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We study probes of neutral triple gauge couplings (n'TGCs) via Z*y production with off-shell decays
Z* — v 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*yV* (V. =Z,y) 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 ZyV* vertices with on-shell Zy. 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 voy 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 ff — Zy, the previous literature mainly focused
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on CP-conserving (CPC) nTGCs. For e*e™ colliders, on-
shell Zy production with Z — £7¢~, vb, qq have been
considered, but at pp colliders off-shell decays Z* — vv
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* — vu at pp colliders.

In this Letter, we study the doubly off-shell neutral triple
gauge vertices (nTGVs) Z*yV* (V = Z, y) 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*yV* vertices that are compatible
with the full electroweak gauge symmetry SU(2) ® U(1) 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*yV* 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 pp(qg) — Z*y — viy. We further compare
our new predictions with the existing LHC measure-
ments [5] of CPC nTGCs in the voy channel and demon-
strate the importance of using our new nTGC form factor
formulation for the correct LHC analysis.
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Formulating Z*yV* 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 Zy production at the LHC
and future colliders. However, unlike the case of eTe~
collisions where the on-shell constraint can be imposed on
the invisible decays Z — vp, 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 #7#~ and ¢g 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-§ SMEFT Lagrangian takes
the form

sign(¢ 1
L= 350 = SHEN0 =Y g0, )

where the dimensionless coefficients ¢; may take either
sign, sign(¢;) = +. For each dimension-8 operator O;, we
define in Eq. (1) the corresponding effective cutoff scale
for new physics, A; = A/|¢;|'/4, and introduce the nota-
tion [A}] = sign(¢;)A].

The following CPC and CPV nTGC operators include
Higgs doublets:

Ogc;c) :iH*B,,,,W"”{D,,,D”}HJrH_c,, (2a)
OQ@ZIH%(D Wa WeaHe + D B B’M)D"H—FHC (Zb)
BW o HU o= uv Ly
O =iH'B,,W*{D,,D"YH+H.c., (2¢)
Oy =iH'W,,W#{D, D'}H +H.c., (2d)
O(CPV) HTB BMP{D/)’DU}H +Hec.. (2¢)

where H 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

CPC 5 a av, v a
905 = B,, W (D,D,W™ + D*D'W4),  (3a)

O = B W (D, D, DDAWE). ()
|

9057 = B, W (D,D,W™ + D*D'W4),  (3c)

9O = B, W (D,D,W** — D*D'W4,),  (3d)
where the operators (O, Og_) are CPC [2], and the two
new CPV operators (Og,,Og_) are constructed. The
operators (2) and (3) belong to two classes, F?¢*>D? and
F3D?. From the classification of [13] the relevant dimension-
eight operators contain F2H>D?, F>y’D, and F*, where
F?y?D and F* 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 F3D? type can be converted
into three types of operators (F*, F>y*>D, F>?H*>D?), where
F?H?D? corresponds to our Eq. (2). Moreover, the
F?H?D? type of Eq. (2) contributes to the form factors
(hY,hY) only, but not to (h),hY), as shown by Egs. (6)
and (8) below. Hence, the operator types F2¢?D? and F3D?
provide the optimal basis for the current n'TGC study [14].

The conventional formalism for nTGC form factors was
proposed over 20 years ago [7] and respects only the resi-
dual gauge symmetry U(1),,,,. However, as we stressed [1],
it does not respect the full electroweak gauge symmetry

U(2) ® U(1) 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 ZyV* 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*yV*
vertices are more complicated than that of ZyV*.
Matching with the dimension-8 nTGC operators of the
SMEFT, we parametrize the Z*yV* vertices as follows:

Vaﬂ/l

e = F“ZJ;W X X (4)

M2 qi M2 a3
where expressions for X/fv and X;’(}, are given in the
Supplemental Material [14] and we find that they have
vanishing contributions to the processes ff — Z*)y with
Z") = f'f'. Hence, the present analysis only involves the
vertices F(z/*}’;v*

We first present the CPC parts of the I" %ﬁ’;‘, vertices,

¢ 4 ilgq% u/} v esWil4q§ a Puvo 2 apuv
Fz*w (91-92.95) = W2 hy +—> M2 B + 2o M2 (2612613M2a€” + 4592, ) (5a)
z Z z
o €(q2 - q2) 77 il vo
(a1, 0. 43) = —342 | B g e + Tz (24543,0206™7 + G0, | (5b)
z Z
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In the above, we use the hat symbol to distinguish off-shell
form factors (A%, fzg, hy) from their on-shell counterparts
(K, h%, hy) [1]. The CPC form factors (K}, ks, h%, hy)
can be mapped precisely to the cutoff scales (Aﬁ/,
Agw, Ag_. Ag.,) of the dimension-8 operators (O;}VV, Osw.
O+ Og-) as

s v’ M s, VMY
SWCW[A%H]’ 2SWCW[A4BW] ’
lf/\l}, _ UZM% h7 _ ’UZM% (6)
P2 AL I spew[A]
wlAG- wewli~

where [A?] = sign(¢ j)Aj. The above relations hold for any
= M2 the off-shell form
factors (A%, fzg, hy) reduce to the on-shell cases /1y = hy,
h% = h%, and Iy + W}, = B}, where /5, is part of the on-
shell form factor hY; = hl — h}; for g3 = M%.

momentum ¢, of Z*, and for ¢3

PH

Fz Y Z* (91-92:93) = %

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 (g7 = M%), the
above off-shell form factors reduce to the on-shell ones
Wi, + R =1, % = k%, and hy = hy. In the on-shell limit,
the on-shell amplitude 7 [Z;y] 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

CwSw
[Adw]

- v2M% (c%v — sy
4CWSW [A4‘;VB]

deysw
)

W v?M2 2eysy 5% : 4¢3, %h
1y Ad A Absl)’ (80)
cwsw \ [Awp]  [Aww]  [Ags]
~y v’ M>, a v’M?%
T T sy 8
cil (;_] Swew| (;JJ

We find that the Higgs-field-dependent CPV operators
(2¢)—(2e) can generate the form factors (A7, h%),Awhere
R}, is part of the on-shell form factor i = h', + h}.

W}
(G414 G2:43) = (hy UL 63 (a59" — dh97)
Zyy MZ 11 M% 3\12 2

2 2
q3 — 4 7 a 7
(3721) |:hlz(ngy/i _ qgg‘ﬁ)
z

The new formulations of the off-shell n'TGC form factors
Z*yV* 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 (K%, h)) via pp(qq) —
Z*y — vy, but used the conventional CPC nTGC form
factor of ZyV* with both (Z, y) assumed to be on shell [7].
Thus, their measurement of £ is actually equivalent
to measuring our form factor A%, in Eq. (5a) [15].
Hence the CMS and ATLAS analyses [4,5] missed the
new form factor fzg in Eq. (5a), whose contribution
dominates over 4%, in the viy 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 FZ*’;V* as

esyh 73
+M(‘11‘129”ﬁ

2ew il 3d597). (7a)
A
il p_ ap
I > (41459 — 3597) | (7b)
Z

|

In summary, there are eight independent CPC and CPV
form factors for the nTGVs Z*yV*. These can be mapped
to the four CPC operators in Egs. (2a), (2b), (3a), and
(3b) and the five CPV operators in Egs. (2c)—(2e), (3¢),
and (3d) [17]. This is in contrast to the case of doubly
on-shell vertices ZyV*, which only have six independent

parameters because /4, + iy = I and K, + i} = K.

Probing nTGCs with Z*y(vvy) production at hadron
colliders. The invariant mass of Z*) — v decays cannot
be measured in the reaction pp(qg) — viy. Hence, ana-
lyzing the vvy production with off-shell Z* decays is
important for pp colliders. The partonic cross section of
qq — Z®y can be expressed as

0= Z/dxldx2 []:q/p(xlv#)f?z/p<x2’/‘)aqq(§)
+(q <) (9)

where the functions (F,,, F;/,) denote the parton dis-
tribution functions (PDFs) of the quark and antiquark in the
proton beams, and § = x;x,s [18]. The PDFs depend on the
factorization scale y, which is set to u = \/§ /2 in our
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FIG. 1. Differential cross sections for vy production as

functions of P%, 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.

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

0(qq = Z*y) = 6y + 0, + 05, (10)

where o is the SM contribution, ¢ is the interference
contribution between the nTGCs and the SM, and o, is
the squared nTGC contribution. The explicit formulas for
(69, 01,0,) are given in the Supplemental Material [14].
The CPC and CPV amplitudes do not interfere for
gq — Z™y, hence the contributions of the CPV nTGCs
to o, vanish. Moreover, we find o, < 6, for the CPC
nTGCs at the LHC and future pp colliders, making o
negligible in this analysis [20]. We further note that the
contribution of each CPV nTGC to o, has the same
structure as that of the corresponding CPC nTGC.

For vpy production, the photon’s transverse momentum
PY. is the major observable that can distinguish the new
physics signals from the SM backgrounds. We present
the P’ distributions of the Z*y 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 (fz4, Wz, fzg, %) (taking a reference value 107*)
are shown by the (blue, green, red, and red dashed) curves.
We observe from Eq. (5a) that the fzg contribution 1is
strongly enhanced by the off-shell Z* momentum factor
q3/M2%, whereas the ﬁgl contribution is not. Unlike fzg, this
does not happen to fz% because Eq. (5b) shows that the
numerator factor g3 — ¢} exhibits a strong cancellation
between g3 (= §) and g7 when ¢7 goes far off shell. We find
that the 7} contribution (red solid curve) is larger than that
of izg, (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 fz4 contribution is
much larger than that of 7%, fzé, and hY,, because the hy
terms are enhanced by an extra large momentum factor of
¢>q3 or ¢3, as shown in Eq. (5).

To optimize the detection sensitivity, we divide events
into bins of P} distribution, whose widths we take as
APr = 100 GeV for the LHC and APy = 500 GeV for the
100 TeV pp collider. Then, we compute the significance
Zpin for each bin and construct the following total signifi-

cance measure:
Ztotal = \/Zzgin‘ (11)

Since the SM contribution 6, becomes small when the
photon P7. is high, we determine the statistical significance
for each bin by using the formula of the background-with-
signal hypothesis [22],

Z—\/2<601n % —l—Aa)X\/ﬁxe, (12)
oy + Ao

where L is the integrated luminosity and ¢ denotes
the detection efficiency. For our analysis, we choose an
ideal detection efficiency e = 100% unless specified
otherwise.

We present sensitivities for probing the CPC and CPV

nTGC form factors fz)/ and the new physics scales A; of
the dimension-8 nTGC operators in Tables I and II. For the
LHC, we find that the sensitivities to fzz and fz4 can reach
0(1075-107%), whereas the sensitivities to 4%, IAzg ,» and
1, 1, are of O(107*). The sensitivities to /2] at the 100 TeV
pp collider are generally much higher than the LHC, by a
factor of O(10>-10%). The LHC sensitivities to 7} are
stronger than those to 4%, |, and 7% | by about 50%—-60%,
whereas at the 100 TeV pp colliders the sensitivities to fzggl
are much higher than those to A%, |, and R4, by factors
of 0(10).

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
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TABLE 1. Sensitivity reaches on probing the CPC and CPV
nTGC form factors at 20 level, from analyzing the reaction
pp(qq) = Z*y — vy at the LHC (13 TeV) and the 100 TeV pp
collider, for each given integrated luminosity £. In the second to

last row, the fzgq | sensitivities include the enhancement by off-
shell effects, whereas the 4%, |, in the last row do not.

s 13 TeV 100 TeV

s
L (ab™!) 0.14 03 3 310 30
s x 105 11 85 42 |j,,|x10° 45 29 20
W5, x 104 22 17 090 |i%,|x107 70 48 3.4
W, 10° 16 13 067 |if |x107 094 0.62 044
WL, % 104 2.5 2.0 1.0 [k}, | x 107 83 57 40
TABLE 1II. Sensitivity reaches on probing the new physics

scales A; (in TeV) of the dimension-8 nTGC operators at 2¢ level,
as derived by analyzing the reaction pp(qg) — Z*y — viy at the
LHC (13 TeV) and at the 100 TeV pp collider, with integrated
luminosities £ as indicated.

NG 13 TeV 100 TeV
L (ab™h) 0.14 0.3 3 3 10 30

A, (CPC) 32 3.5 4.1 23 25 28
Ag_ (CPC) 1.2 1.3 1.5 1.7 8.5 9.3
Apy (CPC) 1.3 1.4 1.6 54 59 6.4
AEVVV (CPC) 1.5 1.6 1.8 6.2 6.8 7.4

Az, (CPV) 2.7 29 35 19 21 23

Ag_ (CPV) 1.0 1.1 1.3 6.5 7.2 7.8
Ayw (CPV) 0.93 1.0 1.2 39 43 4.6
Ayp (CPV) 1.1 1.2 1.4 4.6 5.1 5.5
Apgp (CPV) 1.3 1.4 1.7 5.6 6.2 6.8

form factors (hY,h)) via the reaction pp(qg)—
Z*y — vuy; however, they used the conventional form
factor formula for the doubly on-shell vertex ZyV* [7].
This differs from our new formula of the doubly off-shell
vertex Z*yV* in Eq. (5), which gives the correct n'TGC form
factor formulation for analyzing the Z*y(vy) production.
For instance, using 36.1/fb of LHC run-2 data, ATLAS
obtained the 95% C.L. bounds [5],

h e (=3.7,3.7) x 107,
W, € (—4.4,4.3) x 1077,

h% €(-3.2,3.3) x 107,
h%e(-4.5,44)x1077.  (13)
For a quantitative comparison, we impose the same cut
PYT > 600 GeV as that of ATLAS [5] and choose a
detection efficiency e = 70% [5]. We then derive the
new LHC bounds (95% C.L.),

\h%,| < 3.5x 1074,

1h%| < 3.1 x 1074,

7| < 2.3 x 1074,
hy| < 1.4 %1075, (14)

LHC(13TeV) 6 —3ab™! pp(100TeV)

iz
iy solid curves

i, dashed curves -6

hyx10° hex10°

140 Ppp(100TeV) — 3ap!
—300fb" —10ab™

—3ab™! —30ab™"
0.5

LHC(13TeV)

0.5

) 1 0 i 0 5 10
. .z
ix10t ix107

~
L
s
|
&

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 (hy, h%) (solid curves) and (hy, h}) (dashed curves).
(c),(d) Depict the correlation contours for (h{ , k).

Comparing our results (14) with the ATLAS result (13),
we find that our bounds on /%, and h% agree well with the
ATLAS bounds on 7% and hg (to within a few percent),
whereas our bound on fz’g is significantly stronger than the
ATLAS bound on A% by about 60%. This is because in our
off-shell formulation of Eq. (5) the ftg is enhanced by the Z*

off-shell factor ¢?/M%, but 1%, and h% are not; thus their
bounds are quite similar to the case of assuming on-shell
invisible Z decays. On the other hand, our fz4 bound in
Eq. (14) is much weaker than the ATLAS bounds on
(h}. h%), by alarge 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 n'TGC formula of
the vertex ZyV* [7] for analyzing the vy channel, which
caused a significant underestimate of the sensitivity to IAag
by about 60%. This underlines the importance for the
ongoing LHC experimental analyses to use our correct
theoretical formulation to analyze the vy channel for
probing the nTGCs.

In Table II we demonstrate that the sensitivities to new
physics scales in the coefficients of Oy, and @G+ 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

L111704-5
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of other nTGC operators are around (1-1.8) TeV at the LHC
and (3.9-9.3) TeV at the 100 TeV pp collider. We find that
the sensitivities to the coefficients of O_, @G_, and 1%,3 are
significantly higher than that of the case by assuming the on-
shell Zy 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*yV*, as shown in Fig. 2 [23]. We find that
the behavior of the fz4 - fzg correlation is similar to that of
their on-shell counterparts &, and /4% [1]. Specifically, the
hy — hY correlation is rather small, while the sensitivity to
R is much greater than that to A}, especially at the
100 TeV pp collider. On the other hand, the correlation
between fzg and fzg is large at the LHC, but almost invisible
at the 100 TeV pp collider. This is because the l%g
contribution is enhanced by the off-shell momentum square
¢3/M?% of Z* and h% is not, which makes their correlation
suppressed by 1/ \/q? At the LHC, the on- and off-shell
contributions to 4} are comparable, so the 75 — i corre-
lation can be significant; whereas their correlation is much
suppressed by 1/ \/E at the 100 TeV pp collider and
becomes nearly invisible.

Conclusions. In this Letter, we have demonstrated that the
reaction pp(qq) — Z*y — vby 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 pp(qg) — Zy with
Z = ¢7¢ [1]. We formulated both CPC and CPV doubly
off-shell nTGC vertices Z*yV* that are compatible with
the electroweak SU(2) ® U(1) gauge symmetry of the
SMEFT at dimension eight. We found that the conventional
form factor formulas of doubly on-shell vertices ZyV* [7]
are inadequate, and the conventional form factors (Y, h))

and (hY,h)) must be replaced by the new form factors
(W, hY, hy) and (K|, kY, h,) as in Egs. (5) and (7).

We have presented the prospective sensitivity reaches on
the nTGC form factors }Az}/ at the LHC and the 100 TeV pp
collider in Table I and the sensitivity reaches on the new
physics scales A; of the dimension-8 nTGC operators in
Table II. We found in Table I that including the off-shell
decays Z* — vu can increase the sensitivity reaches on
(I, ") by 50%-60% at the LHC and by a factor of O(10)
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 Egs. (13) and (14). This demonstrates that for the vvy
channel the LHC sensitivity reaches on the nTGC form
factors fzg and fz4 differ significantly from the ATLAS
results (using the conventional ZyV* 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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