fand F with F > f. Consequently, a dis-
association in the masses of the quark (7, Ts, Ts, T*>, B,
T573) and boson gauge (Z’, W'*) partners is generated.
Regarding the quarks, four of them are heavy partners of
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the top quark (+2/3 charge), one heavy partner of the
bottom quark (—1/3 charge), and one exotic quark (+5/3
charge). The new quarks obtain masses proportional only
to the f energy scale, while the new gauge bosons acquire
masses proportional to the combination of the f and F
scales, i.e. \/f?+ F2. Since the new quarks are now light-
er than the new gauge bosons, fine-tuning in the fermion
sector and electroweak precision data constraints in the
gauge sector are avoided. On the other hand, the scalar
sector of the BLHM has a rich phenomenology that gen-
erates the scalar fields: hg, Hy,Ao,¢°, 7%, H:,¢* and n*.
The hy state is assumed to be similar to the SM Higgs bo-
son. For more information on the BLHM, we recom-
mend that the interested reader refer to Refs. [19-25].

Given that the SM Higgs boson plays essential roles
in several extended model scenarios, it is natural to ex-
pect that new physics beyond the SM would influence the
properties of this Higgs boson, thus leading to deviations
of Higgs properties from SM predictions. Probing the ex-
tended models meaningfully beyond the direct LHC
searches would require precision measurements of the
Higgs boson couplings. So far, several couplings of the
Higgs to SM fermions and vector bosons based on cur-
rent LHC data still have large uncertainties, for example,
the ZZhy coupling [26—28]. Such a precision, if achieved,
will be very useful to discover the evidence of new phys-
ics beyond the SM. On the other hand, Lepton colliders
have the advantage of clean signatures and high-statistics
samples of the Higgs boson. Compared to the Hadron
collider, a future Lepton collider may have ahigher capa-
city in the measurement of the ZZh, coupling through
Higgs-strahlung production [/~ = Zhy. The [*I~ col-
liders could reduce the aforementioned uncertainties to
few percent level.

In this paper, we explore the phenomenology of the
production of the Higgs bosons %y and H, of the BLHM
in muon collisions. Specifically, we will present a com-
prehensive analysis of the production mechanism
W —(Z,2)— Zhy and ptu- — (Z,Z') —» ZH, and its
sensitivity including both the resonant and the nonreson-
ant effects at future high-energy and high-luminosity
muon collider. In the BLHM scenario, the Higgs-
strahlung productions u*u~ — Zhy and p*u~ — ZH, are
essential processes to study tree-level interactions: ZZhy,
ZZH,, Z'Zhy, and Z'ZH,. At the same time, the above
processes are useful for testing the consistency of the
parameter space of the BLHM. Our search for the Higgs

Nz - ff=

Nemz 4 [ iy m; 712 m;
? l_mié, (gV > 1+2m7%, +(gA ) ]—4m7%/ .

bosons is implemented in the environment of a future
muon collider [29, 30], as this could provide a potential
solution to the issues regarding energy, luminosity, back-
ground cleanliness, and the limited sensitivity of current
and other future colliders. These features make the muon
collider an ideal collider for the search for new particles,
as the first evidence of new physics is expected to arise in
the TeV energy range. A high-energy, high-luminosity
collider such as the muon collider will allow High En-
ergy Physics to be explored at energy frontiers beyond
the reach of existing and proposed colliders. It is also im-
portant to mention that in this work we only focus on in-
vestigating the Higgs-strahlung production processes
Wy —(Z,2') - Zhy,ZH,. However, producing Higgs
bosons via vector boson fusion (VBF) is also possible.
Given the high collision energy capabilities of the muon
collider, the cross-sections for VBF processes could be-
come significantly more important than Higgs-strahlung
processes. We are currently working on this complement-
ary project, and it will be addressed in further work.

The outline of this paper is as follows: Section II
presents the decay widths of the Z’ boson in the BLHM.
In Section III, we find the scattering amplitudes and
cross-sections of the processes u*u~ — (Z,Z2') — Zhy,ZH,.
Section IV is devoted to our numerical results. Finally, in
Section V, we present our conclusions. The Feynman
rules involved in our calculations are provided in Ap-
pendix A.

II. THE TOTAL DECAY WIDTH OF
THE Z’ BOSON

In this section, we determine the total decay width of
the Z’ boson, which we need to calculate the cross-sec-
tion of the Higgs-strahlung processes. In the context of
the BLHM, the main decay channels of the Z’' gauge bo-
son are 7 = ff (f=t,b,T,Ts,Ts, T**, T3, B),
7 - W*W~, Z — Zhy, and Z' — ZH,. It is worth men-
tioning that in the BLHM there is no Z'H*H~ coupling.
Thus, the total decay width I'z, of the Z’ boson can be es-
timated as follows

FZ' = Z F/f + FWW + FZhO + TZHO .
!

(1

We provide below the analytical expressions for the par-
tial decay widths of the Z’ boson involved in Eq. (1),

2)
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where N, is the col’o_r_ factor/_(N(. =1 for leptons and Mz u™ — Zho) = gzzm, [V(pl)y“(g%,”“— giﬂu)@)u(pz)]
N, =3 for quarks), g5/ and g5 // are the vector and axi- _ 2
: : (=8 + Pubv/m3z)
al-vector coupling constants of the Z’ boson with the fer- (p1+p2)? —ma +imyIy
mions (see Appendix A [31]), and gzz, and gzzy, de- ‘
note the effective couplings of the Z’ and Z bosons to the xe(2), (7)

Higgs bosons h, and H, whose explicit expressions are
given in Appendix A. On the other hand,

1 2_ 2
= 5 55Ce(Sg— Cp).

Sew (6)

Xs

1. THE HIGGS-STRAHLUNG PROCESSES
wtum — (Z,2') = Zho,ZH, IN THE BLHM

A. Higgs-strahlung production y*u~ — Zh,

The Feynman diagrams contributing to the Higgs-
strahlung production processes u*u~ — (Z,Z') — Zh, are
shown in Fig. 1. The respective scattering amplitudes are
represented by Egs. (7) and (8),

I ho, Ho Y ho, Ho
/ /

(a)

(b)
Feynman diagrams for the Higgs-strahlung produc-

Fig. 1.
tion processes a) puru- —Z - Zhy,ZHy
utu~ — 7' — Zhy,ZHy in the BLHM.

and b)

Mot i~ = Zho) = gzzm, [P(p0)Y (€7 = ¢ ys)u(py)|

{ (_gpv+p;lpv/m%/) :|
(pl +p2)2 —m%, + imzrrzl

x €/(2),

®)

where €}(Z) represents the polarization vector of the Z bo-
son, while p, =(p,+p2), is the four-momentum of the
mediator particle. The vector and vector-axial coupling
constants of the Z or Z’ boson are given in Appendix A.

We calculate from the transition amplitudes, Egs. (7)
and (8), the total cross-section o2 for the processes
W~ —(Z,2") - Zhy,

0'?’“ = 0'?10 + a'g'“ + 0'?}9, 9)
with
gz V(@ + ("
2 192 m3s?

2
87z

8 ((s—m%)z F(maT,)

) (12mzs+2),  (10)
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where 02" and 05" are the cross-sections of processes

wu —Z— Zhy and putum — Z' — Zhy, respectively. The
o7y cross-section represents the interference term
between the Z and Z’ bosons. In Egs. (10)-(12), +/s is the
center-of-mass energy and A is the usual two-particle
phase space function,

2 2 \2 2.2
/l(sst’ mhg) = (S_mZ _mhg) _4mzmho'

(13)

It is appropriate to mention that Eq. (9), which corres-
ponds to the total cross-section in the context of the BL-
HM, reproduces the cross-section for the process
utu~ — Z — Zhy obtained in the SM scenario [32—37].
This is reached in the decoupling limit of the new phys-
ics scales, i.e., (f, F) — 0.

To quantify the combined effects of the free paramet-
ers /s, fand F of the BLHM, we define the relative cor-
rection for the total cross-section as follows,

oo
oM

BLHM

(s, f,F) = M (+fs)
N aSM(+[s) ’

(14)

where 5" (+/s) represent the cross-section of the SM and
o (/s, f,F) represent the cross-section in the presence
of interactions of the BLHM.

B. Higgs-strahlung production u*yu~ — ZH,

We determine the scattering amplitudes and cross-
sectlons of Higgs-strahlung production u*u~ — (Z,2') —

. The transition amplitudes are obtained from the
Feynman diagrams contributing to the process
wru~ — ZH, (see Fig. 1), which are given by

Mo ™ = ZHo) = gzzm, [W(p) Y &0 = g4 ys)u(p2)]

|: (_8uv+Pqu/mz) :|
(P + p2)* —m +imzT;

x €,(2),

(15)

Mz ('™ — ZHy) = gzzm, [V(P1))’y(gz - gi WVS)M(Pz)}

[ (—8uv +P#Pv/mz') ]
(p1+ p2)? —m, +imzyTy

X €,(2).

(16)

Using Egs. (15) and (16), we calculate the total cross-sec-
tion for the process u*u~ — (Z,Z') — ZH,, which can be
written in the following compact form,

o= gty oo 4 o0 (17)
where
gz = N "7 + (3"
2192 m? s>
x Lz (12m2s+ ), (18)
(s —mz)? +(mzL2)>?
gz _ A (@M + "y
“ 1927 m3s?
87zn
X 2 12m%s+ ), 19
((s—m%,)2+(mz,l"z,)2> (12m75+2) (19)
zH, _ \/z (gZZHogZ’ZHO ) gvuﬂgz 2 gZWgZ up
“ 967 m3s?
X (12mys+4)
(s —=m2)(s—m%) + (mzL )T pmy)
((m = 5)? + (mzT2)*)(m3, = $)> + (mz Tz )?)
(20)

In these expressions, the two-particle phase space func-
tion is given by

A(s,mz,mpy,) = (s—m%—mi,o)z—4m§mio. 2D

IV. NUMERICAL RESULTS

In our numerical analysis of the Higgs-strahlung pro-
duction processes u*u~ — Zhy and u*u~ — ZH,, various
LHC measurements are used to constrain specific relev-
ant parameters of the BLHM. Below, we summarise the
different input parameters, searches, and measurements
used for our analysis.

The Yukawa couplings y; (i =1,2,3) [18, 22, 24] are
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related to the generation of the new quark masses: 7, B,
Ts, Ts, T*3, T373. These Yukawa couplings generate two
study scenarios, which arise because in the region where
v, ~ y3, the masses of the T and T states are degenerate
[18]. The two scenarios to which we refer are

e Scenario a (y,>y3): y;=0.61, y,=0.84, and
y3 =0.35 [22-24],

e Scenario b (y,<y3): y; =061, y,=035, and
y3 =0.84 [22-24].

In the first scenario (y, >y;), the mass separation
between the new quarks Ts and Ty is relatively tiny and
leads to the decays of Ts being predominantly to SM
particles. For the second scenario (y, < y3), the mass sep-
aration between the Ts and T states is large, which in-
creases the decay modes available for the 75 quark
through decay cascades to non-SM particles [18, 38]. Be-
cause of the phenomenological implications of the first
scenario, in this paper we explore the Higgs-strahlung
productions u*u~ — Zhy and putu~ — ZHy in the y, > y;
scenario. Other parameters involved in our calculations
are discussed briefly below.

m,,: The mass of the A, pseudoscalar is an,input
parameter of the BLHM. This parameter is set to 1000
GeV, which is consistent with current searches for new
scalar bosons [39, 40].

my,: The mass of the Higgs boson H, is calculated
from the mass of the A, pseudoscalar-and the values of
tan B8 (the ratio of the vacuum expectation values (VEVs)
of the two Higgs doublets) [17]:

» _ B B,

= — =+ _—
T = Sinog " sin’2B

—20B,v*sin 2B+ A3v4sin® 28 (22)

where

1
B, = 5(/10\/2 + mio) sin2f3, (23)
m? m; —m3
do=—3¢ (—) (24)
my, — nia sin” 23

The ratio of the VEVs v, and v, (tanB): The au-
thors of Refs. [13, 17, 41] set lower and upper bounds on
the parameter tan8 which arises due to perturbativity re-
quirements on the parameter A,. Thus, the range of val-
ues that tanB could acquire is set according to the follow-
ing equation

1 <tanB < 3 5 3 1 (25)
ho <1 My ~ My >
my, 4mv?
For my,=1000 GeV, it is obtained that

1 <tanB < 10.45. Consistently, in this work, we have
chosen tang = 3 and tanB = 6 [22—24] to carry out our nu-
merical analysis of the production of Zhy and ZH, at a fu-
ture muon collider.

Gauge couplings: The gauge couplings g4 and gz
can be parametrized in terms of the mixing angle 6, and
the electroweak gauge coupling: tanf, =g,/gs and

g =2ga88/ \/ &5 +g%. For our study, it is assumed that the
gauge coupling gz = 1g4, implies that g, = V5g. Another
possible study scenario arises when g, = gp; however,
this project could be left for later work.

Symmetry breaking scales (f, ): The BLHM is
characterized because it incorporates two different global
symmetries that are broken into diagonal subgroups at
different scales, f'and F. With respect to the f scale, cer-
tain limits on this parameter arise when considering fine-
tuning constraints on the masses of heavy quarks, as well
as experimental constraints on the production of quarks:
f €1[700,3000] GeV [17, 18]. On the other hand, the en-
ergy scale F acquires sufficiently large values compared
to the f'scale. The purpose is to ensure that the new gauge
bosons are much heavier than the new quarks, thus,
F >3000 GeV [13, 17].

One of the motivations for building the BLHM, is to
avoid fine-tuning the Higgs potential. In this way, scen-
arios a and b mentioned above provide realistic values of
the Yukawa couplings as they minimize the fine-tuning
constraints. From Eq. (26),

_ AP DRl (bl
8n2Agv2 cos? B yal* — [ys? yi?+ys?

we determine the measure of the fine-tuning for certain
values of the scale f. In Tables 1 and 2, we show a meas-
ure of the fine-tuning when the energy scale f takes on
values such as 1.0, 1.5, 2.0, 2.5, and 3.0 TeV. When
tanB=3 (see Table 1), the size of the fine-tuning for
f =10 TeV is ¥ = 0.54, which indicates that there is no
fine-tuning in the BLHM [13, 38]. The absence of fine-
tuning prevails up to ¥ =2.2, that is, for values of the 1
scale close to 2 TeV. The fine-tuning starts to become rel-
evant for f > 2.1 TeV. With respect to Table 2 generated
for tan 8 = 6, the absence of fine-tuning only prevails for
points close to f=1 TeV, for f>1.2 TeV the model
needs to be fine-tuned.

As a summary, we provide in Table 3 the values as-
signed to the parameters involved in our calculation.
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Table 1. A measure of the fine-tuning in the BLHM for
some values of the f'scale. The values generated for W are ob-
tained by setting tan 8 = 3.

tanB=3
S[TeV] ¥
1.0 0.54
1.5 1.21
2.0 2.16
2.5 3.37
3.0 4.85

Table 2.
some values of the f'scale. The values generated for ¥ are ob-
tained by setting tan 8 = 6.

A measure of the fine-tuning in the BLHM for

tanf=6
flTeV] bd
1.0 1.99
1.5 4.49
2.0 7.98
2.5 12.47
3.0 17.96

Table 3. Values assigned to the parameters involved in our
numerical analysis at the BLHM.
Parameter Value Reference
iy 125.20 GeV [32]
ma, 1000 GeV [39, 40]
tanf 3,6 [22-24]
MH, 1015 GeV
8A V5g
Iz 2.4955+0.0023 GeV [32]
f [1000,3000] GeV [13, 18, 22-24]
F > 3000 GeV [13,17, 18, 22-24]
A. Ty

Another of the essential input parameters involved in
our study of the Higgs-strahlung production
uwrum = (Z2,2') — Zhy,ZH, is the total decay width of the
Z' boson (I'z), which has a dependence on the two en-
ergy scales, fand F, these represent the scales of the new
physics in the BLHM. In this subsection, we analyze the
different contributions that receive I'z, and we also dis-
cuss the behavior of the partial widths I'(Z" — X) when
the f scale takes values from 1000 to 3000 GeV while
keeping the F scale fixed, and when F varies from 4000
to 6000 GeV while fixing f'(see Fig. 2). In the left plot of
Fig. 2, we show the evolution of I'(Z’ — X) vs. f; these

curves are generated by setting F = 6000 GeV. In this
scenario, the main partial contributions are generated by
the decays Z' — T?3T*? and Z' — TT. These provide the
dominant and subdominant numerical contributions:
[(Z' — T*3T%3) = [262.43,256.61] GeV and [(Z’ — TT) =
[259.70,249.83] GeV, respectively. This occurs while
f €1[1000,1650] GeV, outside this interval, I'(Z’ — ) be-
comes dominant. On the opposite side, the most sup-
pressed contribution is given by the Z' — ZH, decay:
[(Z' - ZHy) = [9.27x107,1.07x1072] GeV over the
whole analysis interval of the f'scale. With respect to the
remaining curves, ['(Z' — T°3T>*)~T(Z' —» BB) ~T(Z' —
bb) € [2.60,1.35] x10%.GeV, I'(Z' > WW) ~ T(Z' — Zh) €
[6.0,2.3]1x 10! GeV, and T(Z' — TsTs) ~ [(Z' — TeTs) €
[1071,1073] GeV. On the other hand, in the right plot of
Fig. 2, we can appreciate the behavior of I'(Z' — X) vs. F,
these curves have been generated for f=1000 GeV. In
this case, the most significant contributions are given by
the decays Z’ — T*3T?*3 and Z' - TT: T(Z' — T**T?*3) =
[172.99,262.43] GeV and I'(Z’ — TT) =[169.08,259.70]
GeV when the F' scale obtains values in the interval from
4000 to 6000 GeV. On the contrary, the minor contribu-
tion is led by the process Z' — ZH,, I'(Z' - ZH,) =
[5.39,9.27]x 107 GeV. The other curves approximately
take on values in the following ranges:
I(Z —t)~T(Z — T*T3)~T(Z' - BB) € [1.0,2.5] x 10?
GeV.,I(Z' — bb) ~T(Z' —» WW) ~T(Z' — Zh) € [0.9 102,
1.0x10'] GeV, and T(Z' — TsTs) ~T(Z' — TeTs) ~ 107!
GeV. From the above, I'(Z" — X) shows a strong sensitiv-
ity to variations in the scales of the new physics (fand F).
The dependence of I'(Z" — X) on F is more pronounced
with respect to £, and all curves show increasing behavior
(see Fig. 2(b)). In addition, the dominance of the fermion-
ic decay modes of Z' (Z' — T**T?3,TT,tf) leads to the
assumption that the discovery channels should be related
to the new QCD fermions.

B. Br(Z/ - X)

We now present our results on the branching ratios of
the Z' gauge boson as a function of the scales of new
physics (for F). We first discuss the behavior observed in
Fig. 3(a). In this figure, we plot Br(Z' — X) vs. the f'scale
while fixing the second F' scale at 6000 GeV. The curve
that provides the dominant contribution is given by the
Z' — T?3T?3 decay, its associated branching ratio is
Br(Z' — T**T?3)=[1.80,1.68]x 107" when fe€[1000,
3000] GeV. On the opposite side, we find that the
7' — ZH, decay provides the most suppressed contribu-
tion, Br(Z' — ZH,) = [6.35,7.85]x107%. As far as the re-
maining branching ratios are concerned, these acquire
values of Br(z’ - TT)~ Br(Z' — 1) ~
Br(z' —» T3753) ~ Br(Z' — BB)~ 10", Br(Z’ — bb) ~
Br(Z' — Zhg) ~ Br(Z’ - WW) ~ 1071 1072, and
Br(Z' — TsTs) ~Br(Z' — TsTs) ~ 107 —107°. Concerning
Fig. 3(b), here we explore the behavior of Br(Z' — X) vs.
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Fig. 2.

Fig. 3.
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(color online) Decay widths for the processes Z’ — X where X =7, TT,T5Ts, TeTe, T>/*T?/3,T°3T>3 bb, BB, Zho,ZHy, WW. a)
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the F scale in the interval from 4000 to 6000 GeV, and all
the curves shown in the figure have been generated with
the fixed value of f =1000 GeV. In this scenario, we can
appreciate that the curve that provides the slightly more
significant contribution is derived from the Z’ — T?/3T?%?
decay, Br(Z’ — T*3T*?)=[1.79,1.80]x 10~'. On the oth-
er hand, the smallest contribution is given by
Br(Z’' — ZH,) =[5.58,6.35]x 10™°. The decays Z' —» TT,
7' —tt, Z' — T*T3? and Z' — BB also generate branch-
ing ratios with values of the same order of magnitude
than the main contribution although slightly smaller.
Complementarily, the other branching ratios acquire val-
ues of Br(Z' — bb) ~ Br(Z' - WW) ~ Br(Z' — Zhy) ~ 1072,
Br(Z' = TsTs) ~ 107 and Br(Z' — T¢Ts) ~107.In con-
clusion, the values obtained by the branching ratios
Br(Z’ — X) do not show appreciable changes as the F
scale increases to 6000 GeV, as shown in the correspond-
ing figure. Br(Z' — X) slightly depends on the F scale
compared to the f scale. The new heavy quarks and the
top quark of the SM are the most likely decays of the new
gauge boson Z’.

C. Higgs boson production 4, in the BLHM

We investigate the Higgs-strahlung production pro-
cess utu- — Zhy at the future muon collider-and calcu-
late the BLHM predictions on the af (\/E,f F ) Cross-
section. We scan the BLHM parameters by considering
various experimental and theoretical constraints. In
Fig. 4, we present our results for the total cross-section
o (i — Zhy) where the resonant and non-resonant
effects of the processes utu~ — (Z,2’) — Zhy are taken in-
to account. We also show the different contributions re-
ceived by o7 (utu — Zhy) according to Eq. (9):
a2 (utum — Zhy), T (Ut — Zhy), and
a2 (utu~ — Zhy). Complementarily, we plot in this same
scenario the contribution of the SM represented by
osy Wy — Zhy). From Fig. 4, we can appreciate that
the behavior of the cross-section oy (utu™ — Zhy) very
closely resembles the behavior of the curve represented
by 02" (utu~ — Zhy). The latter corresponds to the cross-
section with the Z boson exchange in the context of the
BLHM. In this particular case, the contribution of new
physics is almost negligible. Concerning the other curves,
o and 0%, these obtain an increase in the cross-sec-
tion for large values of the center-of-mass energy, reach-
ing their maximum value at the resonance of the Z’ gauge
boson, i.e., when +s5~5200 GeV: o2 (u*u~ — Zhy) =
3.72 fb, and a?‘" (u*u~ — Zhy) = 4.04 fb. For this bench-
mark, o (u*u~ — Zhy) its contribution is 0.64 fb. It is
also important to mention that in certain regions the total
cross-section of the process utu~ — (Z,Z') — Zh,y takes
values smaller than the sum of the individually contribut-
ing processes, i.e. utu~ — Z — Zhy and utu — 7' — Zhy.
This effect is basically due to the negative interference

between  the  channels u'u~ —Z— Zhg and
uru- — 7 — Zhy. As well as the effect of the effective
couplings gzz,, and gzz,, which contain positive and
negative terms, as can be seen in Appendix A.

We test through the total cross-section the effects that
could be provided by the new physics scales, fand F, on
o2 (i~ — Zhy). In this way, in Fig. 5 we show the dif-
ferent curves generated for o (u*u~ — Zhy) when the f
and F scales take specific fixed values while the center-
of-mass energy +/s varies in the interval from 0 to 10 000
GeV. In this figure, we can see that the curves corres-
ponding to o7 (u*u~ — Zh,) decrease for large values of
v/s. We also note that the height of the resonance peaks
for the Z’ boson changes depending on the value of the F/
scale. For the plotted curves, o-?’” (utu~ — Zhy) reaches
its local maxima just at the resonance of the Z’ gauge bo-
son: @2 (/5,1000 GeV,4000 GeV) =10.99  fb,
o? (4/5,1000GeV,5000 GeV) =7.02 b and
a7 (15,1000 GeV,6000 GeV) = 4.87 fb for my ~ 3500
GeV, my ~ 4300 GeV and myz ~ 5200 GeV, respectively.
It is essential to mention that in the context of the BLHM,

Vs (Tev)
Fig. 4. (color online) The cross-section of the process
utu~ —(Z,Z') - Zhy as a function of +/s. The curves are gen-
erated for f=1000 GeV and F=6000 GeV (for mz =5200
GeV), and correspond to osu, o-?") (Eq. (10)), o-gf'” (Eq.
(11)), 022 (Eq. (12)), and o7 (Eq. (9)).

10t 4 | Energy Scales (TeV)
e}
5 5 W osu
mf=1F=4
1 O mf=1F=5
0.5f W f=1F=6
0.1k ‘ ‘ ‘ ‘ ‘—
0 2 4 6 8 10
VS (Tev)
Fig. 5. (color online) The total cross-section of the process

utu —(Z,Z') - Zhy as a function of +/s. The curves are gen-
erated for f=1000 GeV and F =4000 GeV, f=1000 GeV and
F =5000 GeV, and f=1000 GeV and F = 6000 GeV.
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the mass of the Z’ gauge boson depends on the scales of
the new model ?hysics, fand F. From the above, the total
cross-section 07" (\/3 fiF ) is sensitive to changes in the
free parameters. Contributions from new physics show
remarkable effects concerning the SM contribution; the
region of most significant appreciation of such effects is
for +/s €[800,10000] GeV. On the other hand, it is im-
portant to mention that Fig. 5 has been generated by set-
ting tan 8 =3. However, to study the possible depend-
ence of the total cross-section on tan 3, we consider an-
other allowed parameter point, tan 8= 6. For this choice,
we find that the generated curves are similar to those
provided in Fig. 5. Thus, the dependence of the results on
tan B is null.

The BLHM can generate corrections to the produc-
tion cross-section for the process u*u~ — Zhy via modi-
fication of the tree-level ZZh, coupling, as well as by the
new interaction vertex Z’Zh,. The values of the relative
corrections are calculated from Eq. (14). In Fig. 6, we
show the relative corrections ‘s‘ffﬁ of the Higgs-
strahlung process p*u~ — Zhy as a function of +/s for
f=1000 GeV and F=4000 GeV, f=1000 GeV and
F =5000 GeV, and f=1000 GeV and F = 6000 GeV. In
this figure, the absolute value of the relative correction
increases for smaller values of the energy scale F and de-
couples at high scales of the +/s parameter. The values of

|%| are in the ranges of 0%—10% in most of the para-

W f=1F=4 TeV
[ f=1F=5TeV

SBLrim
Osm
o
T
I

W f=1F=6 TeV

Vs (Tev)
Fig. 6. (color online) Relative correction % as a func-

tion of the center-of-mass energy +/s.

Table 4.
F =4000 GeV (mz =3500 GeV).

meter space. Our numerical results show that for reason-
able values of the free parameters of the BLHM, +/s, f
and F, can generate significant contributions to the total
cross-section of the Higgs-strahlung process u*u~ — Zhy
concerning their value in the context of the SM.

We also discuss the production of Zh, at the future
muon  collider, assuming design luminosities
£=2,4,6,10,30ab™' and center-of-mass energies,
\s=3,4,6,10,30 TeV [29, 42, 43]. In Tables 4 and 5 for
f=1000 GeV and F = 4000 GeV, and f = 1000 GeV and
F =6000 GeV, respectively, we present an event estim-
ate of the production associated to Zh,. According to the
numerical results, around the resonance of the Z’' gauge
boson, the number of Zh, events reaches high values. In
general, the possibility of being observed in the process
wum = (Z,Z') - Zhy is quite promising at the future
muon collider.

D. ~ Heavy Higgs boson production H, in the BLHM

In this subsection, we present our results on the pro-
duction cross-section of the Higgs-strahlung process
uwhu~ — (Z,72") - ZH,, and analyze the impact of the para-
meters of the BLHM on this process. From Fig. 1, we can
observe that the total cross-section of the production pro-
cess utu~ — ZH, receives contributions from the Z and
7' gauge bosons, and from the interference effects
between them. In this manner, cross-sections
o (utum — ZHy), o5 (wtu — ZH,) and oo5° ('t —
ZH,) contribute to the total cross-section
o (u*u~ — ZH,). These production cross-sections de-
pend on the free parameters of the BLHM: f, F, and +/s.
Thus, in order to analyze the effects of +/s on
o (utu~ — ZHy) with i=2,7',77',T, we generate the
curves in Fig. 7 by setting the other input parameters to
f=1000 GeV and F = 6000 GeV. For these elections, the
new heavy gauge boson Z’ obtains a mass of about 5200
GeV. In this figure, we observe that the curves associ-
ated to 05,°, 055", and 0% obtain large values around
the resonance energy of the Z’ boson, specifically, for the
values of  +/5s~5200,5600,5200 GeV  generate
o (utum — ZHy) = 1.60x 1073 fb, o%n (u*u~ — ZHy) =

The total production of Zh at the future muon collider in the context of the BLHM when tan g =3 with f=1000 GeV and

tanf=3

f=1000 GeV, F =4000 GeV

Vs TeV L=2ab™! L=4ab™! L=6ab™! £=10 ab™! £=30ab™!
3 7405 14 810 22215 37026 111079
4 13 882 27 764 41 646 69 410 208 231
6 2822 5645 8 468 14113 42 341
10 787 1575 2363 3938 11 861
30 79 158 237 396 1188
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Table 5.
F = 6000 GeV (mz =5 200 GeV).

The total production of Zhy at the future muon collider in the context of the BLHM when tan g =3 with f=1000 GeV and

tanB =3

f=1000 GeV, F = 6000 GeV

Vs TeV £=2ab™! L=4ab™! L=6ab™! £=10 ab™! £=30ab™!
3 1501 3003 4505 7509 22 529
4 1 447 2 895 4343 7239 21717
6 5793 11586 17 380 28 966 86 900
10 922 1485 2768 4614 13 844
30 80 160 240 401 1204
0.005 [~ 0.050 [
0.010
0.001¢ 0.003
5x1074}F s Energy Scales(TeV)
3 ® ooy ) m s
\6, ! 1 =1 F=
1x107 5.x107 ] | f=1F=6
[
5x107%F [
1.x10-4L : : : :
0 2 4 6 8 10
1x10°H V'S (Tev)
JS(Tev) Fig. 8. (color online) The total cross-section of the process
€ utum —(Z,2') - ZH, as a function of +/s. The curves are gen-
Fig. 7. (color online) The cross-section of the process

utu~ —(Z,2’) - ZHy as a function of +/s. The curves are gen-
erated for f=1000 GeV and F =6000 GeV (for mz =5 200
GeV), and correspond to o5 (Eq. (18)), o7/ (Eq. (19)),
o2 (Eq. (20)), and o5 (Eq. (17)).

4.47x10™* tb and o7 (utu~ — ZH,) =2.01x 1073 b, re-
spectively. Regarding the cross-section o5 (u*u~ —
ZH,), it reaches the maximum when +/s ~ 2000 GeV, at
this point 2™ (u*u~ — ZH,) =5.84x 10 fb. As dis-
cussed in Subsection IV C, in specific regions, the total
cross-section of the process p'u~ — (Z,Z2')— ZH, is
smaller than the individual contributions. This is primar-
ily due to negative interference between the channels
wu- —»Z—-ZH, and pu*u~ —» 7' — ZH,. This effect is
further influenced by the effective couplings gzz#, and
gzzn, (see Appendix A).

In Figs. 8 and 9, we also analyze the dependence of
the production cross-section of the process u*u~ — ZH,
on tan 8. These figures have been generated considering
the parameter points, tan 8 =3 and tan 8 = 6, respectively.
For these cases, the total cross-section is a function of +/s
while the energy scales, fand F, take on certain fixed val-
ues: f =1000 GeV and F = 4000 GeV, f = 1000 GeV and
F =5000 GeV, and f=1000 GeV and F =6000 GeV.
Regarding Fig. 8, a slight increase of the total cross-sec-
tion o7 (utu~ — ZH,) is observed for small values of
the F scale while for large values of the center-of-mass
energy /s, o2 (utu~ — ZH,) becomes smaller. For the

erated for f=1000 GeV and F =4000 GeV, f=1000 GeV and
F =5000 GeV, and f=1000 GeV and F =6000 GeV. In each
case, tan 8 =3 and mpy, ~ 1015 GeV have been considered.

0.050

0.010 :
0.005 S 1
o Energy Scales(TeV)
b} Y W f=1F=4
0.001 /\ E m f=1F=5
5.x107} | ] W f=1F=6
1_x10—4 L L L L L
2 4 6 8 10
VS (Tev)
Fig. 9. (color online) The total cross-section of the process

utum —(Z,2') - ZH, as a function of +/s. The curves are gen-
erated for £=1000 GeV and F =4000 GeV, f=1000 GeV and
F =5000 GeV, and f=1000 GeV and F =6000 GeV. In each
case, tan 8 = 6 and mpy, ~ 1076 GeV have been considered.

plotted curves, resonant effects dominate, i.e., the maxim-
um peaks of each curve are reached just at the resonance
of the Z' gauge boson: o7 (/5,1000 GeV,4000 GeV) =
3.93%x107 fb, 7™ (/51000 GeV,5000 GeV) = 2.72x
107 fb, and o™ (+/5,1000 GeV,6000 GeV) =2.01x 1073
fb for the corresponding energies, +/s = 3500, 4300, 5200
GeV. With respect to Fig. 9, obtained for tanB8=06, we
can appreciate that the height of the maximum peaks of
each curve is reached, again, just at the resonance of the
Z' gauge boson: o7 (4/5,1000 GeV,4000 GeV) = 1.82x
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1072 b, o7™ (/5,1000 GeV,5000 GeV) = 1.29x 1072 fb,
and 07" (/s,1000 GeV,6000 GeV) =9.46x 10~  fb
when +/s =~ 3500, 4300, 5200 GeV, respectively. For this
case, the height of the maximum peaks of the plotted
curves is higher than the maximum peaks reached when
tan 8 = 3. This occurs because my,, a parameter involved

in the calculation of the total cross-section
o?H (utu~ — ZH,), has a dependence on the parameter 3

(see Eq. (22)). In the BLHM scenario, the fine-tuning
measurement depends on the f energy scale. As dis-
cussed above, for values of f close to 1000 GeV, the ab-
sence of the fine-tuning prevails in the model. For this
reason, our plots have been generated for f =1000 GeV
while allowing the other free parameters to vary.

As part of our study, and as an indicator of the pos-
sible number of ZH, events to be produced in a future
muon collider, we consider again the center-of-mass en-
ergies /s =3,4,6,10,30 TeV and the integrated luminos-
ities £ =12,4,6,10,30 ab™' [29, 42, 43]. For the two scen-
arios discussed above, tanB8 =3 and tan =6, in Tables
6-9 we list the number of ZH, events arising when
f=1000 GeV and F =4000 GeV, and f = 1000 GeV and
F =6000 GeV. According to our numerical data, the pos-
sibility of performing measurements for the Z' gauge bo-
son and the heavy Higgs boson H, at the future high-en-
ergy muon collider is modest. For these cases of interest,
resonant effects dominate over non-resonant effects.

Table 6.
F = 4000 GeV (mz =3500 GeV).

Thus, the total cross-section o™ (u*u~ — ZH,) reaches
its maximum value at the resonance of the heavy gauge
boson Z'.

We also include an analysis of the final signal and
SM background for each of the processes studied
urum — Zhy and ptum — ZH,. Specifically, we provide
the total cross-section and the corresponding number of
events when considering the most important SM back-
ground of the processes u*u~ — Zhy and u*u~ — ZH,.
The background of the processes studied in our article are
described below.

E. Process u*u~ — Zhy: Final signal and SM back-
ground

Because the Higgs boson’s decay rate to bb is greater
than the decay rate to other quarks and leptons, the bb de-
cay mode of Higgs (hy — bb) is considered. Since the
cross-sections of the background processes correspond-
ing to the leptonic decays of the Z boson are less than the
background cross-sections corresponding to the other de-
cays, the leptonic decays of the Z boson in the Higgs-
strahlung process are taken into account. The signal pro-
cess of interest is utu~ — Zhyg — I*I"bb (I" = e~,u~) with
the background processes u*u~ — ZZ,Zy,yy.

For the analysis, we start from the narrow-width ap-
proximation which is a useful way to simplify the calcu-
lation of complicated processes. Therefore, we apply this

The total production of ZHjy- at the future muon collider in the context of the BLHM when tan 8 =3 with f=1000 GeV and

tanf =3

f=1000 GeV, F =4000 GeV

Vs TeV £=2ab™! L=4ab™! L=6ab™! £=10 ab™! £=30 ab™!
3 2 4 7 11 35
4 5 10 15 26 78
6 1 2 3 5 17
10 1 1 1 2 5
30 1 1 1 1 1
Table 7. The total production of ZH, at the future muon collider in the context of the BLHM when tan g =3 with f = 1000 GeV and

F = 6000 GeV (mz =5200 GeV).

tanf=3

f=1000 GeV, F =6000 GeV

Vs TeV L=2ab™! L=4ab™! L=6ab™! £=10 ab™! £=30ab™!
3 1 1 1 2 7
4 1 1 1 2 8
6 2 4 7 12 36
10 1 1 2 2 6
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Table 8.
F = 4000 GeV (mz = 3500 GeV).

The total production of ZH, at the future muon collider in the context of the BLHM when tan 8 =6 with f = 1000 GeV and

tan=6

f=1000 GeV, F =4000 GeV

Vs TeV L=2ab! L=4ab™! L=6ab™! £=10 ab™! £=30ab™!
3 10 21 32 53 161
4 24 48 72 121 364
6 5 11 16 27 83
10 1 3 4 8 24
30 1 1 1 1 2
Table 9. The total production of ZH, at the future muon collider in the context of the BLHM when tan =6 with f = 1000 GeV and

F = 6000 GeV (mz = 5200 GeV).

tanB=6

f=1000 GeV, F = 6000 GeV

Vs TeV L=2ab! L=4ab™! L=6ab™! L=10 ab™! £=30ab™!
3 2 4 6 11 33
4 2 5 7 12 37
6 11 22 34 57 172
10 1 3 5 9 29
30 1 1 1 1 2

method to determine the total cross-section of the
o (utu™ — Zhy — I*I7bb) signal,

0'(,u+u‘ — Zho — I*17bb) ~ O'(u+,u‘ - Zho) XBr(Z — I*I")
xBr(hy — bb):
(27)

An SM Higgs boson of mass 125 GeV has a 60%
branching ratio to the final state bb, Br(hy — bb) = 60%
[32]. Therefore, the representative cross-sections for the
dominant background of the Zh, final state at the future
muon collider shown in Table 10.

In Table 11, we present the number of events for
wyu~ — Zhy — I*1"bb signal and consider the dominant
background. Furthermore, the I*I-bb process can be mim-
icked by diboson production at the future muon collider
with sizable rates (see Table 10). In this way, more com-
plete results on the total production in the number of
events are presented below in Table 11.

Table 10.
energies of /s =3,4,6,10,30 TeV.

F. Process utu~ — ZH, — I*I"W*W~: Final signal and
SM background

In the case of the Higgs-strahlung process
uty~ — ZH, (with the heavy Higgs boson H, predicted
by the BLHM). For the final state with W* bosons, the
signal process is u*u~ — ZHy — I'I"W*W~ with the back-
ground processes u*u~ — W*W-Z,W*W~y. In this case, it
is necessary to evaluate the branching ratio for the
Hy — X process (X = tf, WW,ZZ, hohy,gg,vy,vZ) to realize
the analysis of the final signal and SM background.
Therefore, in Fig. 10, we presented the Br(Hy — X) vs.
my, when f=1000 GeV and tanB = 3. From this figure,
it is clear that the subdominant channel of the heavy
Higgs boson decay is to a pair of W*-bosons, followed by
pairs of Z-bosons, etc..

With these elements, we apply the narrow-width ap-
proximation to determine the total cross-section of the
e = ZHy — I'ITWHW™ signal,

Representative cross-sections for the background of the Zhy final state at the future muon collider for the center-of-mass

Background cross-section [fb]

Process Vs=3TeV Vs =4 TeV

(W — 727 10.65 14.20

V5=6TeV Vs =10 TeV
2131 35.52

Vs =30 TeV
106.54
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Table 11.

The total production of y*u~ — (Z,Z') — Zhy — I*1~bb and dominant background ZZ at the future muon collider in the con-

text of the BLHM when tan 8 =3 with f=1000 GeV and F =4000 GeV (mz =3500 GeV).

tanf =3

f=1000 GeV, F =4000 GeV

Vs TeV L=2ab™! L=4ab™! L=6ab™! £=10 ab™! £=30 ab™!
3 1119 2238 3358 5597 16 792
4 1 648 3297 4946 8 244 24738
6 1772 3544 5316 8 861 26 583
10 2801 5602 8 403 14 006 42 020
30 8313 16 626 24939 41 566 124 698
f=1000 GeV; tan f=3 ic decays, ‘Br(W*= = gq’; W* - Iv,,)=0.143 for semi-
L leptonic decays ‘and Br(W* —1lv,,) =0.045 for light
0100y Y " leptonic decays [32].
% 0.010F " =wag e T BT WW
ekt £ '.‘.'.'nw-....;:;;;;-:_.:‘::_i_:___ —~—

£ o001 SRR —eee- zz V. CONCLUSIONS

b1 L] aeeaeeas hoh . . .

R I g; ! In this article, we have studied the Z’ boson of the
e I 77 BLHM as a portal to signatures of Higgs bosons %, and
e ‘ ‘ ‘ o o H, through the Higgs-strahlung production processes

1.0 s 20 25 3.0 wym = (Z,2') - Zhy,ZH,, including both the resonant
i [TeV] and non-resonant effects. The new Z’ bosonis a hypo-
: thetical massive particle of spin 1 that is also predicted in
Fig. 10.  (color online) The branching ratio for the Hy — X vep p P

process as a function of the my, parameter where X = 17, WW,
ZZ, hoho, g8, vv, vZ.

o(u'u - ZHy - T WW")
~o(u'u™ — ZHo) xBr(Z — I'I")
X Br(Hy — W*W"). (28)

As an illustration, we only consider the most import-
ant background for the process u*u~ — ZHy — "W W~
Remember (see Fig. 10) that the heavy Higgs boson sub-
dominant decay is to pairs of W*-bosons. Therefore, the
cross-sections of the most important background of the
wru~ — ZHy — I'I"W*W-~ signal is shown in Table 12.

The total production in the number of events is
presented below in Table 13 for +/s =3000,10000 GeV
and £=3,4,6,10,30 ab !. In addition, we consider the
Leptonic, Semi-leptonic and Hadronic channels of the
W= for the signal. Thus, we assume that the branching ra-
tios for W* decays are: Br(W* — ¢q’) = 0.454 for hadron-

Table 12.
energies of /s =3,4,6,10,30 TeV.

other extensions of the SM and has been the subject of
extensive phenomenological studies in recent years [44].
Experimentally, the Z’ gauge boson will be searched at
the LHC [32]. In the context of the BLHM, Higgs-
strahlung productions p*u~ — Zhy,ZH, are essential pro-
cesses to study tree-level interactions: Z'Zhy, Z'ZH,,
ZZhy and ZZH,. At the same time, the mentioned pro-
cesses are helpful to test the consistency of the current
parameter space of the BLHM. For example, through the
Higgs-strahlung process u*u~ — Z — Zh,, we have found
that it reproduces very well the SM predictions when the
new physics scales, fand F, take large values (see Fig. 4).
For this case, the effective couplings g5,,™ ~ g3, .

As for the Higgs-strahlung process u*u~ — (Z,Z2') —
Zhy, for its study we consider the BLHM contributions
generated through the Z'Zh, and ZZh, couplings. We find
that the relative correction of the total cross-section
T2 (utpm — Zhy) from its SM prediction can vary from 0
to 10%, which arises mainly from the modifications of
the ZZh, coupling, and also from the contribution in-
duced through the Z’'Zh, interaction vertex. Our numeric-
al data show that for reasonable values of the free para-

Representative cross-sections for the background of the ZH, final state at the future muon collider for the center-of-mass

Background cross-section [fb]

Process Vs =3 TeV Vs =4 TeV

utuy— > wwz 31 41.3

Vs=6TeV Vs =10 TeV V5 =30 TeV
62 103.3 310
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Table 13.

The total production of u*u~ — (Z,Z') —» ZHy — I'I"W*W~ and dominant background WWZ at the future muon collider in

the context of the BLHM when tang =3 with f=1000GeV and F =4000 GeV (myz =3500 GeV). The Leptonic, Semi-leptonic, and

Hadronic channels of the W*W¥ in the final state are considered.

tanB =3
L@b ) Vs = 3000 GeV, f =1000 GeV, F =4000 GeV
Leptonic channel Semi-leptonic channel Hadronic channel
3 167 532 1688
4 335 1064 3377
6 502 1 596 5066
10 837 2 660 8442
30 2511 7979 25333
Lab ) Vs = 10000 GeV, f =1000 GeV, F =4000 GeV
Leptonic channel Semi-leptonic channel Hadronic channel
3 558 1772 5628
4 1115 3545 11255
6 1673 5318 16 883
10 2789 8 863 28 139
30 8367 26 589 84 417

meters of the BLHM it can generate significant contribu-
tions to o2 (utu~ — Zhy). In most of the  parameter
space, the relative corrections values are positive and de-
coupled at high scales from the +/s parameter.

In the BLHM, we explore the phenomenological im-
plications of the production cross-section of the pro-
cesses utu~ — Zhy,ZH,. As a result of our-analysis, we
find that the cross-sections o2 (u*u~ — Zhy) and
o7 (i~ — ZHy) reach large values at the resonance of
the heavy gauge boson Z’, when +s=my.
o7 (i — Zhe) and o2 (utu — ZH,) are also sensit-
ive to variations in the F parameter, and the height of the
resonance peaks for the Z’ boson changes depending on
the F scale wvalues. Thus, the cross-sections
T (utum — Zhy) and o X (utym — ZH,) obtain large
values when F obtains small values. Another input para-
meter involved in our cross-section calculations is the f
scale, which is set to 1000 GeV to ensure the absence of
fine-tuning in our phenomenological predictions.

To estimate the production of Higgs bosons %, and
H, at the future muon collider, we use the energies and
design luminosities of the muon collider with the center-
of-mass energies of +/s=3,4,6,10,30 TeV and integ-
rated luminosities of £=2,4,6,10,30 ab™' [29, 42, 43].
We can observe from Tables 4-9 that the total number of
expected events for Zhy, and ZH, ata future muon col-
lider increase just at the resonance energy of the Z’ bo-
son. Our results show a very optimistic scenario for pro-
ducing Higgs bosons Ay and bosons Z in the future muon
experiment. Regarding the production of Higgs bosons
H, and bosons Z, these show a more conservative scen-

ario.

It is worth mentioning that in our study we have in-
corporated the final signal and SM background corres-
ponding to the processes u*u~ — Zhy— I*I"bb and
wy~ = ZHy — IFIEW*HW-, respectively. Our results for
the main background as well as for the total number of
events are shown in Tables 10-13. These tables show that
the incorporation of the final signal and SM background
has an impact on the sensitivity of the processes. Particu-
larly, in the case of the process u*u~ — ZHy — 'l W*W~
(see Table 13), a significant improvement in the signal is
expected.

Finally, studying the resonances is an excellent place
to look for new physics. In this regard, our results may be
helpful to the scientific community and complement oth-
er studies performed in extended models. Our predictions
presented in this work could be relevant for the com-
munity to prioritize future searches and experimental ef-
forts.
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Table 14. Three-point couplings of one gauge boson to two leptons in the BLHM.

Particle Couplings

i
Zeie; gZEiei _ ﬁ
=
_ ig 2
Zeje; _ ——(—1+4
gVe e _ 4CW ( SW)
Z'eie;

Z'eie; _
8a =

Z'¢e; _

V

igj (2+ (cg— sg)sg,(cg +5g) (C%V —35%[,)

)

& (£2+F2)

_igj (2 . (cg— sg)sé(cg +5¢) (L%V + ‘%v) V2 )

8sg

% (f2+F2)

Table 15. Three-point couplings of two gauge bosons to one Higgs boson in the BLHM.

Particle

Couplings

27
_ gmysin(a +p) S%VVS (gz*'g%/) sin(a+p)

822Zhy 2
ZZ/’!() 3

642 f2

~ SWV Xy (ujgz +g§) sin(a +f3) (—cﬁggy +CgSgSW (g2 +g§,) +ggys§)
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gswv (cé—sg) (g2+g§,) sin(a +f3) . gswv° (ci,—sé) (g2+g§,) sin(a +f3)
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2¢y8
27'ho g7e8Y

6Cy 50872

. V3 xgsin(a + ) (cﬁggysw (g2 +g?,) +2¢,5¢ (g4s€V +g2g%, (25%‘/ + 1) +g§‘,s€v) —ggysgsw (g2 +g%,))

204508% (fz +F2)

2 2
.v%vv (g2 + gf,) cos(a+p) s%vv3 (g2 + g%,) cos(a+p)

877ZHy =
ZZH, 3

2gY

2

6g7./>

swrxy (87 +87) cos(a+B) (G (-g)gy + cosgsw (¢ +87) +g8v57)

204508% (f2 +F2)

2

gswv (c§ - sf,) (g2 +g%,) cos(a+p) . gswv? (cg - sg) (gz +g§,) cos(a+p)

877 Hy = —

2¢, S
77'H, 3 87s8Y
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APPENDIX A: FEYNMAN RULES FOR THE BL-

HM

In this Appendix, we provide the Feynman rules for

the interaction vertices involved in the calculation of the
Higgs-strahlung production processes u*u~ — Zhy,ZH,.
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