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Abstract This work offers the constraints on the anomalous neutral triple gauge couplings for the process ete™ — ZZ at the
CLIC with /s = 3 TeV. The realistic CLIC detector environments and their effects are considered in our analysis. The study is
planned for the decays of produced Z bosons to a pair of charged leptons (electrons or muons) and neutrino pairs. The bounds
on the anomalous neutral triple gauge couplings defining CP-violating Cgy,/ A* coupling and three CP-conserving Cyw /A%,
Cpw/A*, and Cpp/A* couplings are obtained. Also, the effects and advantages of polarization for incoming electron beams in
these calculations are investigated.

1 Introduction

Gauge boson pair productions in the examined processes has a significant role in the tests of the non-Abelian structure of the standard
model (SM) and exploring physics beyond the SM. Thus, Zy and ZZ diboson productions can be studied with the anomalous neutral
triple gauge couplings (aNTGCs) originating from high-dimensional operators defined by the effective Lagrangian method in a
model-independent approach. However, ZZ production from diboson productions has the smallest cross section among all diboson
processes but is highly competitive for measurements and searches due to the generally high signal-to-background ratio with leptonic
or neutrino decay channels [1]. Moreover, the massive electroweak Z boson has a key role in vector-boson scattering (VBS) processes
for the phenomenology of electroweak interactions [2, 3].

The CLIC is a potential future collider that stands out due to its ability to test new physics scenarios through high-energy e~ e*
collisions in a clean experimental environment with low background compared to pp colliders. It also provides the opportunity for
detailed study of the various processes and production mechanisms that occur in e e™ colliders. The CLIC will be operated at three
energy stages, center-of-mass energies of /s =380 GeV, 1.5 TeV and 3 TeV [4, 5], with an integrated luminosity of 5 ab~! at Vs =3
TeV stage. CLIC is planned with £80% polarization for the electron beam [6]. The weight of each event is calculated by dividing
the integrated luminosity between negative and positive polarizations of the electron beam in a 4:1 ratio, resulting in integrated
luminosities of P(e~) = —80% for Lin; = 4 ab~! and P(e™) = +80% for Lin; = 1 ab~! [6]. Beam polarizations offer advantages
in future e*e™ colliders, including enhanced signals, reduced backgrounds, improved control of systematic uncertainties, and the
ability to study the chiral properties of SM and BSM processes through additional observables.

On the other hand, CLIC experiment program provides an opportunity for %80 polarized electron beams and no positron
polarization at the center-of-mass energy of 3 TeV with the integrated luminosity of 1 ab~! and 4 ab~!, respectively. Here, polarized
electron beams can play a crucial role in increasing the capability of analysis. It allows a more selective probing of the process
by enhancing the deviations from the SM via anomalous couplings and also the signal-background ratio. Eventually, it provides to
make stringent tests and to get better constraints on anomalous couplings.

The cross section for a process in an electron-positron collider, utilizing polarized electron beam P(e™) and polarized positron
beam P(e*), is determined by considering the four potential chiral cross sections given in the following equation [7]:
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Here, orr denotes the cross section for a left-handed polarized electron beam and a right-handed polarized positron beam. Similarly,
the cross sections orr,, 011, and orr are defined following the same convention. The unpolarized cross section is expressed as

1
0o = Z{URR+0'LL+URL+ULR}~ ()

While the Cabibbo—Kobayashi—-Maskawa (CKM) mixing matrix can explain CP-violation, the SM does not account for sufficient
CP-violation effects to explain the current matter—antimatter asymmetry in the universe, resulting in the baryogenesis problem [8,
9]. Therefore, there is a need for new sources of CP-violation, one of Sakharov’s three conditions, to explain the baryon asymmetry
of the universe [10, 11]. Investigating the CP-conserving and CP-violating couplings in the anomalous Zyy, ZZy and ZZZ vertex
has the potential to reveal a new source of CP-violation and thus increases motivation to study the neutral trilinear gauge couplings.

New physics effects beyond the SM can be characterized in terms of the SM effective field theory (SMEFT), which is used to
investigate aNTGC within the SM gauge group. This involves adding high-dimensional operators that are invariant under SU(2)1, x
U(1)y to the SM Lagrangian, and determining anomalous couplings from the effective Lagrangian obtained after electroweak
symmetry breaking. Processes involving neutral gauge boson couplings can be sensitive to dimension-8 operators, which are not
contributed by dimension-6 operators [12]. Thus, the effective Lagrangian that accounts for SM interactions and the effects of
physics beyond the SM is given by [12]

Ci s
LNTOC = Lo+ Y A%(O,- +0)) 3)
i

where A represents the new physics scale. On the other hand, C; coefficients are dimensionless parameters and O; dimension-8
operators are defined by

Opw =iH By, W°"{D,, D’}H, 4
Opw = iH'B,,W°"(D,, D"}H, 5)
Oww = iH W,,W°"(D,, D"}H, (6)
Opp =iH'B,,B°"{D,, D’}H @)
where

Bop = (05 By — 9,B5), (8)
Wap =o' (0, Wh = 0, W5 + geiu Wi WS ), ©)

with (6io/) = 87 /2 and

)

D, =0, — i%BMY —igwWia'. (10)

Here, H is the Higgs field, B,, and W, are the field strength tensors and D,, shows the covariant derivative.

For ZZ production at high-energy scale, the most significant contribution of physics beyond the SM is provided by the interference
between the SM and the dimension-8 operators. Unless interference between the SM and dimension-8 and dimension-10 operators are
both influentially suppressed, the O(A %) square of dimension-8 operators cannot be expected to contain a contribution from physics
beyond the SM when the energy scale is high. At the tree-level, while dimension-6 operators have no effect on the anomalous neutral
gauge boson couplings, the contributions of dimension-8 operators are of the order v%§/A*. Nevertheless, dimension-6 operators can
have v2§/A* order effects on the aNTGC at one-loop. Therefore, the contribution of dim-8 operators appears to be more important
than the one-loop contribution of dimension-6 operators with A < /47§/a (Here, v and « are vacuum expectation values and
fine-structure constant) [12].
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Table 1 Experimental limits at Couplings (TeV—™)
95% C.L. on anomalous
Cpp/A*, Cpw/AY, Cy /A* Cpp/A* Cow/A* Ciy/A* Cww /A4
and CWW/A4 couplings
ATLAS [42] Zy — viy [—0.24; 0.24] [—0.65; 0.64] [—1.10; 1.10] [—2.30; 2.30]
(5 = 13 TeV, Lin = 36.1 b~ 1)
ATLAS [43]1 ZZ — ¢te— e~ [—2.70; 2.80] [—3.30; 3.30] [—5.90; 5.90] [—3.00; 3.00]
(5 = 13 TeV, Lin = 36.1 b~ 1)
CMS [44] ZZ — ¢re— 0t e/~ [—1.20; 1.20] [—1.40; 1.30] [—2.30; 2.50] [—1.40; 1.20]

(V5 =13 TeV, Lin = 137671

In the literature, effective Lagrangian for the aNTGCs with dim-6 and dim-8 operators is given by [13]

cze[ f) @uF"P) + fE0,ZM) Za (3 Zp) + [ £ (37 Fop) + fZ(0° Zo1Z" 2
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m

ot

where ZW = 1/2€,p5 Z°° (€123 = +1) is defined by the field strength tensor Z,,, = 9,Z, — 9,Z, and similarly the elec-
tromagnetic field tensor F,, is also defined. Nevertheless, f4V, hY, hg are the CP-violating couplings and fSV, h;/ S hX are the

hZ
Da“FP“]+ T (@ +mz)a"zp‘”]}z Fou

an

CP-conserving couplings (V = y, Z). In the SM, these couplings are zero at tree-level. In Eq. (11), hg and hX couplings are
concerned with dim-8 operators while the other couplings to dim-6 operators.

The CP-conserving anomalous couplings for the ZZV* vertex with the two on-shell Z bosons and one off-shell V* = y, Z
boson are written by [12]

1 =0, (12)
2.2
y _vmz Cpy
— , 13
£ dcysy A? (13)

Nevertheless, the CP-violating anomalous couplings for the ZZV* vertex are given as follows:

ZZ 2(c2 Cww +2CwaCBW + 452 CBB)

0 A% A4 A4
1= , (14)
4 2
CoSw
M2 02 (= sy W + CBW (2 — 52) +4cpsy SBE
v z A 2 A
fy =— ) (15)
4
4cwsw

where s, and c,, are the sine and cosine of weak mixing angles 0,,.

On the theoretical side, contributions to NTGC in the context of the minimal supersymmetric standard model (MSSM) [14-16],
little Higgs model [17], and two-Higgs doublet model (THDM) [18-20] have been discussed previously. There has recently been
extensive research on the potential effects of NTGC in collider phenomenology, for example, e” e collider [21-31], pp collider
[32-39] and @~ ™ collider [40, 41].

The current experimental limits on Cpp/ A%, Cpw / A4, Csw/ A% and Cyw / A4 couplings at the 95% Confidence level (C.L.)
by ATLAS and CMS collaborations at the LHC with center-of-mass energy of 13 TeV are given in Table 1.

2 Generation of events
Our aim in the SMEFT framework is to determine the constraints on the aNTGCs in ZZ diboson production at the CLIC. We present

the tree-level Feynman diagrams for the process ete™ — ZZ in Fig. 1, where black dots indicate the anomalous ZZy and ZZZ
couplings representing new physics, while the two other diagrams show the SM contributions.
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Fig. 1 Schematic diagrams for the Z Z
process e~ et — ZZ including e-

the anomalous contribution of ZZZ

and ZZy vertices and the SM Y

e+

100 T T T T 100 T T T T
— Cgg/\* — Cgs/\*
— Cgw/M* — Cew/N*
— CEW//\4 — CEW/A“
— Cww/N* — Cww/A*
= B 0 5 10 o B 0 5 10
Couplings Couplings

Fig. 2 Cross section of e~ et — ZZ process in terms of the anomalous CBB/A4, CBW/A4, CgW/A4, CWW/A4 couplings at the /s = 3 TeV and
P,— = —80%. Here, in the figure on the right hand side, ISR and beamstrahlung effects are taken into account

We have conducted the production of signal events through the process efe™ — ZZ — ¢£vv and background events at the
CLIC using the Universal FeynRules Output (UFO) model file [12] with MadGraph5_aMC@NLO [45]. For each coupling, 500k
signal and background events were generated. We utilized the CLIC detector card in Delphes v3.5.0 [46] to include realistic detector
effects, and applied PYTHIA v8.306 [47] for parton showering and hadronization. The generated events were analyzed with the
ExRootAnalysis [48] package and ROOT v6.26 [49].

The total cross sections of the e~e* — ZZ process with and without the ISR and beamstrahlung effects at 4/s = 3 TeV at the
CLIC are given in Figs. 2, 3, and 4 for —80%, unpolarized, and +80% electron beam polarizations, respectively. The cross sections
are plotted as a function of the anomalous couplings Cgg/A*, Cpw/A*, C Fw/ A*, and Cyw/A*. Here, only one coupling is run
at a time while the other three couplings were set to zero. However, the cross sections of the e~et — ZZ process with and without
the ISR and beamstrahlung effects for Cpp/A* = 3 TeV™*, Cpw/A* = 3 TeV™4, Cy /A% = 3 TeV™4, and Cyw/A* = 3
TeV~* are given numerically in Table 2. In all three polarization cases, the cross sections of the signal are effectively reduced in the
presence of ISR and beamstrahlung effects compared to their absence, and the percentage changes are shown in Table 2.

The final state ££vv of the process efe™ — ZZ consists of a pair of charged leptons and neutrinos, coming from the decay
of Z bosons. This process with non-zero effective couplings is assumed as signal including SM contribution and interference term
that is coming from crossing the diagrams of effective couplings and SM. The main source of SM background process considered
in this paper is the e*e~ — ££vv. On the other hand, ISR and beamstrahlung effects also give considerable contributions to the
background in lepton colliders. These effects were not considered because of the incompatibility of the simulation tools used in the
study. In this case, the sensitivities on aNTGC were slightly optimistic compared with a more comprehensive study and experiment.

The preselection criteria for the analysis include the presence of a dilepton of the same flavor with opposite charge to form the
Z boson. At least two leptons of the same flavor with opposite charge (N¢ (e, ) >= 2) must be present in the event. The transverse
momentum of the leading lepton ¢; must be greater than 30 GeV and the sub-leading lepton £, greater than 20 GeV. A cut on the
pseudo-rapidity between the two leptons is also imposed with a limit of || < 2.5. As can be seen from Fig. 5, the event selection is
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Fig. 3 Same as Fig. 2 but for unpolarized beams P,— = 0%
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Fig. 4 Same as Fig. 2 but for polarized beams P,— = 80%
Table 2 Cross sections (pb) of the Couplings Unpolarized P, = —80% P, =80%
process e~ e* — ZZ with and
without the ISR and (Tev—4) No ISR With ISR No ISR With ISR No ISR With ISR
beamstrahlung effects according
to P,— = 0%, —80%, 80% at the Cpp/A*=3 4277 3434 —19.7% 2.240 1.806 —193% 6.308  5.033 —20.2%
3 Tev CLIC Cpw/A*=3 0722 0589 —184% 0.169  0.151 —10.6% 1.274 1.029 —19.2%
CEW/A4 =3 5576 4457 —20.0% 5.572  4.463 —199% 5.582  4.453 —20.2%
Cww/A*=3 059  0.489 —179% 1.058  0.861 —18.6% 0.134  0.117 —12.6%

optimized by imposing | E 'T””S

significantly from the SM background for values less than 0.5.
As seen in Fig. 6, choosing E7"** > 400 GeV provides a well separation region between the signals and backgrounds. On the

- p%e |/ peT‘Z < 0.5, as the distribution of transverse momentum balance ratio for the signal deviates

other hand, by limiting the distance between two charged leptons in the n — ¢ plane to AR({1, €2) < 1.5, the ££vv background can
be suppressed as seen in Fig. 7. Additionally, the events must not have any extra leptons with a transverse momentum greater than
10 GeV.

If the mass of the Z boson is Mz, we determine the invariant mass to be in the range of |My — Mz|< 20 GeV to focus on
events from the decay of the two charged leptons seen in Fig. 8. The kinematic distributions utilized to distinguish the signal from
the background in this study are shown in Figs. 5, 6, 7, and 8. Each plot is created by applying generator level cuts to determine
the optimum cut set to separate the signals and background events. All selected cuts are given in a cut-flow chart for the analysis in
Table 3. A kinematic cut, such as the invisible invariant mass M, can eliminate cross-contamination by separating the signal from
the background. Kinematic cuts have been minimally used to simplify this study and to provide a more general perspective on the
design parameters of the future lepton collider, the CLIC. For this reason, we have not considered the invisible invariant mass, but
it is evident that the results will be slightly worse if the invisible invariant mass is not used. Finally, distributions of the transverse
momentum of dilepton system p? (pzf”Z = pf '+ pfz) after applied cuts in Table 3 for every single coupling is given in Fig. 9.
While obtaining the sensitivities of the anomalous Cgy, / A, Cww / A%, Cpw / A%, and Cpp / A4 couplings, we have focused on the
variable transverse momentum of the dilepton system.
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Fig. 5 Distribution of transverse ~ 107
momentum balance ratio for o
signal with Cgpy /A% = 3 TeV ™4, F N N TEET Y ZZ(SM) + ZZ(c.. W) [ ]Backg.
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Fig. 6 Distribution of missing > 107
energy transverse for signal with [0}
Cyw/A* =3Tev, 1 ZZ(SM) + ZZ(c.. W) [_1Backg.
Cpp/A* =3 TeV™4, S 10° - ZZ(SM) + ZZ(cBB )
Cow/N\ 3TV, e ZZ(SM) + ZZ(c2)
ww/AT =3TeV™" an
relevant background processes E 10° e ZZ(SM) + ZZ(C W) F
10
100 & .
10°
10
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 200 400 600 800 1000 1200 1400 1600

ET™ (GeV)

3 Sensitivities on aNTGC

The sensitivities obtained at 95% C. L. on the anomalous Cgg/A*, Cpw /A%, C aw/ A%, and Cyw/A* couplings are calculated
with the process of e“e* — ZZ for the decay for lepton and neutrino pairs of Z bosons using x > method for every single bin given

in the following equation:
, om(NTOT _ N8 2
] L
X- = - (16)
Z NiB Ai

i

Here N iTOT and NV, iB are the number of events of the anomalous couplings and the SM background, respectively. On the other hand,

A=/ 1/NiB is the statistical uncertainty for every bin. The limits at 95% C.L. on anomalous Cgg/A*, Cpw /A%, CEW/A“, and
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Fig. 7 Distance AR(¢q, €2) o 107
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Cww /A% couplings via the process e"et — ZZ with various electron polarization with the corresponding integrated luminosities
due to the CLIC program are given in Table 4. Our best sensitivities are given as follows:

Cpp/A* =[—1.73;2211 x 1072 TeV ™4,
Cpw/A* = [—4.55;4.56] x 1072 TeV ™4,

Ciw /N =[-1.29;1.79] x 1072 TeV~*,

Cww/A* =[—6.78;6.83] x 1072 TeV ™.

amn
(18)
19)
(20)

It can be seen that the most sensitive coupling is CEW/A4» with a value of [—1.29;1.79] x 10~ TeV~*. The sensitivities of the
anomalous Cgy,/ A*, Cpw/A* and Cp/A* couplings is improved with 80% polarized electron beams compared to unpolarized
and —80% polarized beams. However, the Cyy /A% couplings have the best sensitivity with —80% polarized beams. The obtained
sensitivities are compared with the latest experimental results using bar-chart graphics in Figs. 10, 11, 12, and 13 for unpolarized
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Table 3 List of selected cuts for Cuts Definitions
the analysis
Cut-0 Preselection: Ny, ;) >= 2 and neutrino pairs
Cut-1 Transverse momentum and pseudo-rapidity of the leading and sub-leading charged leptons: pET' > 30

GeV, p? > 20 GeV and |nfl|< 2.5, |n©2]< 2.5
Cut-2 pr balance: |E?“'” — peTel/peTe <0.5
Cut-3 Missing energy transverse: E?”'” > 400 GeV
Cut-4 Minimum distance between leptons: AR({1, £2) < 1.5
Cut-5 Invariant mass: |Myy — Mz|< 20 GeV

and polarized beams with different integrated luminosities. Our results show that the most sensitive limits in Egs. (17)—(20) are
approximately 18—140 times better than the experimental limits in Ref. [44].

Our most sensitive limits in Egs. (17)—(20) can be compared to phenomenological studies for the processes pp — ZZ — 4¢
[36] and pp — ZZ — 2£2v [37] in the FCC-hh collider with 100 TeV. Although the FCC-hh collider has very high center-of-mass
energy compared to the CLIC, the obtained limits are 4-8 times more sensitive than Ref. [36]. In addition, when the limits in Ref. [37]
are examined, it is seen that the limits of Cgp, Cpw and Cgy, couplings are better in our paper.

4 Conclusions

The LHC offers exciting possibilities for new discoveries and important insights at high-energy scale. However, itis widely recognized
that linear colliders, with their clean experimental conditions, are the ideal environment for exploring new physics beyond the SM.
The ability to use polarized electron beams in linear colliders enhances the physics program, allowing for precise testing of the SM
and exploring new physics beyond the SM. The CLIC, with its multi-TeV energy and multiple electron polarization options, is a

Fig. 9 Distribution of the 108
; i E
transverse momentum of dilepton I E
pg.e for signal with CEW/A4 =3 4 - =meee ZZ(SM) + ZZ(C%W) [_]Backg.
Tev=, Cpp/A* = 3Tev ™, w 10" g === ZZ(SM) + ZZ(c_ )
S/ =3 T : s ZZ(SM) + ZZ(coe )
ww =3Te an 5
relevant background processes 10 :E e ZZ(SM) + ZZ(CWW)
10° = R TR LTI T T L B
= !'.'.'.'.'.'.'.'.'.'.'.I
TEEEEET S | v TR
10* E gEvEVRTRppppEm TR R '
10° & I
= T
2 L i
1005 oo
10
X :'.!
Lo ; 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
QOO 400 600 800 1000 1200 1400
p! (GeV)
T
Table 4 4Sensitivitias on aNTG4Cs P 0% —80% 80%
Cpp/A", Cpw/A", Ciy /A Couplings (TeV~%) L£=5ab"! L£=4ab~! L£=1ab"!
and Cyw/ A? through the
process e¥e™ — ZZ at CLIC Cpp/A* [—0.0212;0.0218] [—0.0475;0.0465] [—0.0173;0.0221]
Cpw/A* [—0.0514;0.0518] [—0.1276;0.1271] [—0.0455;0.0456]
C]§W/A4 [—0.0226;0.0222] [—0.0263;0.0321] [—0.0129;0.0179]
Cww/A* [—0.0678;0.0702] [—0.0678;0.0683] [—0.1108;0.1110]
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Fig. 10 Comparison of the
experimental limits and obtained
sensitivity on the anomalous
Cpg/ A? coupling for various
luminosities for every polarization
states of electron beam

Fig. 11 Same as Fig. 10 but for
the anomalous Cgy / A? coupling

Fig. 12 Same as Fig. 10 but for
the anomalous Cgy, / A? coupling

Experimental Limit
I
80% - m— 1000 fb™'
500 fo™
- — 100 fb~!
-80%
- m— 4000 b
1000 o™
— — 100 fb~"
Unpolarized Beams - m— 5000 b’
1000 o™
- — 100 fo~!
L 1 il 1 1 L 1 1
-4 -2 0 2 4
Cgg IN*(TeV?)
Experimental Limit
80% - m— 1000 fb™'
500 fo™
- — 100 fb~!
-80%
— m— 4000 b
1000 o™
—— — 100 fb~"
Unpolarized Beams - m— 5000 b’
1000 o™
— — 100 fo~!
L 1 il 1 1 L 1 1
-4 -2 0 2 4
Caw/A*(TeV)
Experimental Limit
80% = m— 1000 fb™'
500 fo™
- — 100 fb~!
-80%
- m— 4000 b
1000 o™
- — 100 fb~"
Unpolarized Beams = m— 5000 b’
1000 o™
- — 100 fo~!
L 1 il 1 1 L 1 1 1
-4 -2 0 2 4
C;,,/N (TeV™)
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Fig. 13 Same as Fig. 10 but for the
anomalous Cyw/ A4 coupling Experimental Limit
80% — = 1000 fb™"
500 fb~"
— — 100 fb~"
-80%
- m— 4000 b~
1000 o™
— — 100 fb~"
Unpolarized Beams - m— 5000 fb~"
1000 fb™'
— — 100 fb~!
I L I 1 I 1 I 1 I 1 I
-4 -2 0 2 4

Caw/A*(Tev™)

particularly promising linear collider for these studies. In this study, we investigate the process e*e™ — ZZ using unpolarized and
polarized beams to search for effects of anomalous ZZZ and Z Zy couplings at the CLIC. To investigate the process ete™ — ZZ at
the CLIC with a center-of-mass energy of 3 TeV, a cut-based method is performed with the detector response using Delphes card.
The final state particles consists of two charged leptons and pair neutrinos coming from Z bosons, and the e~ e — ££vv background
are also analyzed. The results show that the transverse momentum p‘} and pseudo-rapidity n® of the charged leptons, pr balance,
missing energy transverse E rT"i % angular separation A R(£1, £3) and invariant mass of the final state charged leptons My, are the key
parameters in differentiating the signal from the background. After applying the selected cuts, the sensitivities of each anomalous
coupling are obtained via x 2 method using the transverse momentum of the dilepton system at CLIC for unpolarized and polarized
beams with /s=3 TeV. The findings of this study show that the CLIC can improve the sensitivity limits on Cgy,/ A%, Cpp/A*,
Cpw/A* and Cyw/A* parameters defining the aNTGC ZZZ and Z Zy with respect to the experimental limits of LHC.
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