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Abstract: The study of extra charged gauge bosons beyond the Standard Model has always been of great interest.

Future muon colliders will have a significant advantage in discovering exotic particles. In this paper, by studying the

utu™ > WHW'™ - ete n,ii, process, we explore the properties of W’ in the alternative left-right model. The cross

section and angular distribution of the final electron are investigated in a scenario of different W’ masses and right-

handed coupling constants. The forward-backward asymmetry is also an important observable to reflect the proper-

ties of W’. We provide a method to effectively suppress the background processes by imposing constraints on the

transverse momentum P7 and azimuthal angle of the final-state electrons a. With cuts of 600 < Pr < 3500 GeV and

0.5 < @ < 3, the significance exceeds 50 for 4.8 TeV W’ at a collision energy of 10 TeV.
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I. INTRODUCTION

The exploration of new physics is an active field in
particle physics, aiming to go beyond the limitations of
the Standard Model (SM) and address mysteries such as
dark matter, dark energy, and neutrino mass. In this con-
text, the supersymmetry theory (SUSY) [1-3], grand uni-
fied theory (GUT) [4—6], extra dimension theory, and re-
lated extended theories [7—11] are popular frameworks
for the research on new physics. Additional gauge
particles are predicted along with the new gauge group
involved. The detection of the W’ particle is an important
goal in new physics models. Recently, the CDF experi-
ment group at Fermilab, through precise measurements of
the W boson mass, found deviations from the expecta-
tions of the Standard Model [12]. The W mass anomaly
can be explained within the 3-3-1 model, in which the W’
particle exists [13].

The W’ particle was mainly proposed to address some
of the limitations and mysteries of the Standard Model. It
is a hypothetical particle beyond the predictions of the
Standard Model, resulting from new theories and models.
The properties of the W’ particle are characterized by dif-
ferent predictions in different models. The origin and
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background of the W’ particle are closely related to the
electroweak symmetry breaking and Higgs mechanism.
In the Standard Model, W and Z bosons acquire masses
through the Higgs mechanism. If the W’ particle exists, it
may involve a relatively more complex mode of sym-
metry breaking. Therefore, the existence of the W’
particle may point to new phenomena, such as the afore-
mentioned GUT and extra dimension theory, which
provide possible frameworks to explain the properties of
the W’ particle and its interactions with other particles.
The alternative left-right model is an attractive approach
resulting from GUT symmetry breaking. It explains neut-
rino masses and dark matter candidates. We choose the
alternative left-right model to study W’. In this model, the
W’ particle allows for the existence of light masses, and
its mass is influenced by the coupling constants. The ra-
tio of My./Mz depends on the right-handed coupling
constant gz. The model introduces an S symmetry, which
provides theoretical stability for the new neutral fermi-
ons and Higgs particles, which can serve as dark matter
candidates [14, 15]. Simultaneously, the model avoids
flavor-changing neutral currents, which allows for the
charged bosons to be light. One can study the interac-
tions of W’ with the Standard Model particles and further
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explore the dark matter interactions with the W’ particle
as a mediator. Overall, the exploration of the W’ particle
is an exciting field in particle physics. It may reveal clues
to new physics [16—23] and provides the key to a deeper
understanding of the universe. In the coming years, we
aim to further explore the W’ particle in future colliders.

In this paper, we first introduce relevant research re-
lated to W’ particles. Then, we focus on building the
model proposed in this study and the current mass con-
straints on the W’ particle. Subsequently, we investigate
the process u*u- — W*W'~ -»e*en,i, at a future muon
collider. Finally, a brief summary is provided.

II. W IN THE ALTERNATIVE LEFT-RIGHT
MODEL AND CONSTRAINTS

Research on the grand unified theory (GUT) is widely
popular, originating from the symmetry breaking of the
E¢ group [24, 25]. The groups of SO(10)x U(1) and
SUB)xSU@B)xSU(3) are two of the many subgroups of
the E¢ group, where the classical left-right symmetric
model arises from the SO(10) x U(1) group structure [26,
27]. The alternative left-right model (ALRM) [10, 28]
discussed in this study results from the breaking chain of
the SU3)xSU(3) x SU(3) subgroup.

The quantum numbers and representations selected
for the fermionic field content of the ALRM are inspired
by heterotic superstring models [10]. With the largest
subgroup SU3)¢c xSU(3), xSU(3)y of Es, there is a total
of 27 representations to display the particles:

27=(3,3,1)+G,1,3)+(1,3,3) = g+5+1. (1)

The alternative left-right model is based on the
SUB)eXxSUR) . XSUR)r xU(1)p_L XS gauge group. In
this context, the SU(3)c group represents the symmetry
group of the strong interaction, corresponding to the
strong force that binds quarks together. SU(2), is the
symmetry of the weak interaction for left-handed
particles. SU(2)g is the symmetry of the weak interac-
tion for right-handed particles and S is a discrete sym-
metry imposed to distinguish between scalar and dual
scalar fields. Initially, the gauge and global symmetry
group SUR)g xU(1)p_ xS of ALRM is broken to pro-
duce the hypercharge U(1l)y. The symmetry breaking is
achieved through the SU(2)z doublet of scalar fields yx,
which are charged under S. To maintain left-right sym-
metry, an SU(2), doublet of scalar fields y; is intro-
duced. However, unlike y, y. does not couple with S.
The electroweak symmetry is further broken down to
electromagnetism through a bidoublet Higgs field that
carries charges under both SU(2); and SU(2)z, but has
no B-L quantum numbers. This Higgs field is non-trivi-
al under both SU(2); and SU(2)r transformations but

does not affect the B— L symmetry [11]. We represent it
using a more intuitive process as follows:

SUQ), xSUQ)p x U1y xS 225 SUQ2),
(D).{xL) (2)
xU()y —— U(1)gy.

The particles of ALRM along with the corresponding
field representation are listed in Table 1.

Under the S symmetry, there are some odd S sym-
metry particles: scotinos nj,ngz, exotic quarks d;, dj,
gauge boson W’, and scalar particles. The Yukawa Lag-
rangian of ALRM is expressed as

Ly=0,Y'®0 + O1Y{x1dg + QRY}%)(Rd’L
+ZLY€q)LR +ELY1[/%LVR +ERY1€/\7RHL+h.C., (3)

where Y is a 3 x3 matrix of Yukawa couplings, with sub-
scripts L and R representing the left-handed and right-
handed coupling matrices respectively, and superscripts ¢
and / representing the quarks and leptons in the model.
The vacuum expectation values (vevs) of the scalar fields
are expressed as

Table 1. Field content of the ALRM and respective
quantum numbers.

Fields SUB)e xSUQ@)L x SU@p x U(1)p_1, S

Fermions

oe(2)
or(3)

L

(3124} ) ¥
R
d; (3.11.-1) -1
dr (3.1.1.-1) 0
LL:(:>L (L21,-1) 0
LR:(Z>R (112-1) +1
ne (1110) +1
VR (11.10) 0
Higgs
Aot .
q>:( ¢;_¢}2) )R (12270 ) -1
+
XL:<§§ )L (r21+1) 0
+
XR:( j((?’i )L ( L,1,2,+1 ) +1
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The masses of the gauge bosons are generated through
the left-right symmetry breaking the Higgs mechanism.
The masses of the charged bosons are

1 / 1
MW= EgL k2+V%E EgLV, and
1 1
My, = 78k V k2 + v = EgRV'- (5)

However, because (¢}) = 0, the produced charged bosons
will not mix, which means that the W’* and W* particles
will maintain their respective characteristics and will not
convert into each other.

The mass squared matrix of the neutral gauge bosons
in the {W},,W},,B,} basis is

| 851 (Vi+VR) —8p-18LVi —8B-L&RVR
(M) = 1 —-8p-18LV] gV -818rk* )
-85-188VE  —QL8kK*  gR(V)’

(6)

where g;,gr and gp_; are the gauge coupling constants of
SUQ2).,SUR)g and U(1)z_; [29]. The matrix can be di-
agonalized through three rotations that mix B, W;, and
W3 bosons into the massless photon 4 and massive Z and
Z' states:

B, cosgpy 0 —singy
WEH = 0 1 0
Wi, singy 0 cosgw
cosfy —sinfy O
sinfy  cosfy O
0 0 1
1 0 0 A,
0 coslw —sindy Z, )
0 sindy  cosly z',

(7

where the ¢y rotation mixes the B and W3 bosons into
the hypercharge boson B, generated by the breaking of
SUQR)p xU(1)p_; into U(l)y. Oy represents the usual
electroweak mixing, and the {y rotation is related to the
strongly constrained Z-Z' mixing. The mass of the

charged W’ boson is indirectly constrained by the mass
ratio My /Mz =cyw [10], so the constraint of My, is
weaker than that of the LRSM.

In recent years, many research groups (such as the
ATLAS Collaboration and CMS Collaboration) have
been actively exploring the experimental constraints on
the mass of the W’ particle, achieving a great deal of res-
ults [30—38]. Below are some of the latest research find-
ings on the mass constraints of W’:

1. Bounds from CMS: The CMS Collaboration has
searched for W’ and heavy neutrino Ny with the signa-
ture of observing high transverse masses of the 7—lepton
and missing transverse momentum at the LHC with
Vs =13 TeV, corresponding to an integrated luminosity
of 35.9 fb™!. The mass bound of W’ is My, >4.0 TeV,
with the right-handed coupling equal to the SM coupling
[34]. However, depending on the coupling in the non-uni-
versal G(221) model, the bound of the heavy W’ bosons
is My, > 1.7~ 3.9 TeV [34]. Within the framework of the
Sequential Standard Model, a W’ boson with mass less
than 5.3 TeV is excluded from the combined results of
electron decay channels at the LHC with +/s=13 TeV
[35]. The CMS Collaboration used data from Run 2 at the
LHC to obtain constraints on the mass of the W’ boson,
leveraging the Left-Right Symmetric Model at +/s =13
TeV. According to the assumption that the right-handed
neutrino masses are equal to half the W’ mass, the mass
of W’ is excluded at 95% confidence level up to 4.7 and
5.0 TeV for the electron and muon channels, respectively
[36].

2. Bounds from ATLAS: The ATLAS Collaboration
has searched for W’ by observing at high transverse
masses of the 7-lepton and missing transverse mo-
mentum at the LHC with +/s = 13 TeV, corresponding to
an integrated luminosity of 138 fb~'. The present mass
bounds of W’ is My >5.0 TeV in the Sequential Stand-
ard Model, with the right-handed coupling equal to the
SM coupling [37]. According to the assumption that the
coupling in the non-universal coupling implies g; # gz,
the mass of W’ is excluded at 95% confidence level up to
3.5~5.0 TeV for the 7 channel in the Sequential Stand-
ard Model. For an integrated luminosity of 80 fb™', the
mass of W’ is excluded at 95% confidence level up to 4.8
and 5.0 TeV for the electron and muon channels, respect-
ively, in the Left-Right Symmetric Model [38].

The constraints on the W’ particle mentioned above
arise from the analysis of LHC data by various experi-
mental groups using different models. Most current ex-
perimental results for W’ particles are primarily obtained
through the exploration of single production channels.
Even when considering the pair production of W’, the
constraints on it become weaker. Therefore, we decided
to investigate the properties of W’ particles by exploring
the signals of their pair production at a muon collider.
This issue is closely related to our studied model. Most of
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Table 2. Mass constraints for W’ from LHC.

Sequential Standard Model [35] W ey My >5.3TeV
CMS W —e N My > 4.7TeV
Left-Right Symmetric Model [36]
W - u N My 25.0TeV
Sequential Standard Model (g7, = gr) [37] W -1y My >5.0TeV
ATLAS Sequential Standard Model (g1, # gr) [37] W -1y My >3.5~5.0TeV
Left-Right Symmetric Model [38] Wi ene My 2 4.8TeV
W —uny, My >5.0TeV
the experimental results available today are based on se- o ud  — W — ot —e T
quential models or the classical left-right symmetric mod- 0331 oL Tt
el. In these models, the decay products of the newly intro- 0.30
duced additional charged bosons are Standard Model 025
particles (leptons or quarks). The mass of the W’ boson is
experimentally expected to be at least approximately 5.0 0201
TeV, owing to constraints from its dilepton decay chan- 0.15
nel at the LHC. However, in our study of the ALRM, the o
decay process of the W’ boson couples to the quark-exot- N
ic quark and charged lepton-scotino final states, which is 00, i i
a consequence of the discrete symmetry. In this model, 0.00 , , : :
we treat the scotino particle as a dark particle, which is 1000 2000 et 2%
unobservable. As a result, most of the experimental find- Fig. 1. (color online) Decay branching ratios of W".

ings do not provide a good reference for ALRM. The
value of the right-handed coupling constant gz has a sig-
nificant impact on the constraints of the W’ particle mass.
When the value of g is relatively small, the lower limit
of the W’ mass might be smaller. In the ALRM adopted
in this study, the allowed range of gr for the coupling
with right-handed gauge bosons is 0.37 ~ 0.765, where
the lower limit comes from the theoretical restriction that
gr/gL must be larger than tandy [39, 40], and the upper
limit comes from the phenomenological specification of

gr [10].

III. W BOSON PRODUCTION AND DECAY AT
FUTURE MUON COLLIDER

In this section, we investigate the properties of W’ in
terms of pair production through different processes at a
future u collider. A u collider is a proposed lepton col-
lider with great potential; related contents can be found in
references[41—44]. Wechosetheprocessu™u — W*W'~ —
e*e n,ii, as our main subject in this study. Before delving
into the specifics of this process, we first explore all the
decay branching ratios of the W’ particle within this mod-
el, which will help us identify the main decay channels of
W’ and analyze their various properties.

A. Decay of W boson

In ALRM, similar to the Standard Model, gauge bo-
sons can decay into leptons or quarks. Owing to the pres-
ence of a larger number of new particles in this model,

the decay channels of the W’ boson are more complic-
ated than those of the gauge particles in the Standard
Model. The main decay channels of the W’ particle are
included in Fig. 1. Owing to the large mass of the W’
particle, it can decay into a wider array of final states.
The masses of the new particles involved are set as
My, =300 GeV, My, =500 GeV, and M,, =700
GeV.

The coupling strength of the W’ particle decaying in-
to all generations of leptons (e, u, 7) was set to the same
value for simplicity in this study. When the W’ particle
mass is less than 2 TeV, the decay branching ratio of the
first generation light quarks is the largest. The decay
branching ratio of the third generation increases with the
W’ particle mass. For a mass of W’ larger than 3 TeV, the
decay branching ratios of quark channels tend to similar
values of approximately 0.25. Meanwhile, the decay
branching ratio of the electron channel is approximately
0.06, while the muon and tau channels are slightly below
0.05.

The decay process of W’ also involves flavor-chan-
ging processes, but their decay branching ratios are less
than 0.01 in our studied parameter spaces. Thus, they are
not represented in Fig. 1. Interesting studies on the flavor-
changing processes can be found in [45—47]; these pro-
cesses lie beyond the scope of this study.

B. Process of utuy —>W*W'-—e e*n,n,
Next, we focus on the process of W’ decay into a pair
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of light leptons, ie., u'u — W*W'"~™ —e*en.i,. Al-
though the branching ratios for quark final states are sig-
nificantly larger than those for lepton final states in previ-
ous studies, we chose the latter as the target process in
this part for the following reasons. First, the final charged
leptons as free particles can be measured more easily than
the quarks at colliders. Second, the right-handed neutri-
nos produced can be considered as candidates for dark
matter, leading to the large missing transverse mo-
mentum as a signature. Finally, in our chosen decay
chains, the couplings of W’ and leptons without quarks
are included, which is advantageous for the study of W’
and leptons interactions. All of our results were obtained
through Monte Carlo simulations [48, 49].

1. Cross Section

Figure 2 shows the cross-section distribution of the
wrum - W*W'™ — e*en,n, process with the right-handed
coupling constant gz. The plot in Fig. 2 (a) shows the

cross section for different collision energies of 3, 6, and
10 TeV (represented by red, green, and yellow solid lines,
respectively). In the ALRM model, the mass of the W’
boson is determined by the coupling constant g and a
vacuum expectation value obtained from Eq. (5). When
the vacuum expectation value is fixed, there is a one-to-
one correspondence between the right-handed coupling
constant gz and the mass of the W’ particle. Therefore,
we added coordinate axes for both gz and My, paramet-
ers in the figure. The vacuum expectation value is fixed at
6.5 TeV in this figure. When the collision energy is 3
TeV, the cross section rapidly decreases for gz =0.45,
with the mass of the W’ boson close to 1.5 TeV, given
that it is approaching the threshold for W’ pair produc-
tion. When g reaches its maximum of 0.765, the corres-
ponding mass of the W’ boson produced is approxim-
ately 2.4 TeV, which means that the W’ bosons can be on
shell produced with a collision energy of 6 or 10 TeV in
the complete studied parameter spaces. The cross section
at a collision energy of 6 TeV or 10 TeV shows a trend of

My /GeV My /GeV
1300 1462 1625 1788 1950 2112 2275 2438 2600 2925 3250 3575 3900 4225 4550 4875
Lo .\_d/___——_ o .\__/—’_—\
-2
10 10-3
g 1073 g
® ®
1074 4
lofA B
10—5 4
Lo-s | — VE=3Tev
— V5 =6TeV — V5 =10TeV
VS =10TeV 1064 — Vs =6TeV
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
9r 9r
(a) (b)
My /GeV
1300 1462 1625 1788 1950 2112 2275 2438
e
®
1071 4
—— M,, =0.3TeV
— M, =0.6TeV
M,, = 1TeV
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
9r
()

Fig. 2.

(color online) Cross section for the process u*u~ — W*W’'~ — e*en.ii, versus different couplings in (a) and (b); (c) shows the

cross section of the same process versus different values of M,, for s=10 TeV.
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first rising and then falling with increasing values of gz.
These phenomena are due to the dual impact of gz and
mass of W’.

The plot in Fig. 2 (b) also shows the cross section for
the u*u~ — W*W’'~ - e*e n,.ii, process at collision ener-
gies of 6 and 10 TeV for different values of gr. The dif-
ferences between (a) and (b) result from different vacu-
um expectation values of the Higgs field, which leads to
different W’ particle masses for the same coupling con-
stant gz. The vacuum expectation value is fixed at 13
TeV in Fig. 2 (b). Figure 2 (c) shows the cross section of
the utu~ - W*W'~ - e*e n,.n, process at a collision en-
ergy of 10 TeV for different neutrino mass scenarios (the
red, green, and yellow solid lines represent the cross sec-
tions for neutrino masses of 0.3, 0.6, and 1 TeV, respect-
ively). In this plot, the vacuum expectation value also re-
mains at 6.5 TeV. When the neutrino mass is 0.3 (1) TeV,
the cross section is approximately 0.41 (0.041) fb for
gr=0.4 and 0.24 (0.14) fb for gz =0.75. The neutrino
mass has a significant impact on the cross section in the
process of leptonic decaying channels.

The polarization of the initial state particles can have

—-100
-70

— Py-=0

|
N
o

041 S~ s Pu-

N
o

0.39 S NN

=~
o o
IS)

o(fb)

0.2

0.19

0.01

a significant impact on the production of W’ pairs. Fig-
ure 3 (a) shows that the cross section varies for different
polarizations of the initial muons through the u*u~ —
W*W’'~ - e*e n,ii, process under a collision energy of 10
TeV and my, =2 TeV. The polarization varies from fully
left-handed (P, = —100) to fully right-handed (P, = 100);
some typical values are shown in the plots. Each curve in
Fig. 3 represents a fixed polarization state of the u~
particle, with the polarization degree of the u* particle
varying along the x-axis. The lines in Fig. 3 (a) reveals an
important physics phenomenon. When the polarization of
u~ is fixed, the cross section varies with the polarization
of u* in different ways. When the polarization of y~ is
100, the cross section continuously decreases with the
positive increase of u* polarization. When the polariza-
tion of u~ is —100, the trend of the cross section continu-
ously increases. Therefore, it provides the maximum and
minimum values of the cross section in this process for
the polarization conditions (P,:,P,-)=(-100,100) and
(Py+,P,)=(-100,-100). In particular, when the u-
particles are fully polarized (P,- =+100), the trends in
the plot become more pronounced, providing important

040{ o — Py-=-100
S — Py-=-70
~
0354 N Py-=—40
~
So \\\ —_— Py-=0
~
0.30 oS Py- =40
~ ~
~ - -=
0.25 S \\ Pu-=70
~ —= Py-=100
€ 0.20
B

T T T T
-100 =75 =50 =25 0 25 50 75 100

Py
0.040 4
N —— P,-=-100
N Py-=—-70
0.035 A S HT
N N Py- = —40
Se ~ -
0.030 A DN — Pui-=0
S \\ Py- =40
0.025 4 NS —-= P,-=70

0.020 -

o(fb)

0.015 A

0.010 -

0.005 -

—= P,-=100

0.000 -

Fig. 3.

(color online) Cross-section distributions of theu™u™ — W*W’~ — e*e™n,ii, process for various initial state polarizations and

My =2 TeV (a), My =3.5 TeV (b), and My, =5 TeV (¢) ata 10 TeV muon collider.
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clues about the characteristics of particle interactions un-
der extreme polarization conditions. This is crucial for fu-
ture studies on signal production enhancement.

Figures 3 (b) and (c) show the same distribution as
that of (a) but for My, =3.5 and 5 TeV. When the mass
of W’ increases, the cross section changes significantly
for P,- <0. When P,- equals —40, the cross section for
My, at 2 TeV increases gradually with the positive polar-
ization of u*, but for My, at 3.5 TeV, the cross section
exhibits a decreasing trend. It is important to note that
when My, takes values of 3.5 and 5 TeV and P,- = -100,
the cross section continuously increases with the positive
polarization of u*, but the increase is relatively small.

2. Angular Distribution

The angular distribution of the final particle is an im-
portant observable for the study of the properties of the
W’ boson. The formula for the angular distribution is

Dy Di

cosf = — s
1Pyl |pil

®)

where p; and p; are the three momenta of the final and
initial particles, respectively.

In this study, the influence of angular distribution
variables has been mainly analyzed by focusing on two
aspects: the spin polarization of the incident particles and
the variation of coupling constants [50], which are essen-
tially the result of the combined action of angular mo-
mentum conservation and chirality rules. First, changes in
the spin polarization state of incident particles affect the
polarization direction of intermediate-state particles. This
leads to a preference for a specific direction in the decay
process of intermediate particles into final-state particles.
Therefore, different polarization states will influence the
angular distribution of the final-state particles. Second,
the change in angular distribution is caused by the chiral
asymmetry of the coupling strength, which is related to
the right-handed coupling gz and different vacuum ex-
pectation values in the model. The V-A structure of the
gauge interaction in the model leads to coupling differ-
ences between left-handed and right-handed particles,
resulting in an asymmetric production process of final-
state particles.

Figure 4 (a) shows the effects of different values of
the coupling constant gz on the angular distributions
between p~ and e~ particles of the process utu~ —
W*W'~ — e*e n,.ii,, with a vacuum expectation value of
6.5 TeV. For the unpolarized initial state, the coupling
constant gz has a significant impact on the angular distri-
bution of the final-state particles. In Fig. 4 (a), when the
value of the right-handed coupling constant gz is 0.37,
the angular distribution becomes symmetric. Note also
the evident increase in the asymmetry of the angular dis-

tribution of the final-state particles as the coupling con-
stant increases. When the right-handed coupling constant
is 0.765, the cross section clearly enhances, with cosé ap-
proaching unity.

Figure 4 (b) shows the impact of polarization of the
initial g~ on the final electron angular distributions. As
the polarization strength increases, the changes in the an-
gular distributions become more pronounced. Figure 4 (c)
shows the angular distributions resulting from polariza-
tion of both initial 4~ and u*. Note that, compared to Fig.
4 (b), polarizing both particles to the same extent on the
basis of Fig. 4 (b) does not have a significant impact on
the angular distribution.

Figure 4 (d) also shows the angular distributions of fi-
nal-state electrons with unpolarized initial particles for a
vacuum expectation value of 13 TeV. Figures 4 (e) and
(f) show the angular distributions of the final-state
particles under polarized condition when the W’ mass is 5
TeV. The results show that the angular distributions tend
to the same shapes for various initial polarizations except
for the case of values of P, extremely close to 100.

The mass of W’ has a significant effect on the angu-
lar distribution of final electrons from the up*u~ —
W*W'~ > e*e n.n, process, as shown in Fig. 5. The mass
of W’ was set at 2, 3.5, and 5 TeV for a collision energy
of 10 TeV. The asymmetry of the angular distribution be-
comes more evident with the increase of the W’ mass.
Moreover, the angular distributions tend to consistency as
the mass of W’ increases to the threshold of W’ pair pro-
duction. Note also that the effects of different gz values
are suppressed as the W’ mass increases.

Forward-backward asymmetry is a specific aspect of
angular distribution that describes the difference in emis-
sion probabilities of particles in the forward (cosé > 0)
and backward (cos6 < 0) hemispheres. We define the for-
mula for Ay as

_ 0(cos > 0)—o(cosd <0)

App = .
B o(cosf > 0)+ o (cosh < 0)

)

A key aspect of this study concerning angular distri-
bution is related to establishing a relationship between
Arp and the coupling constants of the W’ particle. When
a large number of background processes are present in the
process, they can interfere with the variation characterist-
ics of the signal process. Additionally, regarding the
background information mentioned above, in the signific-
ance calculation process, the three background processes
we mentioned are utum - WW- —>ete v v, utum —
ZZ —e e v, utu — Zvy,v,,(Z > ete”). When the cut
conditions mentioned in the paper are satisfied, the sig-
nal process can be completely separated from the back-
ground processes. At this point, the background has little
effect on the angular distribution. Therefore, based on the
complete separation of the signal process, we only simu-
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(color online) Angular distributions between u~ and e~ of the unpolarized and polarized processes p*u~ — W* W'~ —

e*e nen, for a collision energy of 10 TeV. The vacuum expectation is 6.5 TeV in (a) and 13 TeV in (d). The mass of W’ is fixed at 2
TeV in (b) and (c) for gg = 0.65, and My~ =5 TeV, gg =0.765 in (e) and (f).

lated the angular distribution of the final-state particles of
the signal process.

Table 3 presents the forward-backward asymmetry of
final electrons in the process utu~— W*W~ -
e*e n,n, for various right-handed couplings and polariza-
tion of initial states. The asymmetry was 0.005 (0.37) for

gr = 0.37 (0.765) and a fixed vacuum expectation value
of 6.5 TeV. The asymmetry varies from —0.24 to 0.42
with polarizations from P, =100 to P, =-100. Com-
paring the results of the second and third columns, one
can find that the inversed polarization of x~ has little in-
fluence on the asymmetries.
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Fig. 5. Angular distributions between p~ and e~ of the unpolarized processes ptu~ — W*W’'~ — e*e n,ii, corresponding to a collision
energy of 10 TeV for My, =2 TeV (a), 3.5 TeV (b), and 5 TeV (c), respectively.

Table 3. Forward-backward asymmetry under different conditions for u*u~ — W*W’'~ — e*e n.n,. The vacuum expectation value is
fixed at 6.5 TeV in the first column, and My is 2 TeV in the second and third columns.

R Arp P p,) Arp P p,) Arp
0.37 0.005 (100,0) -0.24 (100,-100) -0.24
0.45 —-0.043 (70,0) 0.0016 (70,-70) -0.18
0.53 0.034 (40,0) 0.14 (40,-40) 0.013
0.61 0.21 (—-40,0) 0.34 (—40,40) 0.39
0.69 0.31 (=70,0) 0.39 (=70,70) 0.41
0.765 0.37 (-100,0) 0.42 (—100,100) 0.42

3. Significance

We ran Monte Carlo simulations [48, 51—53] to simu-
late collisions for signal and background processes, fo-
cusing on the di-lepton processes. In our simulations, we
paid attention to the signal process with W’ pair produc-
tion as an intermediate state,

wum > WHW'™ - eten,i,. (10)

The main background processes include the produc-
tion of ZZ, WW particles and the VBF process directly
constituted by Z and neutrinos. The background pro-

cesses are
wuy > WW —etev,y, an
wu »2727Z-ete v, (12)
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w2y, v, (Z - efe). (13)
Here, the left-handed and right-handed neutrinos cannot
be directly detected in the colliders. We treat them as
missing transverse energy.

The signal-to-noise ratio is a measure of the strength
of a signal relative to the level of background noise. An-
other approach to compare the signal and backgrounds is
the significance. These two values can be expressed as

g og X1
S/B==, §/VB= 22— 14
/ - / ol (14)

where o5 represents the cross section of the signal and
oprepresents the cross section of the backgrounds. 7 rep-
resents the integrated luminosity of the collider, which
was set to 10 ab™" in this study.

To distinguish the signal from the backgrounds, we
show some kinematic distributions in Fig. 6. The colli-
sion energy was set to 10 TeV and my. =2 TeV. Here,
Pr represents the transverse momentum of the final-state

electrons in Fig. 6 (a); # is the pseudo-rapidity of elec-
trons in Fig. 6 (b). Another important parameter is a in
Fig. 6 (c), which is the azimuthal angle of the final-state
electrons calculated from the angle between the two
charged leptons in the transverse plane; it is is defined as

p:* *Pe-

cos@ = ————,
|Py+] - |pe-|

(15)

where p, denote the three-momentum vectors of the elec-
trons in the relevant frame. The different distributions
shown in Fig. 6 (c) between the signal process and back-
ground processes are determined by the kinematic charac-
teristics of the collision process. The two background
processes with distinct differences are those with interme-
diate states of Z bosons and W boson pairs, whose Feyn-
man diagrams correspond to the z-channel and s/¢-chan-
nels [54], respectively. For large collision energies, W/Z
will be highly boosted, which will cause a distribution
featuring a sharp peak. Concerning the large mass of the
intermediate particle of W’ in the signal process as well
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s g ww s 0.035F
° r - [
3 0% WW | g F
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Fig. 6.

(color online) Kinematic distributions of the final particles for the signal and background processes before the cuts; (a), (b),

and (c) represent the transverse momentum Pr, pseudo-rapidity #, and correlated angle o between the two charged particles in the final

state, respectively, and (d) represents the missing transverse energy Jr .
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Table 4. Signal-to-noise ratio and significance after cuts for masses of W’ of 2, 4.5, and 4.8 TeV and a collision energy of 10 TeV;
the integrated luminosity of the collider was set as 10 ab~!. The unit of 7 is fb.
my Cut range oww o7z OVBF o S/VB S/B
Basic Cut 0.062 0.0016 44.93 0.066 0.0015 0.98
2 TeV Py > 400 GeV 0.058 0.00087 0.31 0.061 0.16 10.02
0.5<a<3.1 0.0036 0 0.061 17 101.62
Basic Cut 0.062 0.0016 44.93 0.0095 2.1x107 0.14
4.5 TeV 600 < Pr <3700 GeV 0.047 0.00056 0.089 0.0091 0.066 2.45
05<a<3 0.00093 0 0.0088 9.47 28.91
Basic Cut 0.062 0.0016 4493 0.0053 1.2x107* 0.079
4.8 TeV 600 < Py <3500 GeV 0.046 0.00054 0.089 0.0051 0.038 1.38
05<a<3 0.00091 0 0.0049 542 16.35

as the heavy neutrino mass, the boost effects will be
small, leading to much flatter distributions in the signal
process. The last one in Fig. 6 (d) is 7, which represents
the transverse energy carried away by the neutrinos. From
these distributions, we can determine the discrepancies
between the signal and background processes.

We searched for W’ pair production by setting differ-
ent masses of 2, 4.5, and 4.8 TeV at a collision energy of
10 TeV. Different cuts were applied to enhance the signi-
ficance. The results are comprehensively listed in Table
4. The basic cuts are defined by setting a number of final-
state electrons of two, and both of them are charge con-
jugates with transverse momentum Py > 10 GeV. When
the cuts on the final-state electrons are set as Py > 400
GeV and 0.5 <@ <3.1, the signal-to-noise ratio reaches
17 and the significance reaches 101.62 for 2 TeV W’.
When the W’ mass is up to 4.5 TeV, the cuts change to
600 < Py <3700 GeV and 0.5 < a < 3. The signal-to-noise
ratio is 9.47 and the significance value is 28.91. The res-
ults for my» =4.8 TeV correspond to cuts of 600 < Py <
3500 GeV and 0.5 <a < 3. The signal-to-noise ratio is
5.42 and the significance value is 16.35. For a mass of W’
close to 5 TeV and a threshold of pair production for col-
lision energy of 10 TeV, the cross section decreases
sharply with increasing mass, leading to an evident de-
crease of the significance.

IV. SUMMARY

Extra charged gauge bosons beyond the Standard
Model have long been a topic of interest. Future muon
colliders, with their high center-of-mass energies, offer a
significant advantage in discovering heavy particles. In
this study, we chose the ALRM model to study the
wrum —> W*W'- — e*en,n, process and explore the prop-

erties of W’. In this process, we examined the cross-sec-
tion distribution, angular distribution, and forward-back-
ward asymmetry for polarized and unpolarized scenarios
of W’ particles at different masses.

We conducted an in-depth study of the cross-section
distribution of the process utu~ — W*W’'~ —e*en,n, at
different collision energies. This cross section reaches 0.2
fb in a 10 TeV collider, which is correlated with the com-
bined effects of gz and W’ mass. We also investigated the
angle distributions of the initial-state muon and final-state
electron for different W’ masses. With a fixed W’ mass,
the asymmetry of the angular distribution gradually
strengthens as gr increases. With the same coupling
strength, the changes in W’ mass also greatly affect the
angular distribution, but the overall trend remains consist-
ent. We also investigated the cross-section and angular
distributions for polarized initial state conditions. When
the u~ polarization is different, the distributions of cross
section also show significant changes for a W’ mass
lower than half the collision energy. However, the polar-
ization has little impact on the angular distributions when
the W’ mass is close to the threshold of pair production,
except for the case of P, extremely close to 100. The
forward-backward asymmetry defined from the angular
distribution is an effective observable to study the inter-
action of W’ coupling to leptons. We also searched for
W’ pair production at a muon collider with backgrounds
of ZZ, WW , and VBF processes. After applying suitable
kinematic cuts, the significance exceeded 50 for the W’
boson with a mass of 4.8 TeV at 10 TeV muon colliders.
The study of extra gauge particles is an important part of
the new physics beyond the Standard Model. Searches for
the pair production of W’ at future muon colliders will
provide new perspectives for new physics models.
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