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Abstract: Multi-boson productions can be exploited as novel probes either for standard model precision tests or

new physics searches, and have become a popular research topic in ongoing LHC experiments and future collider

studies, including those for electron—positron and muon—muon colliders. In this study, we focus on two examples,

i.e., ZZZ7 direct productions through u*u~ annihilation at a 1 TeV muon collider, and ZZ productions through vec-

tor boson scattering (VBS) at a 10TeV muon collider, with an integrated luminosity of 10 ab™!. Various channels

are considered, including ZZZ — 4€2yv and ZZZ — 4(+2jets. The expected significance on these multi-Z boson pro-
duction processes is reported based on a detailed Monte Carlo study and signal background analysis. Sensitivities on

anomalous gauge boson couplings are also presented.
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I. INTRODUCTION

The Standard Model (SM) is based on the SU(3)c®
SUQ2).®U(l)y gauge symmetry group and describes the
interactions among all elementary particles [1]. The dis-
covery of the Higgs boson by the CMS and ATLAS ex-
periments [2, 3] at the Large Hadron Collider (LHC) in
2012 marks a great success of SM physics. The high-lu-
minosity LHC (HL-LHC), together with other future col-
liders, such as muon colliders, will not only enable re-
searchers to make more precise measurements on charac-
teristic properties of SM physics but also to unravel un-
discovered phenomena beyond SM physics.

Recently, a muon collider working at a centre of mass
(COM) energy at the TeV scale has received revived in-
terest from the community of high-energy physics [4, 5].
Given that muons are approximately 200 times heavier
than electrons, the energy loss caused by synchrotron ra-
diation for muons is much less than that for electrons.
Moreover, muon-muon collisions provide a cleaner envir-
onment than proton-proton collisions. These features
make muon colliders attractive energy-efficient ma-
chines to explore high-energy physics.

A muon collider offers numerous opportunities to
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study elementary particle physics [6, 7]. For instance,
when the COM energy is around 1 TeV, u*u~ annihila-
tion acts as the dominant production mechanism. At the
multi-TeV scale, muons have a high probability to emit
electroweak (EW) radiation. Therefore, a high-energy
muon collider can also serve as a vector boson collider.
Both collision modes provide a spectacular playground
for both the search for the origin of EW symmetry break-
ing (EWSB) and for EW interactions beyond the Stand-
ard Model, such as anomalous gauge boson interactions
[8—14].

For current and future colliders, multi-boson produc-
tion is an interesting topic, sensitive to the non-abelian
character of the SM [1, 15]. In particular, the presence of
anomalous quartic gauge boson interactions [16—18] can
be probed through tri-boson production and through di-
boson production via vector boson scattering. Many stud-
ies have been published on this topic at the LHC [19, 20].
In this study, we focussed on two examples, i.e., ZZZ dir-
ect productions through u*u~ annihilation at a 1TeV
muon collider, and ZZ productions through the VBS pro-
cess at a 10 TeV muon collider, with an integrated lumin-
osity of 10ab™".
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II. MULTI-BOSON AND ANOMALOUS
QUARTIC GAUGE COUPLINGS

Precision measurements of multi-boson production al-
low a basic test of the SM and provide a model-independ-
ent method to search for BSM at the TeV scale [19]. In
this study, we focussed on ZZZ direct productions and
77 productions through vector boson scattering. Both
processes are sensitive to non-abelian gauge boson inter-
actions and the structure of EW symmetry breaking.
These multi-boson processes represent an important av-
enue to test anomalous triple gauge couplings (aTGCs)
and anomalous quartic gauge couplings (aQGCs) [1], as
well as to search for possible modifications of these ver-
tices from new physics [20].

Anomalous modifications of gauge couplings can be
parameterized through the effective field theory (EFT) by
adding higher order modifications to the SM Lagrangian:

1 1 1 1
LNP=‘£4(SM)+X‘£5+E£6+F.£7+F.£8+.“ (1)

The higher order terms are suppressed by mass scale
A, which represents the scale of new physics beyond the
SM. The terms featuring odd dimensions are not con-
sidered because they will not influence multi-boson pro-
duction measurements. The dimension-6 operators are re-
lated to aTGCs, whereas the dimension-8 operators are
related to aQGCs.

Note that aQGCs can be realized by introducing new
heavy bosons, which contribute to aQGCs at the tree
level, while one loop is suppressed in aTGCs [16, 21, 22].
Furthermore, given that numerous experimental tests of
aTGCs have shown good agreement with the SM, this
study mainly focused on genuine aQGCs.

To express the aQGC contributions in a model-inde-
pendent manner, an EFT of the EW breaking sector [16,
23-27] is utilized. When SU(2),® U(1)y is represented
linearly, the lowest order genuine aQGC operators para-
meterized in the EFT are dimension-8 (dim-8) [25,
27-29]. The genuine aQGC operators can be expressed
as follows [30]:

Oso = [(D,®)' D,@] x [(D*®)' D"®],
Os. = [(D,@)' D@ x [(D,0) D"®],
Os2 = [(D,®)' D,@] x [(D"®) D],
Ouo = Tr [W,, W] x [(Ds@) DP0)],
Ou = Tr [W,, W] x [ (Ds@) " D 0],
Ouaz = [BB"] x [(Ds®)' DP0]

Ows = [BnB”] x | (Ds®) DA,
Oua = | (Du®) W, D' D] x B,

Ous = | (Du®) Wp, D'®] x B +hc.,

Ouy = [ (D,®@) Ws, WD D]

Oro=Tr :WHVA“V} x Tr {Waﬂwf’ﬁ] ,

Ory = Tr [Wa, W] X Tt [W,, W],

Or,=Tr iWWW"ﬁ} x Tr [Wﬂvﬁ\/m] ,

Ors =Tt [W,, Wog| x Tr [WWH],

Ors =Tt [W, Wop| x BB, 2)
Ors = Tr [W,, W] X Bos B,

Org =Tt [Wa, W] X BB,
Or7 = Tr [ W, W#| x B, B,
Ors = B, B" B,sB,

Oro = B,,B*Bg,B".

Here, @ denotes the Higgs doublet, the covariant derivat-

1 .
ive is given by D, @ = (6 +1ng? +ig B“2)q)’ ol (j=
1,2,3) represents the Pauli matrices, W/,lv =W, 2/ is the
SU(2), field strength, and B,, denotes the U(1)y one. The
effective Lagrangian with the contributions from genuine
aQGC operators can be expressed as follows:

-Le[-f = -ESM + Ldnomdlous

= Lsu+ ZZ AdH O(d) ® 3)
s o] o[ et]

where A is the characteristic scale and f" /A* = fs j/A%,
fu /A, fr;/A* represents the coefficients of the corres-
ponding aQGC operators [27]. These coefficients are ex-
pected to be zero in the SM prediction.

In this study, we are interested in multi-Z produc-
tions, which are rare processes yet to be observed. BSM
may introduce measurable contributions and result in de-
viations from the SM prediction. Examples of processes
related to ZZZ production in the SM and from the aQGC
operator are depicted in Fig. 1, while those for VBS ZZ
production are shown in Fig. 2.

III. SIMULATION AND ANALYSIS
FRAMEWORK

Both the signal and background events were gener-
ated with MadGraph5 aMC@NLO [31, 32] at the parton
level. Subsequently, they were showered and hadronized
through PYTHIA 8.3 [33]. The effects of aQGC operat-
ors were simulated with MadGraph5 aMC@NLO using
the Universal FeynRules Output module [34, 35]. The
SM processes were simulated with the default SM model.
DELPHES [36] version 3.0 was used to simulate detect-
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or effects, with settings for a muon collider detector [37].
Jets were clustered from the reconstructed stable particles
(except electrons and muons) using FASTJET [38], with

Fig. 1.
processes at a muon collider: (a-c) are from the SM and (d) in-

Examples of Feynman diagrams of ZZZ production

volves quartic gauge couplings.

Fig. 2. Examples of Feynman diagrams of VBS ZZ produc-
tion processes at a muon collider: (a) and (b) are from the SM
and (c) involves quartic gauge couplings.

Table 1.

the k; algorithm having a fixed cone size of R =0.5.

Two collider scenarios and benchmarks for multi-Z
productions were considered: 1) a COM energy of /s =1
TeV for ZZZ direct productions, and 2) a 10TeV scale
muon collider, where VBS [39] is the dominant produc-
tion should be replaced by "mechanism, of which the
general VBS Feynman diagram is shown in Fig. 3, which
includes our VBS ZZ signal process. Both scenarios were
studied at an integral luminosity of 10ab™".

In the study of the tri-Z boson production at a muon
collider, we focused on either a pure leptonic decay,
i > ZZ7Z — 6766 vsv;, or a semi-leptonic decay,
W > 2727 — (776565 jj, where ¢ denotes the electron
or muon and j denotes the jet. In the study of the ZZ pro-
ductions through VBS, we considered a pure-leptonic
channel, y*u~ - 72Zv,v, — 4¢+v,7,, and a semi-leptonic
channel, y*y~ — 7ZZv,v, — 2€2j+v,v,. The interference
effect was included in our simulations with MadGraph.
Backgrounds were classified into several categories:

* P1: s-channel processes:
—utu — X =att+ bV +cH, with a, b, ¢ as integers.

* P2: VBS processes further divided into [40]:

— P2.1: W*W~ fusion with two neutrinos in the final
state, denoted as WW_VBS below.

— P22 ZZ/Zy/yy fusion with two muons in the final
state, denoted as ZZ VBS below.

— P2.3: W*Z/W*y fusion with one muon and one
neutrino in the final state, denoted as WZ_VBS below.

We list all considered backgrounds in Table 1.

Multi-Z signals studied herein have a very small cross
section, whereas the backgrounds are extremely large.
Therefore, it is necessary to apply selections to optimize

Fig. 3.
collider.

Example of diagram of VBS processes at a muon

Summary of the backgrounds of the ZZZ process considered in this study.

SM process type

Selected backgrounds

P1: s-channel
P2.1: WW_VBS
P2.2: ZZ VBS
P2.3: WZ_VBS

Hrt,Z1t, WW1t,ZZH, ZHH, WWZ,HH, WWH, WWWW , WWZH, WWZZ

11, WWH,ZHH,ZZH, Z2ZZ,WWZ,HH,ZZ,7ZH
WW,ZH,Z7Z,11,Z,H,WWZ
WZ,WZH,WH,WWW ,WZZ
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signal yields, while suppressing backgrounds to a large
extent. In this numerical analysis, we implemented the
cut-based method. Some loose pre-selections were first
applied to suppress events of no interest; subsequently,
scans on each discriminating variable were performed to
maximize signal sensitivity. In this numerical analysis,
cut-based selections were optimized for each signal pro-
cess.

IV. 277 DIRECT PRODUCTIONS AT A 1 TeV
MUON COLLIDER

A. Pure-leptonic channel

To first suppress events of no interest, several pre-se-
lections were applied: the event must include exactly four
leptons with transverse momentum pr, > 20 GeV, abso-
lute pseudo-rapidity |r/| < 2.5, and lepton pair geometric-
al separation of AR, > 0.4, where AR = \/(A¢)> +(An)?;
A¢ and An are the azimuthal angle separation and pseu-
dorapidity separation of two particles, respectivly. The
four leptons were classified and clustered into two recon-
structed bosons (Z,,Z,), with their mass denoted as
M1, Mo, according to the following clustering al-
gorithm:

* Construct all possible opposite sign lepton pair can-
didates: (5152, 6354) and (5154,5253).

* Calculate the corresponding mass difference:

AMyp = My — Mz +|Men — My|, “4)

* Choose minimum AM,, as the targeted lepton pairs
and define M[[_]] > M[[,Q.

The selections for the further optimized signal over
backgrounds are listed in Table 2, where variable My, de-
notes the invariant mass of the four charged leptons de-
caying from two Z bosons; M., and M, are the invari-
ant masses of two leptons decayed from reconstructed Z,
and Z,; prac is the transverse momentum of four leptons
decaying from two Z bosons; pre, and pr., are the
transverse momentum of two leptons decayed from re-
constructed Z; and Z,; AR, and AR, are the geomet-
rical separations of two leptons decayed from reconstruc-
ted Z, and Z; [n,.l and |ne,| are the absolute pseu-
dorapidities of reconstructed Z, and Z,; Plre;dmg denotes
the highest p; in the transverse momentum of the four
charged leptons; Fr is the missing transverse energy; and
M. econ 1s the recoil mass of four leptons, which can be cal-
culated as

Table 2. Event selections for ZZZ in the pure-leptonic chan-

nel.
Variables Limits for SM Limits for aQGC

My [200 GeV,900 GeV] [150 GeV,910 GeV]
Meea [80 GeV, 120 GeV] [70 GeV, 130 GeV]
Mecp [60 GeV,100 GeV] [40 GeV, 100 GeV]
Prac [30GeV,480 GeV] [30 GeV,500 GeV]
Pr.e1 <500 GeV <500 GeV
prec2 <460 GeV <500 GeV
AR [0.4,3.3] [0.4,3.1]
N [0.4,3.3] [0.4,3.1]

mec <25 <25

[mee2l <25 <25
piradtie [20 GeV, 380 GeV] [25 GeV,460 GeV]
AMye <20GeV <50 GeV

Er [50 GeV,460 GeV] [100 GeV,480 GeV]
Miecoil <300 GeV [35 GeV,225 GeV]

Mrecoil = \/m (5)

Here, +/sis the COM energy and E and P are the sum of
the energy and momentum of the detectable daughter
particles. In these selections, the SM and aQGC signals
were optimized separately. For the SM signal, the effi-
ciencies of the pure-leptonic and semi-leptonic channels
were 0.75 and 0.34, respectively; for the aQGC signal,
the efficiencies of the pure-leptonic and semi-leptonic
channels were 0.82 and 0.40, respectively.

Figure 4 shows the typical distributions before all se-
lections, including My, My, Er, and Mi.;. We found
that both M, ;(i = 1,2) and M, can distinguish signals
and backgrounds well. For the SM signal, we obtained a
significance [41] given by +V2((s+b)In(1+s/b)—s)=
0.90, with S and B the denoting signal and background
yields, respectively. The yield of the process was calcu-

lated by summing up the weightLS of the selected events,
o X

N
section of the sample, £ is the luminosity, and N is the
total number of generated events. In these plots, we ad-
ded curves for non-zero aQGCs, setting fro/A*=
100 TeV™* as a benchmark. In general, aQGCs lead to ex-
cess at high energy tails.

which were obtained from , Where o is the cross-

B. Semi-leptonic channel

A similar analysis was applied for the semi-leptonic
channel, ZZZ — 4( +2jets. Figure 5 shows the distribu-
tions of My, My, the invariant mass of two jets de-
cayed from the other Z boson, M;;, and the transverse
momentum of the jet pair, pr ;.

The selections of semi-leptonic channel are listed in
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107/ — 1, /A*=100 TeV* — fr/A*=100 TeV*

%) o
S . SM_VBS_ZZ S g, W SWVBS 72
S 10° - . SM VBS WZ s = SM_VBS_ Wz
w = SM_VBS_Ww w = SM_VBS_WwW
10°. == SM_Top-AntiTop 10° - &= SM Top-AntiTop
== SM_Anninilation == SM_Annihilation
10— SM_signal 10*- — SM_signal

2
1000 9 100 110 120 130 140

My [GeV] M, ;[GeV]
(2) (b)
2 4y — f/A=100 TeV* a 10 — f/A=100 TeV*
S . SM_VBS 722 s . SM_VBS 22
S = SM_VBS WZ S 10 = SM_VBS_WZ
w = SM_VBS_WW wo = SM_VBS_WW
10 = SM_Top-AntiTop 10° = SM_Top-AntiTop
== SM_Annihiation == SM_Anniiation
— SM_signal 10t — SM_signal

"
07770 0 200 300 400 50 600 700 800
Mecai,, [GEV]

400 500
MET [GeV]

(c) (d)

Fig. 4. (color online) Various distributions for the 7Zzz dir-
ect productions in the pure-leptonic channel at a muon col-
lider of /s=1TeV and £=10ab™!: (a) invariant mass of four
leptons, Ma,; (b) invariant mass of two leptons, My, ; (c)
missing transverse energy, Er; and (d) recoil mass of four
leptons, Miecoil -

1075 — f,/A*=100 TeV*
.SV _VBS 22
10° - W SM_VBS_WZ
5 SM_VBS_WW
10°. === SM_Top-AntTop! 10
== SM_Amnihiation
10t — SM_signal

10 — f/A%=100 TeV*

- SM_VES 22
10 . SM_VBS WZ
= SM_VBS_WW
== SM_Top-AntTop
== SM_Annihiation
— SM_signal

Events
Events

600 800 1000 250 300

M, [GeV] M, 1[GeV]
(2) (b)
Lol g =
2 | SM_VBS_WZ 2 10 . SM_VBS_WZ
o 1o B SM_VBS_WW [ B SM_VBS_WW

: = SM_Top-AntiTop
10° &= SM_Annihilation
— SM_signal

&= SM_Top-AntiTop.
== SM_Annihiation
— SM_signal

800 1000 800 1000

M [GeV] P, [GeV]

(c) (d)

Fig. 5. (color online) Various distributions for the 7Zzz dir-
ect productions in the semi-leptonic channel at a muon col-
lider of /s=1TeV and £=10ab"!: (a) invariant mass of four
leptons, My, distribution; (b) invariant mass of two leptons,
Mg ; () invariant mass of two jets, M;;; and (d) transverse
momentum of two jets in final state, pr ;; distribution.

Table 3, where AR;; is the geometrical separation of two

jets; In;;1 is the absolute pseudorapidity of the Z boson re-

leading

constructed from two jets; and pr; = denotes the highest

value of p; in the transverse momentum of two jets.

Table 3. Event selections for ZZZ in the semi-leptonic chan-

nel.
Variables Limits for SM Limits for aQGC

My [200 GeV, 840 GeV] [150 GeV,930 GeV]
My [80 GeV, 120 GeV] [85 GeV, 130 GeV]
Mo [60 GeV, 100 GeV] [65 GeV, 115 GeV]

M;; < 150 GeV [30 GeV, 150 GeV]
prac [30 GeV,450 GeV] [30 GeV, 480 GeV]
Pr.ee1 <500 GeV <480 GeV
Pre2 <460 GeV <480 GeV
pPT.jj <420 GeV <500 GeV
AR [0.4,3.1] [0.4,3.3]
ARy [0.4,3.1] [0.4,3.3]
ARjj [0.4,4.0] [0.4,3.5]
[ <25 <25

[mee.2] <25 <25

;1 <5.0 <5.0
Py [20 GeV, 400 GeV] [20 GeV, 420 GeV]
prine [30 GeV, 480 GeV] [30 GeV,510 GeV]
AMyp <20 GeV <30 GeV

Er <100 GeV <150 GeV
Miecoil <300 GeV [35 GeV,225 GeV]

The selections improve the significance of both SM
and aQGC signals. With 10ab™" of integrated luminosity
at +/s = 1TeV, the expected yields of the SM signal and
background after the selections are listed in Table 4; con-
cerning the aQGC benchmark, with fro/A* =100 TeV ™,
the expected yields of the aQGC signal and background
after the selections are listed in Table 5.

After the selections, the significance for this semi-
leptonic channel can reach 1.70- for the SM signal pro-
cess. We further combined the pure-leptonic and semi-
leptonic channels, resulting in a higher significance of
1.90 for the SM signal. We also searched for aQGCs, ob-
taining the constraint range of all coefficients fs 7, lis-
ted in Table 10.

V. VBS ZZ PRODUCTIONS AT A 10 TeV MUON
COLLIDER

For the VBS ZZprocess, we performed simulation
studies similar to those for the ZZZ process. We con-
sidered both pure-leptonic (u*u~ — ZZv,v, — 4 +v,v,)
and semi-leptonic (u*u~ — ZZv,v, — 2€2j+v,v,) chan-
nels. The backgrounds were also divided into P1 (s-chan-
nel), P2.1 (WW_VBS), P2.2 (ZZ VBS), and P2.3
(WZ_VBS). They are listed in Table 6.
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Table 4. Expected yields of the SM signal and background after the selections in the ZZZ direct productions.

Channels (/s = 1TeV)

Expected signal yield [events]

Expected background yield [events]

Pure-leptonic channel 5.18

Semi-leptonic channel 4.48

31.72
5.46

Table 5.

Expected yields of the aQGC signal and background after the selections in the ZZZ direct productions.

Channels (/s = 1TeV)

Expected signal yield [events]

Expected background yield [events]

Pure-leptonic channel

Semi-leptonic channel

5514.90
6271.79

56.80
9.16

Table 6.

Summary of the backgrounds for the VBS ZZ process.

SM process type

Selected backgrounds

P1: s-channel
P2.1: WW_VBS
P2.2: ZZ _VBS
P2.3: WZ_VBS

WW.ZZ,ZH,HH,ZHH, 2Z2Z,2ZZH,WWH,WWZ, 11, Hrt, Ztt, WW1t, WWWW, WWZH, WWHH
WW,ZH,HH, WWH,WWZ,ZZZ,77H,7ZHH, 11,Z,H
WW,ZH,ZZ,1t,Z, WWH,WWZ,H,HH,ZZ2Z7,7Z7ZH,ZHH

WZ,WZH,WH,WWW,WZZ

A. Pure-leptonic channel of VBS ZZ

We applied pre-selections on the channel of u*u~ —
ZZv,v, — 4 +v,v, at a muon collider with +/s =10 TeV
and £=10ab™', as in theZZZ analysis. The selections of
the pure-leptonic channel are listed in Table 7. The sig-
nal efficiency of the selections was 0.23.

Figure 6 shows the distribution of the invariant mass
of four leptons, denoted as M,,, the invariant mass of two
leptons, denoted as M, the transverse momentum of
four leptons in final states, denoted as pr4,, and the trans-

Table 7. Event selections for VBS ZZ in the pure-leptonic
channel.
Variables Limits
My [1900 GeV, 8800 GeV]
Mee, [70 GeV, 140 GeV]
Mqen [70 GeV, 140 GeV]
pPrac [200 GeV,4000 GeV]
prec [320 GeV, 2800 GeV]
pr.ec2 [280 GeV,2600 GeV]
ARqe [0.4,1.7]
ARys [0.4,1.7]
[mee,1| <25
[meeal <25
pryine [200 GeV,3000 GeV]
AMye <70 GeV
Er [30 GeV,4000 GeV]
Mrecoli < 8000 GeV

D 10— A= TV a — f /A1 TeV'
s . SI_VBS 22 s . SM_VBS 72
i Suek £ E
. SM_VBS | 10° . SM_VBS |
&= SM_Top-AntiTop = SM_Top-AntiTop
10° = == SM_Anninilation 10t == SM_Annihlation

— SM_signal

— SM_signal

4000 6000 800D 10000

0

200 400 600 800 1000 1200 1400 1600

M, [GeV] M, 1[GeV]
(a) (b)
o A TeV o 1 —f A TeV*
S =S\ _VBS 22 S = S\1_VBS 77
> . SM_VBS_WZ > 10° . SM_VBS_WZ
W = SM_VBS_ WW o == SM_VBS_WW
= SM_Top-AntiTop o = SM_Top-AntiTop
10t == SM_Annihilation &= SM_Annihilation

— SM_signal — SM_signal

0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500

pT, ,[GeV]

pT, [GeV]

(c) (d)
Fig. 6. (color online) Simulation results of VBS ZZ in the
pure-leptonic channel for v/s=10TeV,£=10ab™': (a) invari-
ant mass of four leptons, M4, distribution; (b) invariant mass
of two leptons, M, ; (c) transverse momentum of four
leptons, prac distribution; and (d) transverse momentum of
two leptons, prr.¢.1 distribution.

verse momentum of one lepton pair, denoted as prs.;. In
these plots, we also added curves for non-zero aQGCs,
setting fro/A*=1TeV™ as a benchmark.

B. Semi-leptonic channels of VBS ZZ

The selections in the semi-leptonic channel are listed
in Table 8, where M,n; is the invariant mass of two
leptons and two jets decaying from two Z bosons; AM,,;
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Table 8. Event selections for VBS ZZ in the semi-leptonic £ :Z =iz gw =iz
> . SM_VBS_WZ S 10 . SM_VBS_WZ
channel. S = Ao Y = STy Ao
10 == SM_Annihilation . == SM_Annihilation
Variables Limits " = s 0 — S sina
l 10*
10° 1 oo
Mo [2000 GeV, 8000 GeV] @ ;
My [40 GeV, 140 GeV] : y
M;; [30 GeV, 150 GeV] i o
w? 600 800 1000 1200 e 0 2000 4000 6000 8000 10000
DPT202) [500 GeV, 8000 GeV] M, ;[GeV] M, [GeV]
pr.ec [200 GeV,3000 GeV] (2) (b)
Fig. 7. (color online) Simulation results of VBS ZZin the
PT.jj [400 GeV,4000 GeV] . . -1 K K
semi-leptonic channel for +/s=10TeV,£=10ab"': (a) invari-
AR¢e [0.4,1.7] ant mass of two leptons, M, distribution; and (b) invariant
ARjj >0.4 mass of two leptons, M;;.
¢l <25
Table 9. Expected yields of the aQGC signal and back-
i <0 d after the selections in the VBS ZZ producti
g 200 GeV. 2500 GV ground after the selections in the productions.
1”(1' ’ Channels Expected signal yield Expected background yield
eading
Prj [200 GeV, 3000 GeV] (V/s=10TeV) [events] [events]
AMop; <200 GeV Pure-leptonic
686.97 0.48
30 GeV,3500 GeV channel
Er [ ev, eVl Semi-leptonic
Micool [1000 GeV, 7000 GeV] channel 31540 015
Table 10. Limits at the 95% CL on the aQGC coefficients

is the mass difference, defined as follows:

AMop; = |Myp — Mz| + |Mj; — M|, (6)

The signal efficiency of the selections was 0.033.

Figure 7 shows distributions of the invariant mass of
jet pair, denoted as Mj;, lepton pair mass, denoted as M/,
together with the aQGC signal with coefficient f;/A* =
1TeV™.

After applying the above selections, the significance
of the aQGC signal was improved. With 10ab™' of integ-
rated luminosity at +/s=10TeV and aQGC benchmark
with fro/A*=1TeV™, the expected yields of the aQGC
signal and background after the selections are listed in
Table 9.

We also obtained the limits of all aQGC coefficients
of the VBS ZZ process, which are listed in Table 11.

VI. RESULTS AND DISCUSSIONS

We studied the multi-Z productions of ZZZ at a muon
collider with s=1TeV and £=10ab™'. Through de-
tailed simulations and signal background analysis, we ob-
tained a significance for the ZZZ direct production in the
SM of 1.9¢0 after combining the results from the pure-
leptonic and semi-leptonic channels. We also set the con-
straints of the aQGC coefficients [42] at 95% CL. High-
energy muon colliders are ideal to research VBS pro-
cesses, such as the VBS ZZ production process. We
presented the distribution of various variables and sum-
marized the constraints of aQGC coefficients. For the

for the ZZZ process.

Coefficient Constraint /TeV~*
fso/A* [-211,366]
fsa/A* [-207,364]
fsa/A* [-213,364]
fuo/A* [-13.2,30.4]
S /A [-36.7,22.9]
fua/A* [-11.8,13.0]
Sua/A* [-23.1,20.6]
fualA* [-26.2,36.8]
fus/ At [-22.5,31.5]
fua /At [-43.3,69.9]
fro/A* [-4.63,3.28]
fra/A* [-4.51,3.34]
fralA* [-9.38,5.84]
fralA* [-9.22,6.00]
fralA* [~14.8,11.5]
frs/At [-7.01,5.95]
fre/A* [~7.00,6.06]
fralat [~14.9,11.6]
fra/A* [-5.25,5.04]
fro/A* [~10.4,9.66]

777 process, the constraints of coefficients at 95% CL
are listed in Table 10, whereas for the VBS ZZ produc-
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Table 11. Limits at the 95% CL on the aQGC coefficients for the VBS ZZ process.

Coefficient Constraint /TeV~*
fso/A* [-14,13]
fsa/A* [-5.8,6.7]
fsalA* [-15,16]
fuo/A* [-1.2,1.1]
S /A [-3.9,3.7]
fua/ At [-8.0,8.2]
Sua/ At [-3.9,3.8]
fral At [-3.3,3.2]
fus/A* [-2.9,3.0]
fua /At [-8.3,8.1]
fro/A* [~0.11,0.082]
fra/A? [-0.14,0.14]
JralA* [-0.27,0.21]
fra/A? [-0.27,0.22]
JralA* [-1.1,0.67]
frs/A* [-0.32,0.25]
fre/A* [-0.47,0.42]
fralA? [-0.89,0.60]
fra/A* [-0.47,0.48]
fro/A* [-1.1,1.0]

tion process, the constraints of the aQGC coefficients at
95% CL are listed in Table 11; the unit is TeV™.

In the ZZ7 direct productions, some operators degen-
erate, such as fso, fs1, and fs2; fro and fr; and frs and
fre. However, we kept all the constraints in Table 10 for
the completeness of the set of operator coefficients.

In comparison with existing VBS ZZ aQGC con-
straints from the CMS experiment in LHC, which are
based on a data sample of proton-proton collisions at
COM = 13 TeV with an integrated luminosity of £ =
137 67"« fro/A* 1 [=0.24,0.22], fr1 /A* : [-0.31,0.31], fra/
A*:[-0.63,0.59][43], our results establish stronger limits:
fro/A*: [-0.11,0.082], fr1/A*: [-0.14,0.11],  fra/A*:
[-0.27,0.21].

VII. CONCLUSIONS AND OUTLOOK

In this study, we investigated ZZZ productions at a

muon collider with /s =1TeV,£=10ab™' and VBS ZZ
productions at +/s=10TeV,L=10ab™', together with
their sensitivities on aQGC coefficients. For these two
processes, we focused on pure-leptonic and semi-lepton-
ic channels to find the kinematic features that help to in-
crease the detection potential, such as the distribution of
My, in the pure-leptonic channel and M;; in the semi-
leptonic channel. We studied the constraints of all aQGC
coefficients at 95% CL. For the ZZZ process, we supple-
mented the existing tri-boson aQGC results, and for some
coefficients such as fro, fr1,frp in the VBS ZZ process,
our results establish stronger limits than those from previ-
ous results. The results demonstrate a great potential to
probe the anomalous interactions of gauge bosons at
muon colliders owing to their higher effective collision
energy, cleaner final states, and higher probability to emit
EW radiation than LHC.
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