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Neutral triple gauge couplings (nTGCs) first arise from the dimension-8 operators of the Standard Model
effective field theory (SMEFT), rather than the dimension-4 SM Lagrangian and dimension-6 SMEFT
operators, opening up a unique window for probing new physics at the dimension-8 level. In this work, we
formulate the nTGC form factors of ZZV* (V = Z, y) that are compatible with the spontaneous breaking of
the SU(2) ® U(1) electroweak gauge symmetry and consistently match the dimension-8 nTGC operators
in the broken phase. We study the sensitivities for probing both the ZZV* form factors and the
corresponding new physics scales through ZZ production (with visible/invisible fermionic Z decays) at
high energy e e~ colliders including CEPC, FCC-ee, LCF, ILC, and CLIC. In particular, we identify the
dimension-8 operator that contributes to the pure triple Z boson coupling ZZZ* alone, but not the mixed
ZZy* coupling. We further study the correlations between probes of the ZZZ* and ZZy* couplings. Using
machine learning, we show that angular distributions of the final-state fermions can play key roles in
suppressing the SM backgrounds. The sensitivities can be further improved by using polarized e™ beams,
and we find that the optimal sensitivity bounds on the nTGC correlations are given by the mixed setting
including both the unpolarized operation and the follow-up polarized operation. We demonstrate that
machine learning is advantageous for handling the 4-body final states from ZZ decays and improves
significantly the sensitivity reaches of probes of nTGCs in e e~ collisions. We find that n'TGC new physics

scales can be probed up to the multi-TeV scale at the proposed e e~ colliders.

DOI: 10.1103/w9wn-fxkc

I. INTRODUCTION

Studies of neutral triple gauge couplings (nTGCs) open a
unique window on new physics beyond the Standard Model
(BSM), since they are absent both in the Standard Model
(SM) and in the SM effective field theory (SMEFT) [1] at
the dimension-6 level. However, nTGCs are generated by
dimension-8 SMEFT operators, and offer a rare opportunity
to probe directly BSM physics at the dimension-8 level,
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without obscuration by dimension-4 SM contributions and
dimension-6 SMEFT effects.

In a series of works [2—7], we have explored the potential
sensitivities of probes of the nTGCs at eTe™ and pp
colliders through the reaction ff — Zy, and further studied
the UV completion of the nTGCs [8,9]. In the course of
these studies, we have revisited the conventional nTGC form
factor formalism [10,11], which respects only the residual
U(1),,, gauge symmetry of QED. In our formulation of
nTGC form factors we have emphasized [2-4] the impor-
tance of incorporating the full electroweak gauge group
SU(2) ® U(1) of the SM with spontaneous symmetry
breaking. In particular, we have shown that disregarding
the full electroweak gauge group in the conventional nTGC
formalism [10] gives unphysically large predictions for the
nTGC sensitivity bounds that are stronger than the correct
bounds by about two orders of magnitude in the cases of the
LHC probes in initial CMS and ATLAS experimental
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analyses [12,13]. However, the ATLLAS Collaboration [14]
has recently performed a new LHC measurement of nTGCs
by using the consistent nTGC form factor formulas [3,4] and
confirmed our theoretical predictions for the prospective
experimental sensitivities. The lesson is that, although the
contributions of dimension-8 operators to collider processes
generally have higher energy-power dependences than those
of dimension-6 operators [15,16], it is important to ensure
that high-energy behaviors of the dimension-8 contributions
are consistent with the full electroweak gauge group
SU(2) ® U(1) with spontaneous symmetry breaking,
because it can impose nontrivial energy cancellations for
the physical scattering amplitudes that arise from BRST
identities [2-4].

Previous studies have mainly focused on analyses of Zy
production [2—7,17].1 However, these cannot probe the
pure Z boson nTGC ZZZ*. For this purpose, we study in
the present work a different reaction process, ete™ — ZZ
with on shell final-state Z bosons, which can probe ZZZ*
and ZZy* nTGCs. The final-state Z bosons decay domi-
nantly through the charged-fermion channels and invisible
channels,2 7Z = qq.¢¢, v, whose angular distributions can
be used to suppress the SM backgrounds and enhance the
sensitivities of probes of the nTGCs. We demonstrate in
our analysis how the sensitivities of probes of nTGCs can
be significantly enhanced by using machine learning to
optimize the discriminatory power of the 4-body final states
from ZZ decays. We show that using polarized electron and
positron (eT) beams can further increase the sensitivity
reaches of probes of nTGCs. Moreover, we find that the
optimal sensitivity bounds on the nTGC correlations are
given by the mixed setting including both the unpolarized
operation of e~e™ collisions and the follow-up polarized
operation.

This paper is organized as follows. In Sec. II A we analyze
how the n'TGC couplings arise from dimension-8 SMEFT
operators, and establish a consistent formulation of the
nTGC form factors that incorporates the full electroweak
gauge group SU(2) ® U(1) with spontaneous symmetry
breaking. Then, in Sec. IIB we derive the unitarity

'In passing, we note that a recent preprint [18] studied ZZ
production at e*e™ colliders, but differs substantially from our
work. It did not study the ZZZ* coupling because it considered
only the four operators Oy, Opy. Oy, Opp that do not
contribute to the ZZZ* vertex, as shown in our Table 1. Moreover,
the operators Oy, and Opp have zero contribution to the ZZy*
vertex as well, whereas Opy; gives the same ZZy* contribution as
Opgw (up to a trivial overall minus sign as shown in our Table I).
Hence, Ref. [18] effectively studied only the ZZy* coupling
generated by Oy, and could not study any correlations between
different nTGCs as we do. Finally, it did not study the probe of
any related nTGC form factors, which is a major subject of our
work.

We note that at e "¢~ colliders, in contrast to pp colliders, it is
possible to make a kinematic selection of invisible decays of on shell
Z bosons (Z — vp) in the mixed final states ZZ — ££/qq + vb.

constraints on nTGCs that are significantly weaker than
the sensitivity reaches for probes of the nTGCs at high-
energy e™ e~ colliders, as we show later. In Sec. Il we derive
the SM and nTGC contributions to the scattering amplitudes
and cross sections for ZZ production channels, and analyze
the differences between their angular distributions.
Section IV demonstrates how these may be used to probe
ZZ7* and ZZy* nTGCs at high-energy e e~ colliders. We
analyze the visible fermionic decay channels Z — #7, ¢g in
Sec. IVA and the invisible decay channels Z — vb in
Sec. IV B. We apply machine learning algorithms to enhance
sensitivity reaches of probes of nTGCs in Sec. IV C. Then,
we analyze the improved sensitivities with polarized elec-
tron/positron beams in Sec. IV D. We analyze correlations
between the nTGC parameters in Sec. IV E. Comparisons
with the previous analyses of probes of the nTGCs via the Zy
production channel are presented in Sec. IV F. Finally, we
conclude in Sec. V.

II. ZZV* COUPLINGS FROM OPERATORS
AND FORM FACTORS

We present the formulation of the nTGC couplings of
ZZV* in terms of the gauge-invariant dimension-8 effective
operators and the corresponding form factors in Sec. Il A.
Then, we analyze the unitarity constraints on the nTGCs in
Sec. II B. We will show that these unitarity bounds are
much weaker than our collider constraints, and thus do not
affect our collider analyses in the next section.

A. nTGC operators and form factors
for ZZV* couplings

In previous papers [6,7] we studied possible probes of
nTGCs via on shell Zy production. In this section, we will
analyze the nTGC contributions to the production process
e~et — ZZ through the vertices ZZV* (with V = Z, y).
We work in the general framework of the SMEFT, in which
nTGCs are first generated by dimension-8 operators [11].
The general dimension-8 SMEFT Lagrangian can be
written as

where the dimensionless coefficients ¢; may be O(1), with
signs sign(c;) = . We define the corresponding cutoff
scale A; =A/|c;|'/* and introduce the shorthand nota-
tion [A}] = sign(c;)A].

A CP-conserving ZZV* vertex can be parametrized as
follows [11]:
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PR e(qZ _Mz)
leré/;”v*(fh 2 G2, q3) = %fgdmﬂp(% = 42),,
z
(2.2)

and a CP-conserving ZyV* vertex can be parametrized as
follows [4]:

ing%* (9192 q3)

e(q% -M %/) 1% hz‘t/ 2
Y "o ) e

hV
+7 q‘%qayngeﬁ”w} : (2.3)
VA

The ZZV* nTGC vertices can arise only from dimension-8
operators with two SM Higgs-doublet fields. As shown in
Ref. [8], we note that there are seven independent
CP-conserving nTGC operators of dimension-8 with two
SM Higgs-doublet fields after taking into account the
equivalence relations arising from integration by parts. We
choose the following operator basis for our nTGC analysis:

Oy =iH'W,W*{D,,D*}H + H.c., (2.4a)
O,y = H'W,,(D,W*”)D"H + H.c., (2.4b)
Opp =iH'B,,B*{D,,D*}H + H.c., (2.4¢)
0, =iH'B,,(D,B”)D"H + H.c., (2.4d)
Opy = iH'B,,W*{D,,D*}H + H.c., (2.4e)
O, = iH'B,,(D,W*)D"H + H.c., (2.4f)
Oyp = iH'W,,B*{D,,D"}H + H.c., (2.4¢)

where H denotes the SM Higgs doublet and we define the
dual field strengths B,, = €,,,3B" and W,, = €,,,sW?,
where W, = W, ”—; and ¢“ denotes the Pauli matrices. The
above operators are all Hermitian and their Wilson coeffi-
cients cjare assumed to be real, so that they conserve CP. As
discussed in the text below Eq. (2.8) of Ref. [8], the operators

of Eq. (2.4) are linear combinations of the operators oY)

W2¢2D2’

(17) (14) (15) (18) (10)
OWZ(/)ZDZ, OWB(/)ZDZ’ OWB(/)ZDZ’ OWB(/)ZDZ’ OBz{/)zDz, and
(’)21222 D that are listed in Ref. [19] (cf. its Table 2) for the

dimension-8 SMEFT analysis, up to non-nTGC terms. These
operators are not given in the basis of Refs. [20,21], but they
can be derived from operators of the type (D¢)>F? [20,21]
via integration by parts.

The contributions of the operators (2.4) to ZZZ* and
ZZy* vertices are summarized in Table I, where (H°) =
v/v/2 denotes the SM Higgs vacuum expectation value,

0w 1is the weak mixing angle, and we use the nota-
tions (sy, cy) = (sin By, cos Oy, ).

We see that the operators Oy, and Opyy, both contribute
to the ZZy* coupling, but do not contribute to the ZZZ*
coupling. Moreover, their contributions to the ZZy* cou-
pling differ only by an overall minus sign, so we need only
consider the operator Oy, for our study of the ZZy* nTGC.
In summary, we have four remaining relevant operators
((’)’WW, (’);~9 2 Osw> O}aw)’ among which Ojy, contributes to
the ZZy* coupling alone and the other three operators
contribute to both the ZZZ* and ZZy* couplings.

We note in Table I that three dimension-8 operators
(O/VVW’ O%p O/BW) contribute to the ZZZ* vertex, as
follows:

1

4tan Oy (A5 ]

tan Oy, 1
w1 ) s

In order to study the ZZZ* and ZZy* couplings sepa-
rately, we can construct an operator that contributes to the
ZZ7ZZ* coupling alone,

1
032 = O/WW + ZO%B, (26)
which yields the following ZZZ* coupling:
e’ 2\( 1P _ P
dsycy (P3 = MZ)(PY — P2)eapup- (2.7)

Its contribution to the ZZZ* form factor fZ is as follows:

_ vMj
4SWCW[A§Z]

5 (2.8)

We also see in Table I that there are four dimension-8
operators (O/WW’O;}B’OI?W’ Q%W) that contribute to the
ZZy* vertex, whose contributions to the ZZy* form factor
are as follows:

1 1 1 tan Oy,
15 =v*M3 + + + :
5 N4 AR 2syew[AL, ] 2[A% ]
(2.9)

Among the above four operators, the operator Oy, con-
tributes to the form factor f% only, but not to f%. This is in
contrast with the operator (J5,, which contributes to the form
factor fZ only, instead of f%. As discussed in Ref. [4], the
operator Oy, also contributes to the ZyZ* vertex, and the
corresponding form factor 4% is given as follows:

v
z v M7

37 ZSWCW[A4

i (2.10)
BW
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TABLE I. Summary of contributions by the relevant CP-conserving dimension-8 operators to the nTGC vertices
ZZZ" and ZZy*.

Operators 7277 ZZy*

Oww 0 0

O T (P3 = M) (P} = PY)eapup < (D) = P5)eapup
Osp 0 0

Oy ev? tan Oy (p3 = M2) (P = P5)eapup —ev’ p3(PY = P5)€appp
Opw 0 _%Pg(lfl) = P5)€apup
Oy <4 (P} = M3)(P] = P3)eapuy <4 tan Oy 3 (P} = P5)€app
O 0 72— PPN = P3)eapup

Inspecting Egs. (2.9) and (2.10), we deduce the following
relation:

fL=hn%,  (for Ozy). (2.11)

As seen in Eq. (2.4), spontaneous electroweak symmetry
breaking (EWSB) and the Higgs vacuum expectation value
(VEV) are essential for generating ZZV* couplings. We
also note that these vertices could only generate on shell
Z pairs with one Z polarized transversely and the other

2

Z polarized longitudinally, since the kinematic structure with
the antisymmetric Levi-Civita tensor causes the production
of Z pairs with the same polarizations to vanish. Due to the
antisymmetric structure, the pure gauge operators O that
we introduced in Ref. [6] make vanishing contributions to
the ZZV* couplings.

Working in the electroweak broken phase of the SM in
which SU(2),, ® U(1), — U(1),,,, we expand the oper-
ators (2.4) and derive the relevant neutral triple gauge
vertices (nNTGVs) as follows:

Oww — —% (S%VAWAW + chWAWZ"/’ + chWZﬂ,,A"/’ + C%VZWZ”/)>(6”Z/, +0,2"), (2.12a)
wew
Oy = — Sswcn Z+(s%A,,0,A” + syewA,,0,Z% + syewZ,,0,A” + ¢%,2,,0,Z). (2.12b)
eUZ 2 A vp A vp 7 vp 2 7 vp
Opp — T (—cWA,wA + swewALZY + swew 2, AP — sy 2,2 )(6”2/, + 6,,2”), (2.12¢)
wew
/ eUZ w( 2 A vp A vp 7 vp 2 7 vp
Oy = _2SWCWZ (A W0,AY = sywewA, 0,2 — syewZ,,0,A" + s3,2,,0,Z"), (2.12d)
eUZ A vp 2 A Up 2 7 vp 7 vp U
Oy — Tsmcn (chWAﬂDA + A2 — sy l, AP — syewZ, Z )(aﬂz,, +0,2 ), (2.12e)
/ 61]2 u A vp 2 A vp 2 7 vp 7 vp
Osw 4SWCWZ (swewA,,0,A" + c¢iyA,,0,2 — s3,2,,0,A" — sycwZ,,0,Z"), (2.12f)
ev? ~ - - -
Opw — _4SWCW (—chWAm,A”/’ + s%VAWZ”f’ — c%VZWA”/’ + chWZWZ”f’)(()”Z/, + a,,Z”). (2.12g)

Combining the above contributions to the nTGC vertices, we can derive the general Lorentz structures for the ZZV* vertices
with the form factors (f%, f%) in coordinate space that respect the residual gauge symmetry U(1),,, of QED,

e
M

E:

~ ~ e =
fg(c%VAWZ”/’ - s%VZWA””)(O”Zp +0,7") - Mng”ZWOPZW’.

(2.13)
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TABLE II.  Unitarity bounds on the new physics scales Agy
and A3y (in GeV) of the dimension-8 nTGC operators and on the
nTGC form factors f% and f%.

Vs (TeV) 0.25 0.5 1 3 5
Agy (GeV) 48.8 82 138 314 461
Asz (GeV) 36.6 61.6 104 236 347
[ /%] 106 13.2 1.65 0.061 0.013
|72 166 20.7 2.59 0.096 0.021

B. Unitarity constraints on the CPC nTGCs

In this section we analyze the perturbative unitarity con-
straints on the CPC nTGCs from the process e~ et — ZZ,
finding that these constraints are much weaker than the
sensitivity reaches of the collider analysis presented in the
following section.

We make a partial-wave expansion of the nTGC con-
tributions to the scattering amplitude of e~et — ZZ as
follows [22]:

V=1 11 $87.47, Az
a; = / d(cos )d’, (cosO)T 15", (2.14)

32 —1

where the differences between initial-state and final-state
helicities are given by v =s;—s7 and v/ =1z — 1z,
respectively. We note that it is sufficient to treat the
initial-state electrons/positrons as massless, so we have
Sp = —Sp, leading to v = £1. This implies that the J =1
partial wave makes the leading contribution. The relevant
Wigner d functions [23] are given by

1

1
dlo==75  dla=3(%c0s0), (215
and the relation )  =d’ _  holds in general.
100} —r
— fsl
10f
1.
0.10F
ook @ . . . 4
1 2 3 4 5

E (TeV)

For the process e;ep — ZZ, we compute the leading

S . . 7z, A
contribution to the scattering amplitude TszséCZ‘ 2

follows:

Vv o232
TLR _ crfses?

=4 LI "7 sin2—,cosz—>,
® \/ECWSWM% < 2 2

and the corresponding leading p-wave amplitude a; is
given by

(2.16)

VeV ,23
crfses?

—_—. 2.17
48\/§ﬂCWSWM% ( )

he(ay)] =]

The partial-wave unitarity condition is |Re(a;)| < 1, where
we have included a factor of 2 as the final-state ZZ are
identical particles [22]. Thus, we derive the following
unitarity bound on the leading contributions to the nTGC
form factor:

48\/§ﬂchWM%

V,223

751 < ;
cje-s?

(2.18)

Analogously, for the process ege; — ZZ, we derive the
following unitarity bound:

48\/§7TCWs‘)VM%

V,223

751 < ;
cpe”s?

, (2.19)

which can be obtained from the unitarity bound (2.18) by
the replacement ¢} <> c. using these results we derive the
following unitarity bounds on the nTGC form factors f%

and f%:

48V 27M3,

3
els:

96+ 27cy sywM3,
(1 —2s3)s7

1£51 < . Al < (2.20)

0.35

1 2 3 4 5
E (TeV)

FIG. 1. Unitarity bounds on the n"TGC form factors f° g and f° g in plot (a) and on the new physics scales Az}, and As in plot (b). These
bounds are derived from the p-wave amplitudes for the reaction e~e®™ — ZZ. The region below (above) each curve is allowed in plot (a)

[in plot (b)].
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Since the nTGC form factors f% and f% are connected
to the new physics cutoff scales Apy and Aj, of the
corresponding dimension-8 nTGC operators as shown in
Egs. (2.9) and (2.8), we derive the following unitarity
bounds on Apy, and Ajy:

N e?v?s3/?
B 96\ 2xsycwM,

253/2(1 — ZS%V)

N3z > .
¥ \/ 3842753, 3y M,

We present the unitarity bounds (2.20) and (2.21) for the
reaction e"et — ZZ in Table II, for the representative
ete™ collider energies /s = (0.25,0.5,1,3,5) TeV. We
further present in Fig. 1 the unitarity bounds on the nTGC
form factors and on the new physics scales of the nTGC
operators as functions of the e*e™ collision energy /s =
(0.25,0.5,1,3,5) TeV for the reaction e"e™ — ZZ. The
unitarity bounds on the nTGC form factors f% and fg are
shown in plot (a), and in plot (b) we display the unitarity
bounds on the new physics scales Ay, and Azy. The region
below (above) each curve is allowed in plot (a) [in plot (b)].
We find that these unitarity bounds on the nTGC form
factor (f%, f£) and on the new physics scales (Agy. Asz)
are much weaker than our collider constraints, and hence
do not affect our collider analyses in the next section.

(2.21)

III. SCATTERING AMPLITUDES, CROSS
SECTIONS AND ANGULAR DISTRIBUTIONS

In this section we study the reaction e”e™ — ZZ includ-
ing contributions from both the SM and the nTGCs. For this
purpose, we compute helicity amplitudes and cross sections,
and analyze the angular distributions of its final states.

As shown in Fig. 2, the SM contributions to the
reaction e”e” — ZZ are given by the #-channel and
u-channel fermion-exchange diagrams, whereas the
nTGC vertex ZZV* contributes via s-channel diagrams
mediated by a virtual Z or y. We first derive the SM
contributions to the scattering amplitudes of the reaction

e~ (p1)e(p2) = Z(p3)Z(ps)s

T = 3(p2)s6500) PP et (pa)u(p)

(P1—Pa)
+ 2P0 (p3) = ——="Thel (pa)u(p1). - (3.1)
where we have defined the Mandelstam variables,

s=(p1+p2)% t=(p1—p3)’ and u=(p; — ps)*. In
the above the vertex function I is defined as follows:

I —

r(cEP + ciPp), (3.2)

Swlw

V*

(a) (b) (©)

FIG. 2. Feynman diagrams that contribute to the reaction
e~et — ZZ. Plot (a) shows the signal process containing the
nTGC vertices ZZV*, and plots (b) and (c) show the leading SM
background contributions.

where P, p =
(=3 -+ 8. 5%) denote the (left, right)-handed gauge cou-
plings of the electron to the Z boson, respectively.

Next we compute the new physics amplitudes contrib-
uted by the nTGCs for the reaction e (p;)et(p,) —

Z(p3)Z(pa)s

_ 1Fys
52 are projection operators, and (c7, c%) =

_ _g affy
T = v(pz)Fvu(m) Y lerz/;v*ea(p3)€ﬁ(p4)

\%4
_ —€9u
= 0(p)Tyu(p:) M%"
X f5€*P(p3 = pa),ea(p3)es(pa), (3.3)

where we define the vertex functions Iy, (V =y, Z) as
follows:

Iy = r*(c[Pp + cxPg). (3.4a)
Swlw
Y Y z 1 2 z 2
Ccp = Cp = —SyCy, cr = —5 + Sy CR = Sw
(3.4b)

where ¢} and c) arise from the left-handed and right-
handed gauge couplings of electrons to the gauge bosons
V = Z, y, respectively.

For the reaction e~ (p;)e™ (p2) = Z(p3)Z(p4), we para-
metrize the external momenta as follows:

s s
plz\/T_(l,O,O,l), Pzz\/?_

p3 = (%E,qsinH,O,qcosé’),

(1707 09 _1)7

P4 = (%E,—qsiné’,o, —q0059>, (3'5)

where ¢ = /5 — M?Z is the magnitude of each Z boson’s

momentum and 6 is the scattering angle between the
directions of the incident e~ (p;) and the outgoing Z(p3).
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In order to characterize the final state Z boson pair Z(p3,4)Z(p4,A’) with its nine helicity combinations, we define a
3 x 3 matrix amplitude 7 whose ith row and jth column element is defined as 7 (i, j) = 7 (A + 2,4’ + 2). We derive the

following SM contributions to the scattering amplitudes:

2,.22
2e“ct

TLR —
M 52,0, (AMY, — 4sin’OM%s + s2sin6)

—sM?% sin 26
x | V2sM, (ssin26 — 4M>2cos? g)
2s(s — 2M?%) sin fcos* §

for the process ejej — ZZ, and

2e%c%?
53,3 (4M%, — 4ssin0M2 + s2sin®0)

TRL _
sm
—sM2 sin 26
x | V2sM, (ssin29 — 4M%sin? g)

—25(s — 2M?%) sin @sin* §

for the process ege; — ZZ.

As mentioned above, the ZZV* coupling only contrib-
utes to the helicity amplitude for e“e™ — ZZ with one
longitudinally-polarized Z boson and one transversely-
polarized Z boson,

0 sin*§ 0
TLR — cLf3€V/5(s = 4M3) cos?? 0 —sin?? |,
@®) 2wy, 2 2
0 —cos?? 0
(3.8a)
0 —cos?? 0
Vv 2 —4M> 2
’T&L) — R 5\2\/§(s e 2) —sin?§ 0 cos?d
cws
R 0 sin2¢ 0
(3.8b)

Making a high-energy expansion, we deduce the high-
energy behaviors of the helicity amplitudes from the
contributions of the SM and the nTGCs, respectively,

o(f) oft) o
T, = 0(%) o(ﬂg—?) 0(%) , (3.92)
o oft) off)

V2sM, (ssinzﬁ — 4M2sin® g)
2sM? sin 20

—V/2sM, (ssin26’ — 4M%cos? g)

V2sM, <ssin20 — 4M2%cos? g)
2sM% sin 20

—V2sMy (ssin29 — 4M2sin? g)

—2s(s — 2M%) sin fsin* §
—V2sM, (ssin29 — 4M2sin’ g) . (3.6)

—sM?% sin 20

25(s — 2M%) sin Gcos?
—V2sM, (ssin2¢9 — 4M2%cos? g) . (3.7)

—sM?% sin 20

o o) o

where we denote the energy scale E = /s.

We see from Eq. (3.9) that the SM amplitude with the
final' states Z L.ZT woqld behav'e like 7, (Z,Z7) = 0(%)
at high energies. This behavior can be understood via
the electroweak equivalence theorem (ET) that connects the
scattering amplitude of longitudinal gauge bosons to the
scattering amplitude of the corresponding Goldstone
bosons [24]. For the current scattering process we have
the following ET relation:

TZ,,Z7) = T[-ia° Z;) + Blv, Z;],  (3.10)
where 7° denotes the neutral Goldstone boson that is
converted to the longitudinal mode Z; via the Higgs
mechanism [25]. In Eq. (3.10), the B term is defined
as B=T[v,Zr], with v=0,Z" and V" =¢€] — €=
O(M4/E). Since the initial-state fermion masses are
negligible, the SM contributions contain only the 7- and
u-channel exchanges. Thus we can deduce,

M
Tsm [”0» ZT] = 09 Tsm [ZLv ZT] ~B=0 <\/§) s

(3.11)
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which explains the high-energy behavior of 7,,[Z; Z]. fermions can be ignored. Hence, for the ET identity (3.12),
Moreover, Eq. (3.9) shows that 7,,[Z, Z;] = O(M%/E?*).  we deduce the following:
This is because the ET gives

T(Z,,Z;] = BILL] = T [-iz° v] + T [v, =iz"] + T [v, v]

=T[v,v] = 0<M—%>. (3.13)

E2

T(Z,.Z;) = -T[z° 2" + B[LL], (3.12)

where 7 [z, z°] =0 holds because the initial-state fer-
mions et have very small masses, so that the Yukawa  We can then compute the SM contributions to amplitude-

couplings between the Higgs boson (Goldstone boson) and ~ squared as follows:
|

e*s(c? + cEH[16MS(1 + cos? 0) — 4(3 — 7 cos? O + 4s cos* O) M|
chysty (M3, — 4s sin? OM% + 52 sin® 6)?
e*s(c?* + c%*)[85% sin® @ cos? M2 + s3(cos* 6 — 1)]
- chW(4M4 45 sin> M2 + 52 sin? 0)?

T onl*[22] =

, (3.14)

where we average over the spins of the initial-state fermions and sum over the helicity combinations of the final states. The
squared scattering amplitudes for the SM contributions to the final states Z; Z; and Z;Z,; take the following form:

2e*sM>%(c?* + ) [4(1 + cos? O)M?%, — 4s sin? OM2 + s? sin* 0]

Tonl*lZ.27) =
T snl*[Z1.Z7] Cévs‘v‘v(4M‘é—4s sin? OM2 + 5% sin” )2

(3.15)

We have verified that our above formulas (3.14) and (3.15) agree with the literature [11]. We can further derive the SM
contributions to the squared amplitudes for the final states Z; Z; and Z;Zr,

ts2M (£t + ) sin? 20

Tol*Z2.Z,) = .
Tanl2021] WSty (4M%, — 45 sin> OM2 + 52 sin 0)?

(3.16a)

e*s(cf* + &) [4(1 + 2 cos? )M — 4s(1 + cos? O)M% + s*(1 + cos® 0)] sin* @

T onlP1ZrZ7]) =
T sn*(Zr21] 8¢t 54 (4M% — 4ssin? OM> + 5> sin’ )2

(3.16b)

As we have discussed earlier, the new physics of ZZV* nTGCs contribute only to the reaction e (p;)et(p,) —
Z(p3)Z(p4) with the final states Z;Z; and Z;Z;. Computing the interference between the contributions from the
dimension-8 nTGC operator and from the SM, we find the following form:

2se*fY(c) c?? — chck?)(4M% — 5)[2M%(1 + cos?0) — ssin’0)]
cysyyMZ(4M%, — 4ssin?0M2 + s2sin%0) '

nge(Tng* )[ZLZT] —

s (3.17)

This interference term is of O(A™*). We can further compute the squared amplitude of O(A~%) from the dimension-8 nTGC
contributions as follows:

e*sfY2(c)? + ck?) (s — 4M%)*(3 + cos 20)
4s%,chMS ’

T ) *12.Z7) = (3.18)

According to the energy power counting results (3.9), we can infer the leading high-energy behavior of each contribution to
the squared amplitude |7 |2,

|,Z'sm|2 ~ EO’ ZTsm ()“’?'/)T?g)(/lll) ~ Ez’ |T(8) |2 ~ E6' (319)
i

However, we recall that the Z boson is unstable and decays inside the detector. The intermediate-state Z bosons with
different polarizations interfere, and the leading high-energy dependence of 7,7 2‘8) is £3. We need to analyze the angular
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distributions of final-state particles from Z boson decays to obtain information about the interference of different Z
polarizations, which is discussed in the following section.
Using these results, we derive the total cross section of the reaction e"e™ — ZZ as follows:

e*(c%* + &%) [—2sﬁ(s —2M2) + (4M3 + 5?%) ln—i(Hﬂ)_ZM%]

o (I-p)—2M2,
B 167cly st (s —2M2%)s?

et fY(c]cf* = cpek?) [s(s +2M2%)p + 4M%(s — M%)arcoth <2Mﬂ—%_3)} AFY2cY? 4 P2 s

_|_
167c3,53,M% s> 1927cy, s3,M5,

, (3.20)

where 8 = p,/E; = \/1 —4M%/s and the symbol “arcoth” denotes the inverse function of the hyperbolic tangent
function coth. In the high-energy limit, we can deduce the following behaviors for each contribution to the total cross

section:
sOM2 2 M2
o=0(s")+ 0< A4Z> + 0( ASZ>.

(3.21)

We see that the SM contribution scales as s~! and decreases with energy, whereas the interference term scales as s°/A* and
thus is insensitive to the energy. Finally, the last contribution (arising from the squared amplitude) scales as s*>/A® and
increases with energy rapidly.

For the current analysis, we define the following normalized angular distribution functions:

=—= (3.22)

where o; (with j = 0, 1, 2) represents the SM contribution (), the O(A~*) contribution (5,), and the O(A~®) contribution
(65). Then, we compute the angular distribution functions as follows:

s?B(2M% — 5){192M% — 325M%, — 85> M% + 55° — sp*[4 cos 20(s + 2M%)? + s> cos 40] } sin O

P . (3.23)
16 [ZSﬂ(s —OM2) + (s® + 4M%) In %} (4M% + 2 Psin?0)?
z
303 M2 _ 2M2 2 :
i — sSpeM; — s+ (s + Z)ZA(;)E 0] sin 0 ’ (3.23b)
4 [sﬁ(s +2M3) + 4M3(s — M)arcoth 2 } (4M% + s*f2sin’6)
2 3 :
fo= T3 (3 4 cos20) sin 6. (3.23¢)

We see in Fig. 4 that the SM distribution is concentrated
around the forward and backward scattering regions with 6
close to 0° or 180°. This feature is particularly clear for
large collision energies /s > M. It also shows that the
interference distributions of O(A™*) have negative sign in
the small sin @ region, namely, when the scattering angle 6
obeys the condition |sin@| < 2M /(s + 2M2%)!/2.

k, = k(1,—sin@, cos ¢, —sin, sin ¢,, —cos b,),
(3.24b)

where k = %M 7 holds since we treat the final-state fermions
as effectively massless. Here the positive direction Z,, in the
Z rest frame is chosen to be the Z moving direction in

Next, we further incorporate the fermionic decays of the
final states ZZ. We first consider Z decay in its rest frame,
Z(q1) = f(k{)f(k,), and express the momenta of the final-
state fermions as follows:

k; = k(1,sin0, cos ¢,, sinb, sinp,,cosb,), (3.24a)

the laboratory frame, and 6, denotes the angle between the
positive direction Z, and the fermion f direction of motion in
the Z rest frame. We define ¢, as the angle between the
e”e™ scattering plane and the Z-decay plane in the e”e™
center-of-mass frame. Similarly, we can express the kin-
ematics of the other Z decay in terms of the angular variables
0, and ¢,,. This kinematic structure is illustrated in Fig. 3.
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FIG. 3.
Then, we express the helicity amplitude for the reaction
e~et = ZZ = f.fufufs as follows:

_ ezM%DZ(ql)DZ(Q2)
ZS%VC%V

1
Z eIt T AN
A ==1

< {(1=8))[f4(1 = Acos0,) — f4(1 + Acos6,)

+ V260 sin 0, (f% + f4)}

< {(1=80)[f4(1 = ¥ cosB,) — f2(1 + X cos6,)]

+ V269 sin 6, (£ + f2)}, (3.25)

where D, is the propagator of the Z boson, and

(Fob, faby = (fLéoy_%,fRﬁm%) denote the gauge couplings
|

T

Kinematic structure of the reaction e~e* — ZZ followed by the fermionic decays Z — ff, in the e~e* collision frame.

of the fermions a and b with helicity o. In the above, the
gauge couplings (f;, fr) = (T3 — Qs3,, —Qs%,) denote the
gauge couplings of the (left, right)-handed fermions. In
Eq. (3.25), T,y [A4'] represents the on shell helicity ampli-
tude of the scattering process e"e™ — ZZ,

T[] = TH0N) + T35 A4, (3.26)

which include the contributions from both the SM and the
dimension-8 nTGC operators.
Next, we derive the following normalized angular dis-

tributions fé, = %Ef" as functions of the angle 6,:
a J a

o _ 3sind,(s — 2M7)[3s — 10M3 + (s + 2M7) cos 20,

011

168 {s(s —2M2)f + (5% + 4M%)arcoth Mﬁi_s}

+

65in0,[(1 +c0s0,)(s* — 4s>M% + 4sM + 8MS) — 32MSarcoth 24~ 5270
Zla
2M%—s ’
164°s [s(s —2M7)p + (s> + 4M7)arcoth =7 }
(3.27b)

3
fo, =15 = 3—25in6a(5 —co0s26,),

1 do;

and the following normalized angular distributions f{’; = with respect to the angle ¢,:
a J a
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o _ L 3ay/spMf2 (i = c§*) cos g,
K 8f2 (c#* + c%%) [s(s —2M2%)B + (s* + 4M7%)arcoth

2M%—s
ps

2 2 2 M7=
M7 (s —2M3) [sﬂ + (s — 2M3z)arcoth =5 } cos 2¢, (3.282)
_ , .28a
22 [s(s — M) + (5> + 4M%)arcoth Mfés‘s}
poot 3ap f22(3s — 8M3) () cf? + chef?) cos b,
7 2n 256M 5 f% (c) %% — chck?) [s(s +2M2)B + 4M% (s — M%)arcoth 2]‘%—1
[s(s — 2M2%)p + 4M%arcoth 211;%—.;} cos2¢,
_ : , (3.28b)
87 [s(s +2M2%)B + 4M%(s — M2 )arcoth 2]‘%‘,_?
1 cos2¢,
[30 =5 Ten (3.28¢)

[
where we have defined notations f2 = f7 + f%, with  Eq.(3.27b). In general, the angular distributions féﬂ depend
(frfr) = (T3 - QS%V’ —QS%V) denoting gauge couplings on the ZZ helicity combinations (TT, TL, LL). However,
of the (left, right)-handed fermions in the final states. The  we see in Eq. (3.8) that T, 7%, and |7 s both contain

. vV v . sm~ (8) (8)
other notations (c; , cg) denote the gauge couplings of the
(left, right)-handed e™ with the SM gauge boson V(= Z, ) 5 h
as defined in Eq. (3.4b). We note that fj = f; in f5, are the same.

only the (TL) combination, hence the distributions f' éﬂ and

(250GeV) (500GeV)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
] 15[
(1TeV) (d) @3TeV) — SM
A4
ol A8
=
st i
0 L _________ _J 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0

FIG. 4. Normalized angular distributions in the polar scattering angle @ for different collider energies, /s = (0.25,0.5, 1, 3) TeV, are
shown in plots (a)—(d) respectively. In each plot, the black, red and blue curves denote the contributions from the SM, the O(A™*) term,
and the O(A™3) term, respectively. The e* e~ collision energy chosen for each plot is shown in the parentheses, such as (250 GeV),
(500 GeV), and so on.
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Using the above analytical formulas, we present numeri-
cal results for the normalized angular distribution functions
of 0, 8,, and ¢, in Figs. 4-6 respectively. In each figure, the
four plots have input different collision energies,
Vs =(0.25,0.5, 1, 3) TeV, corresponding to the expected
collision energies of the CEPC, FCC-ee, ILC, and its
possible energy upgrades, and the design energy of CLIC.
In Figs. 4 and 5 we use black, red and blue curves to denote
the contributions from the SM, the O(A™*) interference,
and the O(A™8) term, respectively. In Fig. 6, we use black,
red, green, and blue curves to denote the contributions from
the SM, the O(A™*) interference with y*, the O(A™)
interference with Z*, and the O(A~%) term, respectively. We
find that the distributions with respect to 6, and ¢, are
similar to the corresponding distributions for the Zy final
states given in [6,7]. The SM and pure dimension-8
distributions in ¢, are rather flat, whereas the O(A™*)
interference terms are dominated by cosine functions.

It is of interest to examine the high-energy behaviors of
the angular distribution functions. In the case of the angular
distribution respect to the scattering angle 6, the distribution
from the SM, namely f9, increases rapidly with collision
energy in the small sin@ region, whereas the distribution
from the O(A“‘) interference term, f é, decreases with

(250GeV)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

a

(1TeV)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

00

energy and the distribution from the pure O(A~8) dimen-
sion-8 term, fg, is rather flat. For all the functions féa, the
coefficients of all trigonometric functions approach con-
stants in the high-energy limit s > M2. This is why Fig. 5
shows that the distributions in 6, are not sensitive to the
collision energy +/s, as we vary the collision energy over
the range /s = (0.25,0.5,1,3) TeV in the four plots. In
the high-energy limit s > M2 we can derive the following
angular distributions with respect to the angle ¢,:

1
[ (3.292)
L Ol eI~ )V Teosd
¢ 2 256(cy cf? — chef?) (f1 + fR)My
2
_ CO; Pa. (3.29b)
n
1 cos2¢
2 . _ "~ ra
f¢a =5 TR (3.29¢)

From the above formulas, we see that the angular function
5, approaches the constant term 5 for s > M7. We see in
Eq. (3.28¢) or Eq. (3.29¢) that the value of the angular

(®)

(500GeV)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

a

(3TeV)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

a

FIG. 5. Normalized angular distribution in the polar angle 6, in the Z decay frame for different collider energies,
Vs =(0.25,0.5,1,3) TeV, as shown in plots (a)—(d), respectively. In each plot, the black, red and blue curves denote the contributions
from the SM, the O(A~*) interference, and the O(A™®) term, respectively, where the red and blue curves exactly overlap. The e*e”
collision energy chosen for each plot is shown in the parentheses, such as (250 GeV), (500 GeV), and so on.
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' —"sM ' — M
4 -
(a) (b)
—— A~* with »* 4 —— A4 withy
.k —— A~ with Z*] —— A4 with Z
...... A8 2r weeeee AB
3 0 ¥ s = S 0
-2} -2
d (250GeV) -4r (500GeV)
0 1 2 3 4 5 6 0 1 2 3 4 5 6
ba ba
' —'sm —sm
(©) (d) ]
4 20 4.
— A™* with y* — A™* with y*
5r —— A~* with Z*] —— A~ with Z*
...... A8 10 weeeen A8 ]
RSN W oo
—10f
-5F
(1TeV) =20f (3TeV)
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Pa

Pa

FIG. 6. Normalized angular distributions in the azimuthal angle ¢, of down-type quarks for different collider energies,
/s =(0.25,0.5,1,3) TeV, are shown in plots (a)-(d), respectively. In each plot, the black, red, green and blue curves denote the
contributions from the SM, the O(A~*) interference with y*, the O(A™*) interference with Z*, and the O(A~®) term, respectively, where
the blue and black curves nearly overlap. The e e~ collision energy chosen for each plot is shown in the parentheses, such as (250 GeV),

(500 GeV), and so on.

function f (2/) fluctuates around i with a magnitude of only

T6z> Which is why in Fig. 6 the angular functions f7, and f7

(shown as the black and blue curves) appear fairly flat and
largely overlap with each other. In contrast, for the case of
the angular function f (}, the coefficient of cos¢, is

enhanced by an energy factor \/s/M,, and can be much
larger than the constant term.

IV. PROBING ZZV* COUPLINGS
AT e*e~ COLLIDERS

In this section we analyze systematically the capabilities
of ZZ production in e™ e~ collisions followed by fermionic
decays. We derive the nTGC signal sensitivity using the
differential angular distributions of the cross section with
respect to all angles (0,6,,¢,,0,,¢,) for the case of
Z bosons decaying to either leptons or quarks in
Sec. IVA. Then, in Sec. IV B, we integrate over the angles
0, and ¢,, which may be regarded as decay angles of Z
bosons to neutrinos, thereby incorporating the neutrino decay
channel of Z bosons. After this, we demonstrate in Secs. IV C
and IV D that the signal sensitivity can be significantly
enhanced through the implementation of machine learning

and the use of polarized e¥ beams. Finally, in Sec. IV E we
compare our results with those obtained in previous studies
that considered the Zy final state.

A. Analyzing ZZ production via
leptonic/hadronic channels

For the present analysis, we define the observables,

®j50'j/d§2|f£2, (4.1)
Q
where the angular distribution function is
. do:
1 - (42)

@ 5,d0d0,d0,dp.dp,’

and dQ = d@de,d¢,dO,d¢,. We note that Eq. (4.1) inte-
grates the absolute value of the angular distribution

function ffz over all the phase space, where | f£2| =+ fgz
for f4,20. In this way, the angular integration over | f£2| is
enhanced without any cancellations between the f3, > 0
regions and f{, < 0 regions.
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Then, we compute the signal significance,

|S1| _ |®1(fuj_cafb}‘b)| %

Z(f f £y =20
(fafafbfb) 00 (fa.?afb.]_cb)

= = L xe,
AB,

(4.3)

where L is the integrated luminosity and ¢ is the detection
efficiency. When evaluating the signal significance by
using the above formula (4.3), we include only the final-
state leptons and quarks, since neutrinos cannot be detected
directly. We note that reducible backgrounds contribute to
the production process e"e™ — 4f. Most of these can be
effectively eliminated by applying the Z on shell condition
|M; — M| < 10 GeV. Since the final-state fermions are
nearly massless, there are certain soft and collinear diver-
gences arising from these reducible backgrounds. The
implementation of kinematic cuts on the separation angle
AR(ff) and transverse momentum Pz (f) can significantly
suppress the contributions of these reducible backgrounds.
Our MadGraph [26] simulations demonstrate that the
reducible backgrounds can be reduced to below 5% of
the total backgrounds for processes excluding e~e™ final
states; and to O(10%) for processes containing e~ e™ final
states. The optimal cuts are process-dependent, varying
with both the final-state configurations and collision
energies [18]. Notably, the relative contribution of the
reducible backgrounds become smaller as the e e~ colli-
sion energy rises. We further note that the SM backgrounds
6o(fafafsfs) contribute to the significance (4.3) through
the square-root of o. Hence, for the present analysis, the
effects of reducible backgrounds on the significance (4.3)
are rather minor and mainly negligible. For this analysis we
can focus on the signal extraction from irreducible back-
grounds. A dedicated backgrounds simulation including
both the irreducible and reducible backgrounds will be
beneficial for future detector-level analyses.

The differential angular distribution f% with respect to
the angle 6 is presented in Fig. 4, and we observe that the
SM background is predominantly concentrated within the
forward and backward regions. Furthermore, as the scatter-
ing energy increases, the relative contributions of these SM
backgrounds within the forward and backward regions

TABLE III.

increase. Therefore, imposing a cut on the scattering angle
6 (such that sin@ > sind) serves to suppress the SM
backgrounds, and thus improves the significance of signals.

With the angular cut § = (0,0.36,0.33,0.34,0.34) for
Vs =1(0.25,0.5,1,3,5) TeV, we derive the results in
Table III for the sensitivities to the nTGC form factors
(f%. f%) and the results in Table IV for the sensitivities to
the new physics cutoff scales A; of the dimension-8 nTGC
operators. In the present analysis, for ease of comparison
we choose an integrated luminosity £ =35 ab™! as the
universal benchmark [27-34] for all collider energies.
In addition, for the e~e™ collision energy of 250 GeV,
we choose another benchmark of integrated luminosity
L =20 ab~! based on the CEPC TDR [28]. For any other
choice of integrated luminosity, one can obtain the corre-
sponding sensitivities by rescaling.

For reference, the FCC-ee Feasibility Study Report [29]
quotes a baseline integrated luminosity 10.8 ab~! for the
240 GeV collision energy and another 3.12 ab™! for the
(340-350) GeV and 365 GeV collision energies. The pro-
posed project of LCF (Linear Collider Facility) [30] at
CERN sets an envisioned integrated luminosity of 3 ab™!
for the 250 GeV collision energy and 8 ab~! for the
550 GeV collision energy. The proposed CLIC project
[31,32] at CERN plans to collect integrated luminosities of
4.3 ab™! for the 380 GeV (and 350 GeV) collision energies
and of 4.0 ab™!' for the 1.5 TeV collision energy. The
proposed ILC project [34] is expected to deliver an
integrated luminosities of 2 ab~! at the 250 GeV collision
energy and 4 ab~! at the 500 GeV collision energy, with
additional 200 fb~! at the 350 GeV collision energy.

The sensitivity bounds on the new physics scale Apy, are
consistently stronger than those on A3, and this advantage
grows with increasing scattering energy. Limits on the new
physics scale A generally strengthen as the scattering energy
increases, primarily because the differences between the
differential angular distributions of the interference signal f§,
and the SM background f2 become more pronounced at
higher scattering energies.

In passing, we note that for the present analysis of
ZZ production at the e*e~ colliders, the dominant

Sensitivity reaches for the nTGC form factors f% and f? at the 20 and 50 levels, as derived by

analyzing the reaction e~e® — f,f.f»f» (With f = £, q), for a representative integrated luminosity £ = 5 ab~! at
selected collision energies and an ideal detection efficiency ¢ = 100%.

\/E (TCV) [’ (ab_l) |f§‘2cf ‘fglia |f§|20 |f%|56

0.25 20 28 x 1074 7.0x 1074 3.5x 1074 8.9 x 10™*
0.25 5 5.6 x 1074 1.4 x 1073 7.1 x 1074 1.8 x 1073
0.5 5 5.5x%x 107 1.4x 107 1.2x 10 29x 10
1 5 1.1x 1075 29 %1073 2.9 %107 7.3 x 1073
3 5 1.2 x 107°° 3.0x 1076 3.4 %10 8.4 x 107°
5 5 43 x 1077 1.1 x 107 1.2x 107 3.1 x 107
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TABLE IV. Sensitivity reaches on the new physics scales Az,
and Asz (in TeV) via the reaction e~e®™ — f,f.fsfs, ( With
f =7,q). The sensitivity reaches are shown at the 20 and 5S¢
levels and for different collider energies. For illustration, we
assume a representative integrated luminosity £ = 5 ab~! and an
ideal detection efficiency ¢ = 100%.

Vs (TeV) L (ab™h) AZ, A A% A3
0.25 20 1.2 96 96 76
0.25 5 1.0 81 81 64
0.5 5 1.8 1.4 1.3 1.0
1 5 2.7 2.1 1.8 1.4
3 5 4.7 3.8 3.1 2.4
5 5 6.1 4.9 4.0 3.1

contribution comes from the interference term between the
SM and the nTGC contributions, whereas the contribution
of the quadratic nTGC term is negligibly small. For
instance, we find that when the contribution of the
interference term reaches a significance Z;, =2, the
significance contributed by the quadratic term is only
Z (%) = (0.006,0.009,0.016,0.047) and una(fg):
(0.003,0.014,0.036,0.13) for /s = (0.25,0.5,1,3) TeV,
showing that the contribution of the interference term
always dominates the sensitivity.

B. Analyzing the invisible decay channel Z — vv

To compute the nTGC signal significance for the
reaction e"et — ZZ — ffub (with f = ¢, g), we consider
0, and ¢, to be the angles of the decay of one Z boson into
neutrinos and integrate over them. Then, we compute the
signal significance, with 6, and ¢, being the angles of the
other Z boson decays into leptons or quarks.

For this analysis, we define the following observable:

O} =o0; [y daQ'|fg . (4.4)
where the superscript “n” of O} denotes one of the final state

Z bosons decaying into neutrinos, and dQ2' = d8df,d¢,. In
the above, the partially integrated angular distribution

function f7, is given by

b= [ rhavuds. (4.5)

With these, we compute the nTGC signal significance,

z,(f,,) = S0 OWUefall

a AB/ a V GO(fa}a)

We then derive the total signal significance for probing the
nTGCs,

Lxe (4.6)

Ztot =

Z Zz(fa.?afb]?b)

(a.b) € (?.q)

s zﬁ(ng)T,

a€(?.q)

(4.7)

by using the angular cut §, = (0.02,0.30,0.31,0.31,0.33)
for Z, at each ete™ collider energy /s = (0.25,0.5,
1,3,5) TeV. We present our findings for the sensitivity
reaches on the nTGC form factors (f%, f%) in Tables V
and VI, and on the nTGC new physics scales in Table VIIL.
It can be seen that the limits on A*” are less stringent than
those on A//. This is due to the lower branching ratio of the
Z boson decays to neutrinos as compared to its decays to
charged fermions (including leptons and quarks),
Br[Z — vi] < Br[Z — ¢7, qq), (4.8)
and the absence of decay angle information. Consequently,
incorporating the contribution from the neutrino decay
channel of the Z boson yields only a modest improvement
in the limit on the new physics scale A, as compared to the
results obtained in Sec. IVA that include only Z boson
decays to charged fermions.

C. Probability cuts from machine learning

In this section we explore the use of machine learning
(ML) to improve the signal significance. ML has become a

TABLE V. Sensitivity reaches for the nTGC form factor f% at the (26, 50) level, as derived by analyzing the
reactions e"et = f fufpfp. € €T = fufub (With f = £, ¢) and their combination at selected collision energies,
for a representative integrated luminosity £ = 5 ab~! and an ideal detection efficiency ¢ = 100%.

Vs (TeV) L (ab™") |f5l7 1£5Ls /5ot

0.25 20 (2.8,7.0) x 10~ (.63,1.6) x 1073 (2.6,6.4) x 10~
0.25 5 (.56,1.4) x 1073 (1.3,3.2) x 1073 (.51,1.3) x 1073
0.5 5 (.55,1.4) x 1074 (1.2,2.9) x 10~ (.50,1.2) x 1074
1 5 (1.1,2.9) x 1072 (2.4,6.0) x 107 (1.0,2.6) x 107
3 5 (1.2,3.0) x 107° (2.5,6.3) x 107° (1.1,2.7) x 107°
5 5 (.43,1.1) x 107° (.90,2.3) x 107° (3.9,9.7) x 1077

075005-15



ELLIS, HE, XIAO, and ZENG

PHYS. REV. D 113, 075005 (2026)

TABLE VL

Sensitivity reaches for the nTGC form factor fg at the (20, 50) level, as derived by analyzing the

reactions e"et = f fufpfp. € €T = fufavb (With f = £, ¢) and their combination at selected collision energies,
for a representative integrated luminosity £ = 5 ab~!' and an ideal detection efficiency ¢ = 100%.

Vs (TeV) L @™ 5l 5L 15 b

0.25 20 (3.5,8.9) x 107 (.57,1.4) x 1073 (3.0,7.5) x 107*
0.25 5 (.71,1.8) x 1073 (1.1,2.9) x 1073 (.60,1.5) x 1073
0.5 5 (1.2,2.9) x 107* (2.3,5.9) x 107 (1.0,2.6) x 10~
1 5 (2.9,7.3) x 1073 (.67,1.7) x 107* (2.7,6.7) x 1073
3 5 (3.4,8.4) x 1076 (.86,2.2) x 1073 (3.1,7.8) x 107°
5 5 (1.2,3.1) x 107° (3.2,8.0) x 107° (1.1,2.9) x 107°
TABLE VII.  Sensitivity reaches on the new physics scales Ap,, and A, (in TeV) through the reactions e"e™ —

Ffafafofsand e"et = f,f,00 (with f = £, q) plus their combination. The bounds are shown at the (25, 56) level
and for different e*e™ collider energies. For illustration, we choose a representative integrated luminosity £ =

5 ab~! and an ideal detection efficiency ¢ = 100%.

Vs (TeV) L (ab™) A A A A A A

0.25 20 (12,.96)  (99,.78)  (1.2,.98)  (96,.76)  (85,.68)  (1.0,.79)
0.25 5 (1.0, .81)  (83,.66)  (1.0,.83)  (81,.64)  (72,.57)  (84,.67)
0.5 5 (18, 14 (1512 (19,15 (13,100  (1.1,.85) (1.3, 1.0)
1 5 27.2.) (22,18 (28,22) (1814 (1512 (18, L5)
3 5 47,38  (39,31) (48,39 (31,24 (24,19  (3.1,25)
5 5 6.1,49) (51,400 (63,500 (40,31 (31,25 (40,32

transformative tool in collider physics, addressing challenges
in data analysis, pattern recognition, and theoretical model-
ing [35]. ML algorithms (such as boosted decision trees,
deep neural networks, nearest neighbor analysis, and support
vector machines) are widely used to distinguish between rare
particle collision signals and large background noise sources.
These methods optimize event classification by learning
complex correlations in high-dimensional datasets.

For this analysis, we employ the Mathematica’s built-in
function Classify to perform machine learning for
distinguishing between the nTGC signals and the SM
background events. The Classify function incorporates
many machine learning algorithms and automatically iden-
tifies the optimal algorithm for the specific classification
task to deliver the optimized performance. This implemen-
tation operates autonomously without requiring manual
hyperparameter tuning.

The core methodology is to use large samples of (labeled)
simulated scattering events (explicitly tagged as belonging to
the signal or background categories), which we use to train a
classification algorithm to discover automatically optimal
criteria for distinguishing between the signal and back-
grounds on the basis of measurements of physical quantities
such as energies, momenta, angles, and their combinations
within the events. After training, the classification algorithm
functions as a classifier, which computes the probability that
any experimental event belongs to the signal or background
category.

We proceed by dividing the phase space of the final
states into a positive region R, and a negative region R_
based on the signs of the angular distribution fJ, in
Eq. (4.2) or f§, in Eq. (4.5),

R+: fL>0, or,

f& >0, (4.9a)

R_: f5 <0, or, fb <O.

(4.9b)

Subsequently, we categorize the signal S and back-
ground B into positive dataset (S.,B,) and negative
dataset (S_, B_) according to R, and R_.

In this theoretical study, we generate events in
Mathematica and then leverage its built-in ML function
Classify with variables (0, 6,,, 9,, ¢, ¢;,) to distinguish
the nTGC signals from SM backgrounds. For the positive
portion of the signal and background dataset (S, and B_),
we train a classifier ng_bkg capable of distinguishing
between signals and backgrounds, and providing the prob-
ability that each event belongs to either category. We apply
the same approach to the negative dataset using a classifier
Cs‘ig_bkg. For instance, we illustrate in Figs. 7 and 8 the
probability distributions for the collider energies /s =
250 GeV and /s =3 TeV, respectively. Comparing
Fig. 7 with Fig. 8, we see that probability distributions
significantly change as the collider energy increases from
/s =250 GeV to /s = 3 TeV. Furthermore, it is shown
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FIG. 7. Probability distributions of events being signals and backgrounds respectively, for the case of ete™ — V* — ZZ — (££)(dd)
at a given collider energy /s = 250 GeV [marked as (250 GeV) in each plot]. Here we choose the particular hadronic decay channel
Z — dd [with d denoting the down-type quarks (d, s, b)] for illustration. Plots (a) and (b) present the probability distributions of events
for the angular regions R, and R_ with the y* contributions, respectively; plots (c) and (d) show the probability distributions of events
for the angular regions R, and R_ with the Z* contributions, respectively.

that the higher collider energy can help to raise the
probability of discriminating the signals from backgrounds.

In order to achieve higher sensitivity, we discriminate
between signals and backgrounds by using the event
probability distributions that are computed via ML. We
divide events into bins of the probability distribution, whose
widths are chosen as AP = 0.1. We compute the significance
Zy;» for each bin, and construct the following significance

measure:
Z2=\/> 2.

Finally, we compute the total signal significance Z, by
combining the significances from both the positive region
Z ., and negative region Z_:

Za =121+ 2%

Employing this approach, we have derived the sensitivity
reaches on the nTGC form factors in Table VIII and on the
nTGC new physics cutoff scales in Table IX.

We find that after applying machine learning to dis-
tinguish nTGC signals and SM backgrounds, the phe-
nomenological constraints on the new physics cutoff scale

(4.10)

(4.11)

A are significantly enhanced as compared to the results
prior to using machine learning. Specifically, in compari-
son with the results presented in Table V and Table VI of
Sec. IV B, machine learning enhances the constraints on
the form factor f% across different collider energies by
19% to 25%. The smallest enhancement of 19% is realized
at /s = 500 GeV, whereas the largest enhancement of
25% occurs at /s =5 TeV. Similarly, machine learning
improves the constraints on the form factor fZ by about
(20-35)%. Here the smallest enhancement of 20% is
found at the collider energy /s =1 TeV. Conversely,
the strongest enhancement of 35% is achieved at the
collider energy /s = 250 GeV.

Machine learning also improves the sensitivity reaches
for the new physics scale Agy across various collider
energies by about (5.6-7.5)%. The smallest improvement
of 5.6% is realized at \/s = 500 GeV, whereas the largest
improvement of 7.5% is achieved at /s =5 TeV.
Furthermore, machine learning improves the sensitivity
reaches for As; by about (5.7-11)% across different
collider energies. Here the smallest improvement of
5.7% occurs at /s = 1 TeV, and the largest improvement
of 11% is found at /s = 250 GeV.
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FIG. 8. Probability distributions of events being signals and backgrounds respectively, for the case of ete™ — V* — ZZ — (££)(dd)
at a given collider energy /s = 3 TeV [marked as (3 TeV) in each plot]. Here we choose the particular hadronic decay channel Z — dd
[with d denoting the down-type quarks (d, s, b)] for illustration. Plots (a) and (b) present the probability distributions of events for the
angular regions R, and R_ with the y* contributions, respectively; plots (c) and (d) show the probability distributions of events for the
angular regions R, and R_ with the Z* contributions, respectively.

TABLE VIIL  Sensitivities to the n'TGC form factors f% and f% at the 20 and 5o level after using ML, as derived by
analyzing the combination of e~e* — f.f.f,f, and e"e™ — f f.u0 (with f = £, q), with an ideal detection
efficiency ¢ = 100%.

\/E (TGV) [’ (ab_l) |fg|20' |f§|56 |fSZ|2a |f52|56

0.25 20 2.0x 1074 49 x 107 2.0x 1074 49 x 107
0.25 5 3.9 %10 9.8 x 107 3.9 %107 9.8 x 10~
0.5 5 4.0x 1073 1.0x 107 8.2 x 1073 2.1x10™4
1 5 8.3 % 107° 2.1 x 1073 2.1x107° 5.3 %1075
3 5 8.4 x 1077 2.1x10°° 2.5%107° 6.2x107°
5 5 2.9 x 1077 7.3 x 1077 8.6 x 1077 2.2x 1070

TABLE IX. Sensitivity reaches for the new physics scales Aj,, and Az, (in TeV) via the combination of e”e™ —
Ffafafsfyand e~et — f,fw0 (with f = £, g) after using ML. The ranges are shown at the 2¢ and 56 level and for
different energies. For illustration, we choose a representative integrated luminosity £ =5 ab~! and an ideal
detection efficiency € = 100%.

Vs (TeV) L (ab™") A2 A AL AL
0.25 20 1.3 1.1 1.1 88
0.25 5 1.1 88 93 74
0.5 5 2.0 1.6 14 1.1
1 5 2.9 23 1.9 1.5
3 5 5.2 4.1 33 2.6
5 5 6.7 5.4 43 3.4
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TABLE X. Sensitivity reaches for the nTGC form factors f% and f g at the 20 and 5o level, as derived by analyzing
the combination of e"et — f,f.f,f» and e"et — f,f.v0 (With f = £, q), for (unpolarized, polarized) e¥ beams
in each entry, with the eT beam polarizations (P¢, P%) = (0.9,0.65) and an ideal detection efficiency e = 100%.

Vs (TeV) L (@) |fL],, (unpol, pol)  |f%]s, (unpol, pol)  [f%|,, (unpol, pol)  |f%]s, (unpol, pol)
0.25 20 (2.0,.96) x 1074 (4.9,2.4) x 1074 (2.0,.90) x 107* (4.9,2.3) x 10~
0.25 5 (3.9,1.9) x 1074 (9.8,4.8) x 107* (3.9,1.8) x 107* (9.8,4.5) x 107
0.5 5 (4.0,3.2) x 107 (1.0,.81) x 107* (8.2,5.2) x 107 (2.1,1.3) x 107
1 5 (8.3,7.0) x 1076 (2.1,1.7) x 1073 (2.1,1.2) x 1073 (5.3,3.0) x 1073
3 5 (8.4,7.6) x 1077 (2.1,1.9) x 1076 (2.5,1.3) x 1076 (6.2,3.2) x 1076
5 5 (2.9,2.6) x 1077 (7.3,6.4) x 1077 (8.6,4.2) x 1077 (2.2,1.1) x 107°
TABLE XI. Sensitivity reaches for the new physics cutoff scales Ay, and Aj; (in TeV) through the combination of e~e™ —

fafafofpand emet — f,f b (with f = £, q), with (unpolarized, polarized) e¥ beams in each entry. The bounds are presented at the
26 and 50 levels and for different collision energies. For illustration, we choose a representative integrated luminosity £ = 5 ab~!, an
ideal detection efficiency ¢ = 100%, and the eT beam polarizations (P, P%) = (0.9,0.65).

Vs (TeV) L (ab™1) A};’;f  (unpol, pol) Ag{;  (unpol, pol) AL (unpol, pol) ALY (unpol, pol)
0.25 20 (1.3, 1.6) (1.1, 1.3) (1.1, 1.3) (.88, 1.1)
0.25 5 (1.1, 1.3) (.88, 1.1) (.93, 1.1) (.74, .90)
0.5 5 (2.0, 2.1) (1.6, 1.6) (1.4, 1.5) (1.1, 1.2)
1 5 (2.9, 3.0) (2.3, 2.4) (1.9, 2.2) (1.5, 1.8)
3 5 (5.2, 5.3) 4.1, 42) (3.3, 3.9) (2.6, 3.1)
5 5 6.7, 6.9) (5.4, 5.5) 43, 5.2) (3.4, 4.1)

D. Improvements from polarized electron
and positron beams

In this subsection, we study the role of polarized e~ and
e beams, assuming (P¢, P%) = (0.9,0.65) for the frac-
tions of (left, right)-handed (electrons, positrons) in the
(e7,et) beams [30,36], respectively.3 We present the
sensitivity reaches on the nTGC form factors (f%, /%) in
Table X and on the nTGC new physics scales A; in
Tables XI, where we compare the sensitivity reaches in
the (unpolarized, polarized) cases in each entry.

Compared to the unpolarized results, polarized e¥
beams enhance the sensitivity reaches on the form factor
f% across various e~e*t collider energies by (8.4-51)%.
The smallest enhancement of 8.4% is realized at
\/s =3 TeV, whereas the largest enhancement of 51%
is achieved at /s = 250 GeV. Moreover, polarized eT
beams improve the sensitivity bounds on the form factor
fg by about (36-54)% across different collider energies.

The degree of longitudinal beam polarization for electron e~ or
positron e* is defined as P= Pr — P; [36]. Because the sum of
left-handed and right-handed fractions equals one (P; + P = 1),
the left-handed and right-handed fractions of e~ and e' can be
derived as follows: P§ , =1(1 & P*)and P§ , = 1(1 F P?). For
example, an unpolarized beam of ¢~ or e™ has a vanishing degree
of polarization P = 0, whereas a polarized e~ beam with a fraction
P¢ = 90% has P° = —0.8 and a polarized e* beam with a fraction

PS = 65% has P? = 0.3

Here the smallest enhancement of 36% is found at the
collision energy /s = 500 GeV, and the largest enhance-
ment of 54% occurs at the collision energy /s = 250 GeV.

We find that in most scenarios the beam polarizations can
enhance Agy by about 0.2 TeV as compared to the
unpolarized case. However, the improvement of the sensi-
tivity reaches for the new physics scale A3, facilitated by
the polarized e¢T beams is significantly more pronounced.
Specifically, relative to the unpolarized results, the polar-
ized eT beams can improve the sensitivity reaches for A,
across different collision energies by about (12-21)%. The
smallest improvement of 12% occurs at the collision energy
/s = 0.5 TeV, whereas the largest improvement of 21% is
achieved at the collision energy /s = 0.25 TeV.

Finally, we note that each e e~ collider will first operate
with unpolarized e™ beams and then operate with polarized
eT beams. Thus, it is desired to consider an (ideally) mixed
setting where one half of the total data is taken from the
first-phase operation with unpolarized beams and the other
half of the total data is from the second-phase operation
with polarized beams. This mixed setting requires to
combine the sensitivity bound using the unpolarized data
with the sensitivity bound using the polarized data. We
present the sensitivity reaches on the nTGC form factors
(f%. f%) and the corresponding nTGC new physics scales
(Asz, ABY) in Table XII. It shows that the sensitivity
bounds in the mixed setting always lie between the
sensitivity bounds of the unpolarized and polarized cases.
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TABLE XII.

Same as Tables X—XI for the 2¢ sensitivity bounds, but the sensitivity reaches for the mixed setting

(including half of the data taken from the unpolarized operation and the other half of the data taken from the

polarized operation) with beam polarizations (P¢, P%) = (0.9, 0.65).

20 o
V5 (TeV) 1F4l20 14120 Adww A
(energy) £ (ab™')  (unpol, pol, mixed)  (unpol, pol, mixed) (unpol, pol, mixed) (unpol, pol, mixed)
0.25 20 (2.0,.96,1.2) x 107+ (2.0,.90,1.2) x 10~ (1.3, 1.6, 1.5) (1.1, 1.3, 1.3)
0.25 5 (3.9,1.9,24) x 107* (3.9,1.8,2.3) x 107 (1.1, 1.3, 1.3) (.93, 1.1, 1.1)
0.5 5 (4.0,3.2,3.6) x 107 (8.2,5.2,6.3) x 107 (2.0, 2.1, 2.0) (14, 1.5, 1.5)
1 5 (8.3,7.0,7.5) x 107%  (2.1,1.2,1.5) x 107 (2.9, 3.0, 3.0) (1.9, 2.2, 2.1)
3 5 (8.4,7.6,8.0) x 1077 (2.5,1.3,1.6) x 107° (5.2,53,52) (3.3, 3.9, 3.7)
5 5 (2.9,2.6,2.7) x 1077 (8.6,4.2,5.3) x 1077 (6.7, 6.9, 6.8) (4.3,5.2,4.9)

As we will demonstrate in Sec. IV E, the mixed setting is important for optimizing the correlation bounds (contours) for
each pair of nTGC parameters by avoiding certain poorly constrained parameter space in the case of the polarized beams.

E. Analyzing correlations of nTGC parameters by machine learning

In this subsection, we use machine learning to analyze correlations between two nTGC form factors or two dimension-
8 nTGC operators. We find that using the machine learning method can significantly improve the sensitivities of probes of

correlations between the nTGC parameters.

We divide the phase space of the final states into four regions based on the signs of the angular distribution f1, in Eq. (4.2)

or fg, in Eq. (4.5),
Ry (foly) > 0.f5(2) > 0),
R._: (for) > 0.f5(2) <0),

R_i: (folr) <0.f5(2) > 0),
R__: (folr) <0.fo(2) <0),

Within these four regions, we can obtain the probability of
each event belonging to the y* signal or Z* signal category.
These probabilities P(y*) and P(Z*) are provided by
classifiers trained specifically based on each dataset in
the corresponding region.

In Fig. 9, we present the distribution of probabilities P (y*)
and P(Z*) of the simulated events belonging to the y* signal
or Z* signal category within the four regions of Eq. (4.12) for
the case of ete™ — V* = ZZ — (££)(dd) at a collider
energy +/s = 250 GeV. For comparison, we present in
Fig. 10 an analogous set of plots of P(y*) and P(Z*) for
a different ee™ collider energy /s = 3 TeV. For illustra-
tion, we choose in each plot a sample value of the nTGC
cutoff scales A;z; = Agy = 1 TeV, which corresponds to
the input of nTGC form factors (f%, fZ) = (6,3) x 107*
according to Egs. (2.8) and (2.9). As shown in Figs. 4 and 6
for the single-observable distributions, we see that the
differences between the angular distributions (in € and
¢.) of signals and backgrounds become much larger as
the collision energy +/s increases. Hence, it is expected that
using the machine learning algorithm we can separate the

or. (fh(r) > 0.4 (2) > 0). (4.122)
o, (fly(r) > 0.f4(2) <0). (4.120)
o, (f(r) < 0.f4(2) > 0). (4.12¢)
o, (fl(r) <0.74(2) <0). (4.120)

signals (red and green points) from the SM backgrounds
(blue points) much more efficiently at a higher collision
energy (such as /s =3 TeV) than at a lower collision
energy (such as /s = 250 GeV). This enhanced discrimi-
native power of signal-background separation can be seen by
comparing the plots of Figs. 9 and 10.

We divide events into bins of the probability distribution,
whose widths we take as AP(y*) = 0.1 and AP(Z*) = 0.1.
Then, we combine the contributions of two nTGC form
factors into a global y* function,

v gy 7 £7\2
2 _ (61 /5 + 07 /%)
oS SR

region bin 0

(4.13)

Minimizing the ;(2 function, we derive correlated constraints
on each pair of nTGC form factors and each pair of nTGC
cutoff scales. We present these correlated constraints in
Fig. 11 as 20 contours, where the contours of plots (a) and
(c) depict the correlations between the form factors (f%, /%),
whereas the contours of plots (b) and (d) demonstrate the

correlations between the new physics scales (A%, Asz).
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FIG. 9. Distribution of probabilities P(y*) and P(Z*) of simulated events belonging to y* signal or Z* signal category within the four
regions of Eq. (4.12) for the case of eTe™ — V* — ZZ — (£7)(dd) at a collider energy /s = 250 GeV [marked as (250 GeV) in every
plot], where d denotes the down-type quarks (d, s, b). The (green, red, blue) points in each plot represent the (y*, Z*, SM) contributions,

respectively. Plots (a)—(d) present the probability distributions of events for the angular regions R, ., R, _,R_,,and R

In each plot of Fig. 11, we compare the correlation
bounds for the case of unpolarized e™ beams (shown as the
blue contour) and the case of polarized e beams (shown as
the red contour). For the polarized case, we choose the
e¥ beam polarizations ( %) = (0.9,0.65). Figure 11
shows that using the beam polarizations can significantly
tighten each correlation contour along the minor axis of the
ellipse by about 50%, but makes the correlation bound
much weaker along the major axis of the ellipse (which is
orientated towards the northwestern direction in the param-
eter plane). Similar features hold for the correlation bounds
in the parameter space of the cutoff scales (A%, Azz). This
can be understood as follows. The distributions of fZ and

respectively.

——

f% are actually the same for purely left-handed (or right-
handed) electrons. So the fully polarized e} (or e}) beam
would make fg and f% distributions indistinguishable and
thus the correlation contour would collapse into a line with
slope —1. This explains why the polarized case makes the
correlation in each plot poorly constrained along the major
axis of the ellipse (orientated towards the northwestern
direction in the parameter space of f% versus fg). Hence,
we can modify the polarization setting and optimize the
bound along this poorly constrained direction by combin-
ing the data-taking from both the unpolarized case and
polarized case. To demonstrate this point, we present in
each plot of Fig. 11 the correlation bound for a mixed
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FIG. 10. Distribution of probabilities P(y*) and P(Z*) of simulated events belonging to y* signal or Z* signal category within the four
regions of Eq. (4.12) for the case of eTe™ — V* — ZZ — (££)(dd) at a collider energy /s = 3 TeV [marked as (3 TeV) in every plot],
where d denotes the down-type quarks (d, s, b). The (green, red, blue) points in each plot represent the (y*, Z*, SM) contributions,
respectively. Plots (a)—(d) present the probability distributions of events for the angular regions R, ., R, _, R_,, and R__, respectively.

setting in which half of the data comes from operation with
unpolarized beams and the other half of the data comes
from operation with polarized beams, as shown by the
light-blue contour. We see that the correlation bound in the
mixed setting is substantially tightened along the major axis
of the ellipse and becomes comparable to that of the
unpolarized case. On the other hand, the correlation bounds
in the polarized and mixed cases are much stronger than
that of the unpolarized case by about (40-50)% along the
minor axis of the ellipse contours.

For Fig. 11, we further compare the correlation contours
in the plots (a)—(b) for the collision energy /s = 250 GeV
with the corresponding contours in the plots (c)—(d) for the

collision energy +/s =3 TeV. This shows substantial
enhancements of the constraints by factors of O(10%) when
the collider energy +/s increases from 250 GeV to 3 TeV.
This feature can be understood by noting that the signal
significance is determined by S/+/B, where the signal S is
dominated by the interference term (which scales with
energy as 1/s) and the SM background B scales with energy
as 1/s as shown by Eq. (3.28) for the differential cross
sections. Hence, the signal significance scales with energy as
s! and is increased by a factor of O(10%) when the collider
energy rises by a factor of (3 TeV/250 GeV) = O(10).
Finally, we compare the correlations bounds (26) on the
nTGC form factors (f%, /%) by using the conventional
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Bounds on correlations of the nTGC form factors and on correlations of the nTGC new physics scales at the 2¢ level. The

plots (a)—(b) are for the collision energy /s = 250 GeV (with an integrated luminosity 20 ab~") and plots (c)—(d) are for the collision
energy /s = 3 TeV (with an integrated luminosity 5 ab~!), which are marked in the upper-right corner of each plot. The contours of
plots (a) and (c) depict the correlations between the form factors (f%, fSZ ), whereas the contours of plots (b) and (d) present the
correlations between the new physics scales (A;}w’ Asy). In each plot, the correlation bound for the case of unpolarized e™ beams is
shown as the blue contour and that of the case for polarized ¢ beams is given by the pink contour, with the e¥ beam polarizations
(P¢, P%) = (0.9,0.65); whereas the light-blue contour presents the correlation bound for the mixed setting in which half of the data
comes from unpolarized collisions and the other half of the data comes from polarized collisions.

manual cuts and by using the ML method as shown in
Fig. 12. In plot (a), we present correlations bounds for the
e"e™' collision energy 250 GeV and an integrated lumi-
nosity 20 ab~!, but without using beam polarization. Plot
(b) is the same as plot (a) except for the collision energy
3 TeV and an integrated luminosity 5 ab~!. In both plots (a)
and (b), the blue contours show the correlations bounds
by using the conventional manual cuts, whereas the pink
contours show the correlations bounds by using the

machine learning method [which are taken from the
unpolarized contours of Figs. 11(a) and 11(c)]. From this
comparison, we find that the machine learning can sub-
stantially improve the nTGC correlation bounds on (f%, /%)
by about a factor of 2 to 3 relative to the conventional
analysis by using manual cuts. This demonstrates that the
machine learning method does provide a powerful tool for
distinguishing the n'TGC correlation signals from the SM
backgrounds.
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FIG. 12. Comparison of correlations bounds (2¢) on the nTGC form factors (f%, fSZ) by using the conventional manual cuts (blue
contours) and by using the machine learning method (pink contours). Plot (a) shows correlations bounds for the e~e™ collision energy
250 GeV and an integrated luminosity 20 ab~!, but without using beam polarization. Plot (b) is the same as plot (a) except for the e~e™

collision energy 3 TeV and an integrated luminosity 5 ab™".

F. Comparison with previous results

In this subsection we compare our present sensitivity
analysis for probing nTGCs via ZZ final states with those
bounds extracted from our previous study [4,6] via the
Zy final states.

We extract the sensitivity reaches for the nTGC new
physics scale Agy obtained via Zy production (based on
Table 3 of Ref. [6]) and compare them with the reaches for
Apy obtained via the ZZ production (based on the present
analysis), which are summarized in Table XIII. The previous
reaches were derived for the Zy production with Z — ¢g [6]
(shown in the second and third columns of this table),
whereas the present reaches are derived for the ZZ pro-
duction with Z — ¢g, £¢, v (shown in the fourth and fifth
columns of this table). These reaches are presented at 2¢ and

TABLE XIII.

5o levels and for different collider energies. In each entry the
sensitivity bounds correspond to (unpolarized, polarized) e
beams, with beam polarizations (P$, P%) = (0.9, 0.65). For
illustration, we choose a representative integrated luminosity
L =5 ab~! and an ideal detection efficiency e = 100%.
Moreover, for the 250 GeV collision energy of e~e™,
we choose another benchmark of integrated luminosity
L =20 ab~! based on the CEPC TDR [28], which is shown
in the third row of Table 13.

In parallel, we can convert the sensitivity reaches for the
nTGC new physics scale Apy, obtained via the Zy pro-
duction in Ref. [6] to the corresponding reaches for the
nTGC form factor h§ obtained via the Zy production [4].
Then, in Table XIV we compare these bounds with the
sensitivity reaches for the form factor f% [contributed by the

Comparison of the previous sensitivity reaches for the n'TGC new physics scale Agy, (in TeV) obtained via the reaction

ete™ — Zy channel [6] with the present sensitivity reaches obtained via the reaction e*e™ — ZZ. These reaches are presented at 2¢ and
5o levels and for different collider energies. In each entry the sensitivity bounds correspond to (unpolarized, polarized) e™ beams, with

beam polarizations (P¢, P%) = (0.9,0.65).

Energy and luminosity

Previous results [6]

Present results

/s (TeV) L (ab™") A%);,Z" (unpol, pol) A%’;/S" (unpol, pol) Ag;f" (unpol, pol) A};’:j  (unpol, pol)
0.25 20 (1.4, 1.5) (1.2, 1.2) (1.3, 1.6) (1.1, 1.3)
0.25 5 (1.2, 1.3) (.97, 1.0) (1.1, 1.3) (.88, 1.1)
0.5 5 (1.8, 1.9) (1.4, 1.4) (2.0, 2.1) (1.6, 1.6)
1 5 (2.6, 2.6) (2.0, 2.1) (2.9, 3.0) (2.3,24)
3 5 (4.3, 4.5) (3.5, 3.6) (5.2, 5.3) 4.1, 4.2)
5 5 (5.7, 5.9) 4.5, 4.7) (6.7, 6.9) (54, 5.5)
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TABLE XIV. Comparison of our previous sensitivity reaches for the nTGC form factors obtained via the Zy channel [4] with the
present sensitivity reaches obtained obtained via the ZZ channel. These reaches are presented at 20 and 5o levels and for different
collider energies. In each entry the sensitivity bounds correspond to (unpolarized, polarized) e™ beams, with beam polarizations

(P, P%) = (0.9,0.65).

Energy and luminosity

Previous results [4]

Present results

Vs (TeV) L (ab™h) |41, (unpol, pol) |4 |5, (unpol, pol) | /%], (unpol, pol) | /%5, (unpol, pol)
0.25 20 (1.4,1.2) x 107 (3.4,2.9) x 107 (2.0,0.96) x 10~ (4.9,2.4) x 107
0.25 5 (2.7,2.3) x 10~ (6.8,5.8) x 10~ (3.9,1.9) x 107* (9.8,4.8) x 1074
0.5 5 (6.2,5.2) x 107> (1.6,1.3) x 107 (4.0,3.2) x 107 (1.0,.81) x 10~
1 5 (1.5,1.2) x 107 (3.8,3.0) x 107> (8.3,7.0) x 107° (2.1,1.7) x 107
3 5 (1.7,1.4) x 107° (43,3.5) x 107° (8.4,7.6) x 1077 (2.1,1.9) x 1076
5 5 (5.8,4.9) x 1077 (1.5,1.2) x 107° (2.9,2.6) x 1077 (7.3,6.4) x 1077

same operator Oy, via Eq. (2.9)] obtained through the ZZ
production channel of the present study. The previous
reaches were derived for the Zy channel with Z — ¢gq
(shown in the second and third columns), whereas the
present bounds are derived for the ZZ channel with Z —
qq.,¢¢, v (shown in the fourth and fifth columns). These
reaches are presented at 2¢ and 50 levels and for different
collider energies respectively. In each entry the reaches
correspond to (unpolarized, polarized) eT beams, with
beam polarizations (P¢,P%) = (0.9,0.65). Same as in
Table XIII, we choose a representative integrated luminos-
ity £ = 5 ab~! and an ideal detection efficiency € = 100%.
In addition, for the 250 GeV collision energy of e~e™,
we choose another benchmark of integrated luminosity
L = 20 ab~! based on the CEPC TDR [28], as presented in
the third row of Table 14.

As shown in Table XIII, it is evident that the sensitivity
reaches for the nTGC new physics scales estimated in the
present study are stronger than those reported in Ref. [6].
The current improvement is primarily attributable to the full
use of the differential angular distribution f{, incorporating
all angular variables (6,0,,¢,,0,,¢,), combined with
machine learning classification algorithms that efficiently
distinguish between the nTGC signals and SM back-
grounds. For instance, the sensitivity reaches for the new
physics scale Ay, estimated in the present study exhibit an
enhancement up to 21% (18%) as compared to the previous
bounds of Ref. [6] for the unpolarized (polarized) e¥
beams. The largest improvement of 21% (18%) is achieved
for A%)“if” in the unpolarized (polarized) case at the collision

energy /s = 3 TeV.

As shown in Table XIV, the present sensitivity reaches
on the nTGC form factors also surpass the previous reaches
found in Ref. [4]. For instance, we find that the sensitivity
reaches on the nTGC form factors exhibit enhancements of
about (17-51)% as compared to the reaches found in
Ref. [4]. The minimal improvement of 17% is realized for
the sensitivity bounds on |f%| in the polarized case at the
collision energy /s = 250 GeV, whereas the most signifi-
cant enhancement of 51% is achieved for [f%| in the

unpolarized case at the collision energy +/s =3 TeV.
We also see that using the polarized eT beams the
sensitivity reaches on fg (h%) can be increased by about
51% (15%) at the collision energy /s = 250 GeV, and by
about 10% (18%) at the collision energy /s = 3 TeV.

V. CONCLUSIONS

Neutral triple gauge couplings do not exist within the SM,
nor do they receive contributions from any dimension-6
SMEFT operators. Hence, the nTGCs provide an important
window for probing new physics beyond the SM that can be
used to probe directly new physics encoded by dimension-8
SMEFT operators. The previous phenomenological studies
[2-11] and experimental measurements [13,14] mainly
focused on the ZyV* nTGCs (with V = Z, y) and did not
probe the triple Z boson coupling ZZZ*.

In this work, we formulated the nTGC form factors of
ZZV* (V = Z, y) that are compatible with the spontaneous
breaking of the SU(2) ® U(1) electroweak gauge sym-
metry and consistently match the dimension-8 nTGC
operators in the broken phase. Using machine learning,
we have systematically studied the sensitivities of probing
both the ZZV* form factors and new physics scales through
the reaction process e“et = ZZ = f.fufufs (With
fa=1%,qand f, = ¢, q,v) at high energy e*e™ colliders,
including CEPC, FCC-ee, LCF, ILC, and CLIC. We have
analyzed the signal significance and derived sensitivity
reaches for probing the nTGC form factors (f%, /%) and the

corresponding nTGC new physics scales (Asz, ABY). We
present a systematic summary of these sensitivity bounds in
Figs. 13(a) and 13(b), allowing one nTGC parameter
nonzero at a time.

In Sec. II we studied how the nTGC couplings of ZZV*
can arise from the relevant dimension-8 SMEFT operators as
shown in Eq. (2.4) and Table I. In particular, we constructed
the dimension-8 nTGC operator O;, in Eq. (2.6) that
contributes to the ZZZ* vertex only, but not to the ZZy*
vertex, as shown in Table I and Eq. (2.8). This is in con-
trast with the other operator Opy that contributes to
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Sensitivity reaches for the nTGC form factors in plot (a) and for the nTGC new physics scales in plot (b) for various e~e™

collision energies and integrated luminosities. In this figure, plot (a) presents the (20, 56) sensitivity reaches in (heavy, light) colors,
whereas plot (b) shows the (20, 56) sensitivity reaches in (light, heavy) colors.

the ZZy* vertex alone, as shown in Table I and Eq. (2.9). We
presented the consistent formulation of the nTGC form
factors that are compatible with the full SM gauge symmetry
SU(2) ® U(1) with spontaneous electroweak symmetry
breaking. The unitarity constraints on the nTGCs were
derived in Table 2 of Sec. II B and are much weaker than
the sensitivity bounds derived for the collider probes
in Sec. IV.

In Sec. III, we derived the scattering amplitudes, cross
sections, and angular distributions for the reaction process
e~et — ZZ. We analyzed systematically the contributions
from both the SM and nTGCs, as given analytically in

Egs. (3.23), (3.27), and (3.28). With these we demonstrated
the differences in their differential angular distributions, as
shown in Figs. 4-6. These are important for our phenom-
enological analysis of probing the nTGCs in the follow-
ing Sec. IV.

In Sec. IV, we presented a systematic analysis of the ZZ
production in different fermionic decay channels at various
ete™ colliders. We computed the signal significance using
the differential angular distributions of the cross section,
considering both the visible leptonic and hadronic decay
channels and the invisible decay channel (Z — vp). The
estimated sensitivity reaches for probing the nTGC form
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factors are shown in Tables III, V, VI and for probing the
nTGC new physics scales are shown in Tables IV, VIL
These sensitivity limits are presented for the leptonic and
hadronic Z-decay channels in Sec. IV A and for the invisible
Z-decay channels in Sec. IV B. We studied the significant
improvements of the sensitivity reaches on the nTGC form
factors and on the nTGC new physics scales (as well as their
correlations) achieved through the use of machine learning
algorithms in Secs. IV C and IV E. We further derived the
enhanced sensitivity bounds on probing the nTGCs by using
the polarized e* beams in Sec. IVD. A comprehensive
summary of these nTGC sensitivity bounds for both the
unpolarized and polarized et beams is presented in
Figs. 13(a) and (b). Moreover, we studied the correlation
bounds for the nTGC form factors and for the nTGC new
physics scales, which were presented in Figs. 11(a), (c) and
11(b), (d), respectively. We found that the optimal sensitivity
bounds on the nTGC correlations are given by the mixed
setting including the unpolarized operation and a follow-up
polarized operation. We further demonstrated in Figs. 12(a)
and 12(b) that the machine learning can substantially
enhance the nTGC correlation bounds (pink contours) over
those bounds derived by using the conventional manual cuts
(blue contours). Finally, Sec. IV F compared the sensitivity
reaches on probing the nTGCs as obtained in this work
through ZZ production with the previous studies via Zy
production [4,6], which are summarized in Tables XIII
and XIV. We have demonstrated that the sensitivity bounds

on probing the nTGC form factors and the nTGC new
physics scales as given in this work are stronger, primarily
due to the full use of the differential angular distributions
based on the machine learning algorithms.

ACKNOWLEDGMENTS

We thank Shu Li, Kun Wang and Haijun Yang for useful
discussions. The work of J. E. was supported in part by the
United Kingdom STFC Grant No. ST/T000759/1. The
works of H.J. H. R. Q. X., and S. P.Z. were supported in
part by the National Natural Science Foundation of China
(under Grants No. 12435005 and No. 12175136), by the
Shenzhen Science and Technology Program (under
Grant No. JCYJ20240813150911015), by the State Key
Laboratory of Dark Matter Physics, by the Key Laboratory
for Particle Astrophysics and Cosmology (MOE), and by
the Shanghai Key Laboratory for Particle Physics and
Cosmology. R. Q. X. was also supported in part by the
NSFC under Grants No. 12505119, No. 12175006,
No. 12188102, and No. 12061141002, by the Ministry
of Science and Technology of China under Grant
No. 2023YFA1605800, and by the State Key Laboratory
of Nuclear Physics and Technology.

DATA AVAILABILITY

The data are not publicly available. But the data are
available from the authors upon reasonable request.

[1] For reviews John Ellis, in The Conference Proceedings of
“Beyond Standard Model: From Theory to Experiment”
(BSM-2021), Zewail City, Egypt, March 29-31, 2021
(2021); 1. Brivio and M. Trott, Phys. Rep. 793, 1 (2019);
and references therein.

[2] J. Ellis, H.-J. He, and R.-Q. Xiao, Sci. China Phys. Mech.
Astron. 68, 121062 (2025).

[3] J. Ellis, H.-J. He, and R.-Q. Xiao, Phys. Rev. D 108,
L111704 (2023).

[4] J. Ellis, H.-J. He, and R.-Q. Xiao, Phys. Rev. D 107, 035005
(2023).

[5] D. Liu, R.-Q. Xiao, S. Li, J. Ellis, H.-J. He, and R. Yuan,
Front. Phys. 20, 015201 (2025).

[6] J. Ellis, H.-J. He, and R.-Q. Xiao, Sci. China Phys. Mech.
Astron. 64, 221062 (2021).

[7]1 J. Ellis, S. F. Ge, H.-J. He, and R.-Q. Xiao, Chin. Phys. C 44,
063106 (2020).

[8] J. Ellis, H.-J. He, R.-Q. Xiao, S.-P. Zeng, and J. Zheng,
Phys. Rev. D 111, 015007 (2025).

[9] See also, R. Cepedello, F. Esser, M. Hirsch, and V. Sanz, J.
High Energy Phys. 07 (2024) 275; 12 (2024) 84.

[10] G.J. Gounaris, J. Layssac, and F. M. Renard, Phys. Rev. D
61, 073013 (2000); 62, 073013 (2000).

[11] C. Degrande, J. High Energy Phys. 02 (2014) 101.

[12] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
760, 448 (2016).

[13] M. Aaboud er al. (ATLAS Collaboration), J. High Energy
Phys. 12 (2018) 010.

[14] ATLAS Collaboration, Measurements of Zy differential
cross sections and search for neutral triple gauge couplings
in pp collisions at /s = 13 TeV with the ATLAS detector,
ATLAS-CONF-2025-001, 2025.

[15] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621
(1986); B. Grzadkowski, M. Iskrzynski, M. Misiak, and
J. Rosiek, J. High Energy Phys. 10 (2010) 085; and
references therein.

[16] E.g. J. Ellis, V. Sanz, and T. You, J. High Energy Phys. 07
(2014) 036; 03 (2015) 157; H.J. He, J. Ren, and W. Yao,
Phys. Rev. D 93, 015003 (2016); J. Ellis and T. You, J. High
Energy Phys. 03 (2016) 089; S.F. Ge, H.J. He, and R. Q.
Xiao, J. High Energy Phys. 10 (2016) 007; J. de Blas, M.
Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, and
L. Silvestrini, J. High Energy Phys. 12 (2016) 135; F.
Ferreira, B. Fuks, V. Sanz, and D. Sengupta, Eur. Phys. J. C
77, 675 (2017); J. Ellis, P. Roloff, V. Sanz, and T. You, J.
High Energy Phys. 05 (2017) 096; G. Durieux, C. Grojean,

075005-27


https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1007/s11433-025-2757-x
https://doi.org/10.1007/s11433-025-2757-x
https://doi.org/10.1103/PhysRevD.108.L111704
https://doi.org/10.1103/PhysRevD.108.L111704
https://doi.org/10.1103/PhysRevD.107.035005
https://doi.org/10.1103/PhysRevD.107.035005
https://doi.org/ 10.15302/frontphys.2025.015201
https://doi.org/10.1007/s11433-020-1617-3
https://doi.org/10.1007/s11433-020-1617-3
https://doi.org/10.1088/1674-1137/44/6/063106
https://doi.org/10.1088/1674-1137/44/6/063106
https://doi.org/10.1103/PhysRevD.111.015007
https://doi.org/10.1007/JHEP07(2024)275
https://doi.org/10.1007/JHEP07(2024)275
https://doi.org/10.1007/JHEP12(2024)084
https://doi.org/10.1103/PhysRevD.61.073013
https://doi.org/10.1103/PhysRevD.61.073013
https://doi.org/10.1103/PhysRevD.62.073013
https://doi.org/10.1007/JHEP02(2014)101
https://doi.org/10.1016/j.physletb.2016.06.080
https://doi.org/10.1016/j.physletb.2016.06.080
https://doi.org/10.1007/JHEP12(2018)010
https://doi.org/10.1007/JHEP12(2018)010
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP07(2014)036
https://doi.org/10.1007/JHEP07(2014)036
https://doi.org/10.1007/JHEP03(2015)157
https://doi.org/10.1103/PhysRevD.93.015003
https://doi.org/10.1007/JHEP03(2016)089
https://doi.org/10.1007/JHEP03(2016)089
https://doi.org/10.1007/JHEP10(2016)007
https://doi.org/10.1007/JHEP12(2016)135
https://doi.org/10.1140/epjc/s10052-017-5226-6
https://doi.org/10.1140/epjc/s10052-017-5226-6
https://doi.org/10.1007/JHEP05(2017)096
https://doi.org/10.1007/JHEP05(2017)096

ELLIS, HE, XIAO, and ZENG

PHYS. REV. D 113, 075005 (2026)

J. Gu, and K. Wang, J. High Energy Phys. 09 (2017) 014; T.
Barklow, K. Fujii, S. Jung, R. Karl, J. List, T. Ogawa, M. E.
Peskin, and J. Tian, Phys. Rev. D 97, 053003 (2018); C. W.
Murphy, Phys. Rev. D 97, 015007 (2018); J. Ellis, C. W.
Murphy, V. Sanz, and T. You, J. High Energy Phys. 06
(2018) 146; G. N. Remmen and N. L. Rodd, J. High Energy
Phys. 12 (2019) 032; A. Gutierrez-Rodriguez, M. Koksal,
A.A. Billur, and M. A. Hernandez-Ruiz, J. Phys. G 47,
055005 (2020); M. Koksal, A.A. Billur, A. Gutierrez-
Rodriguez, and M. A. Hernandez-Ruiz, Phys. Lett. B80S,
135661 (2020); J. Ellis, M. Madigan, K. Mimasu, V. Sanz,
and T. You, J. High Energy Phys. 04 (2021) 279; and
references therein.

[17] E.g. S. Jahedi, J. High Energy Phys. 12 (2023) 031; S. Spor,
E. Gurkanli, and M. Koksal, arXiv:2302.08245; S. Jahedi
and J. Lahiri, J. High Energy Phys. 04 (2023) 085; S. Spor,
Nucl. Phys. B991, 116198 (2023); A. Senol, S. Spor, E.
Gurkanli, V. Cetinkaya, H. Denizli, and M. Koksal, Eur.
Phys. J. Plus 137, 1354 (2022); Q. Fu, J. C. Yang, C. X. Yue,
and Y.C. Guo, Nucl. Phys. B972, 115543 (2021); A.
Biekotter, P. Gregg, F. Krauss, and M. Schonherr, Phys.
Lett. B817, 136311 (2021); A. Senol, H. Denizli, A. Yilmaz,
I. Turk Cakir, K. Y. Oyulmaz, O. Karadeniz, and O. Cakir,
Nucl. Phys. B935, 365 (2018); R. Rahaman and R.K.
Singh, Nucl. Phys. B948, 114754 (2019); Eur. Phys. J. C 77,
521 (2017); 76, 539 (2016).

[18] Y.-C. Guo, C.-J. Pan, M.-Q. Ruan, and J.-C. Yang, Phys.
Rev. D 112, 035033 (2025).

[19] M. Chala, A. Diaz-Carmona, and G. Guedes, J. High Energy
Phys. 05 (2022) 138.

[20] C. W. Murphy, J. High Energy Phys. 10 (2020) 174.

[21] H.L. Li, Z. Ren, J. Shu, M. L. Xiao, J. H. Yu, and Y. H.
Zheng, Phys. Rev. D 104, 015026 (2021).

[22] D. A. Dicus and H.-J. He, Phys. Rev. D 71, 093009 (2005);
Phys. Rev. Lett. 94, 221802 (2005).

[23] M. Jacob and G.C. Wick, Ann. Phys. (N.Y.) 7, 404
(1959).

[24] For a comprehensive review, H.J. He, Y.P. Kuang, and
C.P. Yuan, arXiv:hep-ph/9704276; See also, H.J. He and

W. B. Kilgore, Phys. Rev. D §5, 1515 (1997); H.J. He, Y. P.
Kuang, and C. P. Yuan, Phys. Rev. D 51, 6463 (1995); 55,
3038 (1997); H. J. He, Y. P. Kuang, and X. Li, Phys. Lett. B
329, 278 (1994); Phys. Rev. D 49, 4842 (1994); Phys. Rev.
Lett. 69, 2619 (1992); and references therein.

[25] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964);
P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964); Phys. Lett. 12,
132 (1964); G.S. Guralnik, C.R. Hagen, and T. Kibble,
Phys. Rev. Lett. 13, 585 (1964); T. Kibble, Phys. Rev. 155,
1554 (1967).

[26] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro, J.
High Energy Phys. 07 (2014) 079.

[27] J.B. Guimaraes da Costa et al. (CEPC Study Group),
arXiv:1811.10545.

[28] S.P. Adhya et al. (CEPC Study Group), arXiv:2510.05260;
W. Abdallah et al., Radiat. Detect. Technol. Methods 8, 1
(2024).

[29] M. Benedikt, F. Zimmermann et al., Eur. Phys. J. C 85, 1468
(2025).

[30] H. Abramowicz et al. (Linear Collider Collaboration),
arXiv:2503.24049.

[31] E. Adli et al. (CLIC collaboration and CLICdp Collabo-
ration), arXiv:2503.24168.

[32] J. de Blas et al. (CLIC Collaboration), CERN Yellow Rep.
Monogr. 3, 1 (2018); CERN-TH-2018-267 and CERN-2018-
009-M, arXiv:1812.02093, 10.23731/CYRM-2018-003.

[33] K. Fujii et al. (LCC Physics Working Group), arXiv:1710
.07621; arXiv:2007.03650; M. E. Peskin, ILC: Open Ques-
tions and New Ideas, talk at the Snowmass Energy Frontier
Workshop on Open Questions and New Ideas, Fermilab,
USA, July 20-22 (2020);

[34] A.F. Zarnecki (CLICdp Collaboration and ILD Concept
Group), Proc. Sci.,, CORFU2019 (2020) 037 [arXiv:2004
.14628].

[35] T. Plehn, A. Butter, B. Dillon, T. Heimel, C. Krause, and R.
Winterhalder, arXiv:2211.01421.

[36] K. Fujii, C. Grojean, M. E. Peskin et al. (The Linear Collider
Collaboration Physics Working Group), arXiv:1801.02840.

075005-28


https://doi.org/10.1007/JHEP09(2017)014
https://doi.org/10.1103/PhysRevD.97.053003
https://doi.org/10.1103/PhysRevD.97.015007
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP12(2019)032
https://doi.org/10.1007/JHEP12(2019)032
https://doi.org/10.1088/1361-6471/ab7ff9
https://doi.org/10.1088/1361-6471/ab7ff9
https://doi.org/10.1016/j.physletb.2020.135661
https://doi.org/10.1016/j.physletb.2020.135661
https://doi.org/10.1007/JHEP04(2021)279
https://doi.org/10.1007/JHEP04(2021)279
https://doi.org/10.1007/JHEP12(2023)031
https://arXiv.org/abs/2302.08245
https://doi.org/10.1007/JHEP04(2023)085
https://doi.org/10.1016/j.nuclphysb.2023.116198
https://doi.org/10.1140/epjp/s13360-022-03569-8
https://doi.org/10.1140/epjp/s13360-022-03569-8
https://doi.org/10.1016/j.nuclphysb.2021.115543
https://doi.org/10.1016/j.physletb.2021.136311
https://doi.org/10.1016/j.physletb.2021.136311
https://doi.org/10.1016/j.nuclphysb.2018.08.018
https://doi.org/10.1016/j.nuclphysb.2019.114754
https://doi.org/10.1140/epjc/s10052-017-5093-1
https://doi.org/10.1140/epjc/s10052-017-5093-1
https://doi.org/10.1140/epjc/s10052-016-4374-4
https://doi.org/10.1103/z1sc-f8m4
https://doi.org/10.1103/z1sc-f8m4
https://doi.org/10.1007/JHEP05(2022)138
https://doi.org/10.1007/JHEP05(2022)138
https://doi.org/10.1007/JHEP10(2020)174
https://doi.org/10.1103/PhysRevD.104.015026
https://doi.org/10.1103/PhysRevD.71.093009
https://doi.org/10.1103/PhysRevLett.94.221802
https://doi.org/10.1016/0003-4916(59)90051-X
https://doi.org/10.1016/0003-4916(59)90051-X
https://arXiv.org/abs/hep-ph/9704276
https://doi.org/10.1103/PhysRevD.55.1515
https://doi.org/10.1103/PhysRevD.51.6463
https://doi.org/10.1103/PhysRevD.55.3038
https://doi.org/10.1103/PhysRevD.55.3038
https://doi.org/10.1016/0370-2693(94)90772-2
https://doi.org/10.1016/0370-2693(94)90772-2
https://doi.org/10.1103/PhysRevD.49.4842
https://doi.org/10.1103/PhysRevLett.69.2619
https://doi.org/10.1103/PhysRevLett.69.2619
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arXiv.org/abs/1811.10545
https://arXiv.org/abs/2510.05260
https://doi.org/10.1007/s41605-024-00463-y
https://doi.org/10.1007/s41605-024-00463-y
https://doi.org/10.1140/epjc/s10052-025-15077-x
https://doi.org/10.1140/epjc/s10052-025-15077-x
https://arXiv.org/abs/2503.24049
https://arXiv.org/abs/2503.24168
https://arXiv.org/abs/1812.02093
https://doi.org/10.23731/CYRM-2018-003
https://arXiv.org/abs/1710.07621
https://arXiv.org/abs/1710.07621
https://arXiv.org/abs/2007.03650
https://doi.org/10.22323/1.376.0037
https://arXiv.org/abs/2004.14628
https://arXiv.org/abs/2004.14628
https://arXiv.org/abs/2211.01421
https://arXiv.org/abs/1801.02840

	Probing neutral triple gauge couplings via ZZ production at e+e- colliders with machine learning
	I. INTRODUCTION
	II. ZZV* COUPLINGS FROM OPERATORS AND FORM FACTORS
	A. nTGC operators and form factors for ZZV* couplings
	B. Unitarity constraints on the CPC nTGCs

	III. SCATTERING AMPLITUDES, CROSS SECTIONS AND ANGULAR DISTRIBUTIONS
	IV. PROBING ZZV* COUPLINGS AT e+e- COLLIDERS
	A. Analyzing ZZ production via leptonic/hadronic channels
	B. Analyzing the invisible decay channel Z&rarr;&nu;&nu;&macr;
	C. Probability cuts from machine learning
	D. Improvements from polarized electron and positron beams
	E. Analyzing correlations of nTGC parameters by machine learning
	F. Comparison with previous results

	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


