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We study probes of neutral triple gauge couplings (nTGCs) via Z�γ production with off-shell decays
Z� → νν̄ at the LHC and the projected pp (100 TeV) colliders, including both CP-conserving (CPC) and
CP-violating (CPV) couplings. We present the dimension-8 Standard Model effective field theory
(SMEFT) operators contributing to nTGCs and derive the correct form factor formulation for the doubly
off-shell vertices Z�γV� (V ¼ Z, γ) by matching them with the dimension-8 SMEFT operators.
We include new contributions enhanced by the large off-shell momentum of Z�, beyond those of the
conventional ZγV� vertices with on-shell Zγ. We analyze the sensitivity reaches for probing the CPC=CPV
nTGC form factors and the new physics scales of the dimension-8 nTGC operators at the LHC and future
100 TeV pp colliders. We compare our new predictions with the existing LHC measurements of CPC
nTGCs in the νν̄γ channel and demonstrate the importance of our new method.
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Introduction. Neutral triple gauge couplings (nTGCs)
are attracting increased theoretical and experimental inter-
est [1–6]. This is largely driven by the fact [7,8] that the
nTGCs do not appear in the Standard Model (SM)
Lagrangian, nor do they show up in the dimension-six
Lagrangian of the SM effective field theory (SMEFT) [9];
hence, they could open up a unique window to the new
physics beyond the SM that may first appear at the
dimension-8 level. There have been extensive studies of
the dimension-six operators [9–11] in the SMEFT, which
do not involve nTGCs because they first appear as a set of
dimension-8 operators. For probing nTGCs through the
reaction ff̄ → Zγ, the previous literature mainly focused

on CP-conserving (CPC) nTGCs. For eþe− colliders, on-
shell Zγ production with Z → lþl−, νν̄; qq̄ have been
considered, but at pp colliders off-shell decays Z� → νν̄
cannot be separated from on-shell invisible Z decays
because of the insufficient kinematic information of Z.
Hence, it is important to study the off-shell production of
Z� → νν̄ at pp colliders.
In this Letter, we study the doubly off-shell neutral triple

gauge vertices (nTGVs) Z�γV� (V ¼ Z, γ) and present a
new analysis including both the CPC and CP-violating
(CPV) nTGCs. We first formulate the correct CPC and
CPV form factors of Z�γV� vertices that are compatible
with the full electroweak gauge symmetry SUð2Þ ⊗ Uð1Þ of
the SM [12]. By matching the CPC and CPV dimension-8
nTGC operators with the nTGC form factors, we derive the
correct formulations of the Z�γV� form factors. Then, we
study the sensitivity reaches of the LHC and the projected
100 TeV pp colliders for probing the CPC=CPV nTGCs
via the reaction ppðqq̄Þ → Z�γ → νν̄γ. We further compare
our new predictions with the existing LHC measure-
ments [5] of CPC nTGCs in the νν̄γ channel and demon-
strate the importance of using our new nTGC form factor
formulation for the correct LHC analysis.

*Corresponding author: john.ellis@cern.ch
†Corresponding author: hjhe@sjtu.edu.cn
‡Corresponding author: xiaoruiqing@sjtu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 108, L111704 (2023)
Letter

2470-0010=2023=108(11)=L111704(7) L111704-1 Published by the American Physical Society

https://orcid.org/0000-0002-7399-0813
https://orcid.org/0000-0002-8960-3638
https://orcid.org/0000-0003-1436-2240
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.L111704&domain=pdf&date_stamp=2023-12-28
https://doi.org/10.1103/PhysRevD.108.L111704
https://doi.org/10.1103/PhysRevD.108.L111704
https://doi.org/10.1103/PhysRevD.108.L111704
https://doi.org/10.1103/PhysRevD.108.L111704
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Formulating Z�γV� form factors from matching the
SMEFT. Our previous works [1–3] studied the dimension-
eight SMEFT operators that generate the CPC nTGCs and
their contributions to the on-shell Zγ production at the LHC
and future colliders. However, unlike the case of eþe−
collisions where the on-shell constraint can be imposed on
the invisible decays Z → νν̄, this is not possible in pp
collisions, for which only the missing transverse momentum
can be measured. Moreover, since Z is an unstable particle,
the invariant masses of lþl− and qq̄ final states from Z
decays are not exactly on shell in general. Hence, it is
important to study the nTGVs with the final-state Z� off shell.
The general dimension-8 SMEFT Lagrangian takes

the form

L8 ¼
X
j

c̃j
Λ̃4

Oj ¼
X
j

signðc̃jÞ
Λ4
j

Oj ¼
X
j

1

½Λ4
j �
Oj; ð1Þ

where the dimensionless coefficients c̃j may take either
sign, signðc̃jÞ ¼ �. For each dimension-8 operator Oj, we
define in Eq. (1) the corresponding effective cutoff scale
for new physics, Λj ≡ Λ̃=jc̃jj1=4, and introduce the nota-
tion ½Λ4

j �≡ signðc̃jÞΛ4
j .

The following CPC and CPV nTGC operators include
Higgs doublets:

OðCPCÞ
B̃W

¼ iH†B̃μνWμρfDρ;DνgHþH:c:; ð2aÞ

OðCPCÞfBW ¼ iH†�Dσ
eWa

μνWaμσþDσB̃μνBμσ
�
DνHþH:c:; ð2bÞ

ÕðCPVÞ
BW ¼ iH†BμνWμρfDρ;DνgHþH:c:; ð2cÞ

ÕðCPVÞ
WW ¼ iH†WμνWμρfDρ;DνgHþH:c:; ð2dÞ

ÕðCPVÞ
BB ¼ iH†BμνBμρfDρ;DνgHþH:c:; ð2eÞ

whereH denotes the SM Higgs doublet. The operators (2a)
and (2c)–(2e) were given in [8], to which we have further
added an independent CPC operator (2b). For the dimension-
eight CPC and CPV nTGC operators containing pure gauge
fields only, we have

gOðCPCÞ
Gþ ¼ B̃μνWaμρ

�
DρDλWaνλ þDνDλWa

λρ

�
; ð3aÞ

gOðCPCÞ
G− ¼ B̃μνWaμρ

�
DρDλWaνλ −DνDλWa

λρ

�
; ð3bÞ

gÕðCPVÞ
Gþ ¼ BμνWaμρ

�
DρDλWaνλ þDνDλWa

λρ

�
; ð3cÞ

gÕðCPVÞ
G− ¼ BμνWaμρ

�
DρDλWaνλ −DνDλWa

λρ

�
; ð3dÞ

where the operators ðOGþ;OG−Þ are CPC [2], and the two
new CPV operators ðÕGþ; ÕG−Þ are constructed. The
operators (2) and (3) belong to two classes, F2ϕ2D2 and
F3D2. From the classification of [13] the relevant dimension-
eight operators contain F2H2D2, F2ψ2D, and F4, where
F2ψ2D and F4 do not explicitly contain any nTGC
vertices and thus are not included here (see Supplemental
Material [14]). Using integration by parts and equations
of motion, we find that the F3D2 type can be converted
into three types of operators ðF4; F2ψ2D;F2H2D2Þ, where
F2H2D2 corresponds to our Eq. (2). Moreover, the
F2H2D2 type of Eq. (2) contributes to the form factors
ðhV3 ; hV1 Þ only, but not to ðhV4 ; hV2 Þ, as shown by Eqs. (6)
and (8) below. Hence, the operator types F2ϕ2D2 and F3D2

provide the optimal basis for the current nTGC study [14].
The conventional formalism for nTGC form factors was

proposed over 20 years ago [7] and respects only the resi-
dual gauge symmetry Uð1Þem. However, as we stressed [1],
it does not respect the full electroweak gauge symmetry
SUð2Þ ⊗ Uð1Þ of the SM and leads to large unphysical
high-energy behaviors of certain scattering amplitudes [1].
We thus proposed [1] a new formulation of the CPC form
factors of the nTGVs ZγV� that is compatible with the full
SM gauge group with spontaneous electroweak symmetry
breaking. We will construct an extended formulation to
include the CPV nTGVs for this study.
The doubly off-shell nTGC form factors for Z�γV�

vertices are more complicated than that of ZγV�.
Matching with the dimension-8 nTGC operators of the
SMEFT, we parametrize the Z�γV� vertices as follows:

Vαβμ
Z�γV� ¼ Γαβμ

Z�γV� þ e
M2

Z
qα1X

βμ
1V þ e

M2
Z
qμ3X

αβ
3V; ð4Þ

where expressions for Xβμ
1V and Xαβ

3V are given in the
Supplemental Material [14] and we find that they have
vanishing contributions to the processes ff̄ → Zð�Þγ with
Zð�Þ → f0f̄0. Hence, the present analysis only involves the
vertices Γαβμ

Z�γV� .

We first present the CPC parts of the Γαβμ
Z�γV� vertices,

Γαβμ
Z�γγ� ðq1; q2; q3Þ ¼

e
M2

Z

�
hγ31 þ

ĥγ3q
2
1

M2
Z

�
q23q2νϵ

αβμν þ esWĥ4q23
2cWM4

Z

�
2qα2q3νq2σϵ

βμνσ þ q23q2νϵ
αβμν

�
; ð5aÞ

Γαβμ
Z�γZ� ðq1; q2; q3Þ ¼

eðq23 − q21Þ
M2

Z

�
ĥZ3q2νϵαβμν þ

ĥ4
2M2

Z

�
2qα2q3νq2σϵ

βμνσ þ q23q2νϵ
αβμν

��
: ð5bÞ
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In the above, we use the hat symbol to distinguish off-shell
form factors ðĥZ3 ; ĥγ3; ĥ4Þ from their on-shell counterparts
ðhγ3; hZ3 ; h4Þ [1]. The CPC form factors ðhγ31; ĥγ3; ĥZ3 ; ĥ4Þ
can be mapped precisely to the cutoff scales ðΛfBW;
ΛB̃W;ΛG−;ΛGþÞ of the dimension-8 operators ðOfBW;OB̃W;

OGþ;OG−Þ as

ĥ4 ¼ −
v2M2

Z

sWcW ½Λ4
Gþ�

; ĥZ3 ¼ v2M2
Z

2sWcW ½Λ4
B̃W

� ;

ĥγ3 ¼ −
v2M2

Z

2c2W ½Λ4
G−�

; hγ31 ¼ −
v2M2

Z

sWcW ½Λ4fBW � ; ð6Þ

where ½Λ4
j �≡ signðc̃jÞΛ4

j . The above relations hold for any
momentum q1 of Z�, and for q21 ¼ M2

Z the off-shell form
factors ðĥZ3 ; ĥγ3; ĥ4Þ reduce to the on-shell cases ĥ4 ¼ h4,
ĥZ3 ¼ hZ3 , and ĥγ3 þ hγ31 ¼ hγ3, where hγ31 is part of the on-
shell form factor hγ31 ¼ hγ3 − ĥγ3 for q21 ¼ M2

Z.

The new formulations of the off-shell nTGC form factors
Z�γV� in Eq. (5) (CPC case) and in Eq. (7) (CPV case)
were not given in the literature [1,3,7,8]. As we discuss
in the next section, CMS [4] and ATLAS [5] measured
the CPC nTGC form factors ðhγ3; hV4 Þ via ppðqq̄Þ →
Z�γ → νν̄γ, but used the conventional CPC nTGC form
factor of ZγV� with both ðZ; γÞ assumed to be on shell [7].
Thus, their measurement of hγ3 is actually equivalent
to measuring our form factor hγ31 in Eq. (5a) [15].
Hence the CMS and ATLAS analyses [4,5] missed the
new form factor ĥγ3 in Eq. (5a), whose contribution
dominates over hγ31 in the νν̄γ channel for both the LHC
and 100 TeV pp colliders, as we demonstrate in the
following section.
Next, using the Lagrangian of nTGVs as given by the

dimension-8 nTGC operators [14] [cf. Eq. (S3) in the
Supplemental Material], we construct the off-shell CPV
nTGVs Γαβμ

Z�γV� as

Γαβμ
Z�γγ� ðq1; q2; q3Þ ¼

e
M2

Z

�
hγ11 þ

ĥγ1q
2
1

M2
Z

�
q23
�
qα2g

μβ − qμ2g
αβ
�þ esWĥ2q23

2cWM4
Z

�
q21q

α
2g

μβ − q23q
μ
2g

αβ
�
; ð7aÞ

Γαβμ
Z�γZ� ðq1; q2; q3Þ ¼

eðq23 − q21Þ
M2

Z

�
ĥZ1

�
qα2g

μβ − qμ2g
αβ
�þ ĥ2

2M2
Z

�
q21q

α
2g

μβ − q23q
μ
2g

αβ
��
; ð7bÞ

which have important differences from the conventional
CPV nTGC form factors [7], as we explain in [14].
When the final-state Z boson is on shell (q21 ¼ M2

Z), the
above off-shell form factors reduce to the on-shell ones
hγ11 þ ĥγ1 ¼ hγ1, ĥ

Z
1 ¼ hZ1 , and ĥ2 ¼ h2. In the on-shell limit,

the on-shell amplitude T ½ZTγ� should satisfy the equiv-
alence theorem [16], which puts nontrivial constraints on
the structure of form factors, as shown in [14].
Then, we can match these CPV nTGC form factors to the

dimension-8 gauge-invariant CPV operators (2) and (3) in
the broken phase and derive the relations

ĥZ1 ¼ v2M2
Z

4cWsW

�
c2W − s2W
½Λ4

WB�
−

cWsW
½Λ4

WW �
þ 4cWsW

½Λ4
BB�

�
; ð8aÞ

hγ11 ¼
v2M2

Z

4cWsW

�
2cWsW
½Λ4

WB�
−

s2W
½Λ4

WW �
−

4c2W
½Λ4

BB�
�
; ð8bÞ

ĥγ1 ¼
v2M2

Z

4c2W ½Λ4
G̃−�

; ĥ2 ¼ −
v2M2

Z

2sWcW ½Λ4
G̃þ�

: ð8cÞ

We find that the Higgs-field-dependent CPV operators
(2c)–(2e) can generate the form factors ðhγ11; hZ1 Þ, where
hγ11 is part of the on-shell form factor hγ1 ¼ hγ11 þ ĥγ1.

In summary, there are eight independent CPC and CPV
form factors for the nTGVs Z�γV�. These can be mapped
to the four CPC operators in Eqs. (2a), (2b), (3a), and
(3b) and the five CPV operators in Eqs. (2c)–(2e), (3c),
and (3d) [17]. This is in contrast to the case of doubly
on-shell vertices ZγV�, which only have six independent
parameters because hγ31 þ ĥγ3 ¼ hγ3 and hγ11 þ ĥγ1 ¼ hγ1.

Probing nTGCs with Z�γðνν̄γÞ production at hadron
colliders. The invariant mass of Zð�Þ → νν̄ decays cannot
be measured in the reaction ppðqq̄Þ → νν̄γ. Hence, ana-
lyzing the νν̄γ production with off-shell Z� decays is
important for pp colliders. The partonic cross section of
qq̄ → Zð�Þγ can be expressed as

σ ¼
X
q;q̄

Z
dx1dx2

�
F q=pðx1; μÞF q̄=pðx2; μÞσqq̄ðŝÞ

þ ðq ↔ q̄Þ	; ð9Þ

where the functions ðF q=p;F q̄=pÞ denote the parton dis-
tribution functions (PDFs) of the quark and antiquark in the
proton beams, and ŝ ¼ x1x2s [18]. The PDFs depend on the
factorization scale μ, which is set to μ ¼ ffiffiffî

s
p

=2 in our
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analysis. We use the PDFs of the quarks q ¼ u, d, s, c, b
and their antiquarks given by the CTEQ Collaboration [19].
We compute the partonic cross section in three parts,

σðqq̄ → Z�γÞ ¼ σ0 þ σ1 þ σ2; ð10Þ

where σ0 is the SM contribution, σ1 is the interference
contribution between the nTGCs and the SM, and σ2 is
the squared nTGC contribution. The explicit formulas for
ðσ0; σ1; σ2Þ are given in the Supplemental Material [14].
The CPC and CPV amplitudes do not interfere for
qq̄ → Zð�Þγ, hence the contributions of the CPV nTGCs
to σ1 vanish. Moreover, we find σ1 ≪ σ2 for the CPC
nTGCs at the LHC and future pp colliders, making σ1
negligible in this analysis [20]. We further note that the
contribution of each CPV nTGC to σ2 has the same
structure as that of the corresponding CPC nTGC.
For νν̄γ production, the photon’s transverse momentum

Pγ
T is the major observable that can distinguish the new

physics signals from the SM backgrounds. We present
the Pγ

T distributions of the Z�γ cross section for the
LHC (13 TeV) in Fig. 1(a) and for the 100 TeV pp collider

in Fig. 1(b). In each plot, the contributions of the nTGC
form factors ðĥ4; ĥZ3 ; ĥγ3; hγ31Þ (taking a reference value 10−4)
are shown by the (blue, green, red, and red dashed) curves.
We observe from Eq. (5a) that the ĥγ3 contribution is
strongly enhanced by the off-shell Z� momentum factor
q21=M

2
Z, whereas the ĥ

γ
31 contribution is not. Unlike ĥ

γ
3, this

does not happen to ĥZ3 because Eq. (5b) shows that the
numerator factor q23 − q21 exhibits a strong cancellation
between q23ð¼ ŝÞ and q21 when q21 goes far off shell. We find
that the ĥγ3 contribution (red solid curve) is larger than that
of ĥγ31 (red dashed curve) by about a factor of 2–3 for the
LHC [Fig. 1(a)] and by a large factor (43–77) for the
100 TeV pp collider [Fig. 1(b)]. The ĥ4 contribution is
much larger than that of ĥZ3 , ĥ

γ
3, and hγ31, because the ĥ4

terms are enhanced by an extra large momentum factor of
q2q3 or q23, as shown in Eq. (5).
To optimize the detection sensitivity, we divide events

into bins of Pγ
T distribution, whose widths we take as

ΔPT ¼ 100 GeV for the LHC andΔPT ¼ 500 GeV for the
100 TeV pp collider. Then, we compute the significance
Zbin for each bin and construct the following total signifi-
cance measure:

Ztotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

Z2
bin

q
: ð11Þ

Since the SM contribution σ0 becomes small when the
photon Pγ

T is high, we determine the statistical significance
for each bin by using the formula of the background-with-
signal hypothesis [22],

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
σ0 ln

σ0
σ0 þ Δσ

þ Δσ
�s
×

ffiffiffiffiffiffiffiffiffiffiffi
L × ϵ

p
; ð12Þ

where L is the integrated luminosity and ϵ denotes
the detection efficiency. For our analysis, we choose an
ideal detection efficiency ϵ ¼ 100% unless specified
otherwise.
We present sensitivities for probing the CPC and CPV

nTGC form factors ĥVj and the new physics scales Λj of
the dimension-8 nTGC operators in Tables I and II. For the
LHC, we find that the sensitivities to ĥ2 and ĥ4 can reach
Oð10−5–10−6Þ, whereas the sensitivities to ĥZ3;1, ĥ

γ
3;1, and

hγ31;11 are ofOð10−4Þ. The sensitivities to ĥVj at the 100 TeV
pp collider are generally much higher than the LHC, by a
factor of Oð102–103Þ. The LHC sensitivities to ĥγ3;1 are

stronger than those to hγ31;11 and ĥZ3;1 by about 50%–60%,

whereas at the 100 TeV pp colliders the sensitivities to ĥγ3;1
are much higher than those to hγ31;11 and ĥZ3;1, by factors
of Oð10Þ.
Both CMS (using 19.6/fb of run-1 data) [4] and ATLAS

(using 36.9=fb of run-2 data) [5] measured the CPC nTGC

(a)

(b)

FIG. 1. Differential cross sections for νν̄γ production as
functions of Pγ

T , shown in (a) for the LHC (13 TeV) and in
(b) for the 100 TeV pp collider. In each plot, the SM cross section
is shown by a black curve, and the contributions of nTGC form
factors are shown by colored curves.
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form factors ðhV3 ; hV4 Þ via the reaction ppðqq̄Þ →
Z�γ → νν̄γ; however, they used the conventional form
factor formula for the doubly on-shell vertex ZγV� [7].
This differs from our new formula of the doubly off-shell
vertex Z�γV� in Eq. (5), which gives the correct nTGC form
factor formulation for analyzing the Z�γðνν̄γÞ production.
For instance, using 36.1=fb of LHC run-2 data, ATLAS
obtained the 95% C.L. bounds [5],

hγ3∈ ð−3.7;3.7Þ× 10−4; hZ3 ∈ ð−3.2;3.3Þ× 10−4;

hγ4∈ ð−4.4;4.3Þ× 10−7; hZ4 ∈ ð−4.5;4.4Þ× 10−7: ð13Þ

For a quantitative comparison, we impose the same cut
Pγ
T > 600 GeV as that of ATLAS [5] and choose a

detection efficiency ϵ ¼ 70% [5]. We then derive the
new LHC bounds (95% C.L.),

jhγ31j < 3.5 × 10−4; jĥγ3j < 2.3 × 10−4;

jĥZ3 j < 3.1 × 10−4; jĥ4j < 1.4 × 10−5: ð14Þ

Comparing our results (14) with the ATLAS result (13),
we find that our bounds on hγ31 and ĥZ3 agree well with the
ATLAS bounds on hγ3 and hZ3 (to within a few percent),
whereas our bound on ĥγ3 is significantly stronger than the
ATLAS bound on hγ3 by about 60%. This is because in our
off-shell formulation of Eq. (5) the ĥγ3 is enhanced by the Z

�

off-shell factor q21=M
2
Z, but h

γ
31 and ĥZ3 are not; thus their

bounds are quite similar to the case of assuming on-shell
invisible Z decays. On the other hand, our ĥ4 bound in
Eq. (14) is much weaker than the ATLAS bounds on
ðhγ4; hZ4 Þ, by a large factor of ∼32, because the conventional
nTGC form factor formulas are incompatible with the
gauge-invariant SMEFT formulation of dimension eight
(including spontaneous electroweak gauge symmetry
breaking), as we explain in the Supplemental Material [14]
and its Table S1. We emphasize that the existing ATLAS
result [5] used the conventional on-shell nTGC formula of
the vertex ZγV� [7] for analyzing the νν̄γ channel, which
caused a significant underestimate of the sensitivity to ĥγ3
by about 60%. This underlines the importance for the
ongoing LHC experimental analyses to use our correct
theoretical formulation to analyze the νν̄γ channel for
probing the nTGCs.
In Table II we demonstrate that the sensitivities to new

physics scales in the coefficients ofOGþ and ÕGþ can reach
(2.7–4.1) TeV at the LHC and (19–28) TeV at the 100 TeV
pp collider. The sensitivities to probing new physics scales

TABLE II. Sensitivity reaches on probing the new physics
scalesΛj (in TeV) of the dimension-8 nTGC operators at 2σ level,
as derived by analyzing the reaction ppðqq̄Þ → Z�γ → νν̄γ at the
LHC (13 TeV) and at the 100 TeV pp collider, with integrated
luminosities L as indicated.ffiffiffi
s

p
13 TeV 100 TeV

L (ab−1) 0.14 0.3 3 3 10 30

ΛGþ (CPC) 3.2 3.5 4.1 23 25 28
ΛG− (CPC) 1.2 1.3 1.5 7.7 8.5 9.3
ΛB̃W (CPC) 1.3 1.4 1.6 5.4 5.9 6.4
ΛfBW (CPC) 1.5 1.6 1.8 6.2 6.8 7.4

ΛG̃þ (CPV) 2.7 2.9 3.5 19 21 23
ΛG̃− (CPV) 1.0 1.1 1.3 6.5 7.2 7.8
ΛWW (CPV) 0.93 1.0 1.2 3.9 4.3 4.6
ΛWB (CPV) 1.1 1.2 1.4 4.6 5.1 5.5
ΛBB (CPV) 1.3 1.4 1.7 5.6 6.2 6.8

TABLE I. Sensitivity reaches on probing the CPC and CPV
nTGC form factors at 2σ level, from analyzing the reaction
ppðqq̄Þ → Z�γ → νν̄γ at the LHC (13 TeV) and the 100 TeV pp
collider, for each given integrated luminosity L. In the second to
last row, the ĥγ3;1 sensitivities include the enhancement by off-
shell effects, whereas the hγ31;11 in the last row do not.

ffiffiffi
s

p
13 TeV 100 TeV

L (ab−1) 0.14 0.3 3 3 10 30

jĥ4;2j × 106 11 8.5 4.2 jĥ4;2j × 109 4.5 2.9 2.0

jĥZ3;1j × 104 2.2 1.7 0.90 jĥZ3;1j × 107 7.0 4.8 3.4

jĥγ3;1j × 104 1.6 1.3 0.67 jĥγ3;1j × 107 0.94 0.62 0.44

jhγ31;11j × 104 2.5 2.0 1.0 jhγ31;11j × 107 8.3 5.7 4.0

(a) (b)

(c) (d)

FIG. 2. Correlation contours (95% C.L.) for the sensitivities to
each of the pairs of nTGC form factors at (a),(c) the LHC
(13 TeV) and (b),(d) the 100 TeV pp collider. (a),(b) Correlation
contours for ðh4; hZ3 Þ (solid curves) and ðh4; hγ3Þ (dashed curves).
(c),(d) Depict the correlation contours for ðhZ3 ; hγ3Þ.
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of other nTGC operators are around (1–1.8) TeVat the LHC
and (3.9–9.3) TeV at the 100 TeV pp collider. We find that
the sensitivities to the coefficients ofOG−, ÕG−, and ĥ

γ
1;3 are

significantly higher than that of the case by assuming the on-
shell Zγ final states [1].
Finally, we analyze the correlation contours (95% C.L.)

between the sensitivities to the form factors of the off-shell
nTGC vertex Z�γV�, as shown in Fig. 2 [23]. We find that
the behavior of the ĥ4 − ĥZ3 correlation is similar to that of
their on-shell counterparts h4 and hZ3 [1]. Specifically, the
ĥ4 − ĥV3 correlation is rather small, while the sensitivity to
ĥγ3 is much greater than that to hγ31, especially at the
100 TeV pp collider. On the other hand, the correlation
between ĥZ3 and ĥγ3 is large at the LHC, but almost invisible
at the 100 TeV pp collider. This is because the ĥγ3
contribution is enhanced by the off-shell momentum square
q21=M

2
Z of Z� and ĥZ3 is not, which makes their correlation

suppressed by 1=
ffiffiffiffiffi
q21

p
. At the LHC, the on- and off-shell

contributions to hγ3 are comparable, so the ĥZ3 − ĥγ3 corre-
lation can be significant; whereas their correlation is much
suppressed by 1=

ffiffiffiffiffi
q21

p
at the 100 TeV pp collider and

becomes nearly invisible.

Conclusions. In this Letter, we have demonstrated that the
reaction ppðqq̄Þ → Z�γ → νν̄γ can probe sensitively both
the CPC and CPV nTGCs at the LHC and at the projected
100 TeV pp colliders. It has comparable sensitivities
to the on-shell production channels ppðqq̄Þ → Zγ with
Z → lþl− [1]. We formulated both CPC and CPV doubly
off-shell nTGC vertices Z�γV� that are compatible with
the electroweak SUð2Þ ⊗ Uð1Þ gauge symmetry of the
SMEFTat dimension eight. We found that the conventional
form factor formulas of doubly on-shell vertices ZγV� [7]
are inadequate, and the conventional form factors ðhV3 ; hV4 Þ

and ðhV1 ; hV2 Þ must be replaced by the new form factors
ðhγ31; ĥV3 ; ĥ4Þ and ðhγ11; ĥV1 ; ĥ2Þ as in Eqs. (5) and (7).
We have presented the prospective sensitivity reaches on

the nTGC form factors ĥVj at the LHC and the 100 TeV pp
collider in Table I and the sensitivity reaches on the new
physics scales Λj of the dimension-8 nTGC operators in
Table II. We found in Table I that including the off-shell
decays Z� → νν̄ can increase the sensitivity reaches on
ðĥγ3; ĥγ1Þ by 50%–60% at the LHC and by a factor of Oð10Þ
at the 100 TeV pp collider. We present in Fig. 2 the
correlations between the sensitivities to each pair of nTGC
form factors.
We quantitatively compared our new predictions of the

CPC nTGCs with the existing ATLAS measurements [5] as
in Eqs. (13) and (14). This demonstrates that for the νν̄γ
channel the LHC sensitivity reaches on the nTGC form
factors ĥγ3 and ĥ4 differ significantly from the ATLAS
results (using the conventional ZγV� formulas).
This work establishes a new perspective for ongoing

experimental probes of the new physics in nTGCs at the
LHC and the projected 100 TeV pp colliders. We look
forward to continuing the fruitful cooperation with the LHC
experimental groups, extending their ongoing nTGC analy-
ses by using our new nTGC formulation.
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terms in Eqs. (5a) and (7a) would vanish if sW ¼ 0.

[18] In principle, the partonic center-of-mass energy
ffiffiffî
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