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Neutral triple gauge couplings (n'TGCs) are a manifestation of new physics beyond the Standard Model
(SM), as they are absent in the SM and are first generated by dimension-8 operators in the SM effective
field theory (SMEFT). We study the UV completion of nTGCs in a renormalizable model with vectorlike
heavy fermions. We compute the one-loop heavy fermion contributions to nTGC vertices by matching

them to dimension-8 operators in the low energy limit. Such fermion loops contain either heavy fermions
only or mixture of heavy fermions with light SM fermions. We find that their contributions can induce
dimension-8 nTGC effective operators containing two SM Higgs-doublet fields, which are formulated
with a complete set of 7 dimension-8 operators generating off-shell CP-even nTGCs. We present the
results in terms of SMEFT coefficients and in terms of nTGC vertices (form factors) with two on-shell
gauge bosons. In the heavy-light mixing case there appear terms that cannot be accommodated by
conventional parametrizations of form factors due to extra logarithmic corrections. We further discuss the
implications for probing such UV dynamics via nTGCs at high-energy colliders.
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I. INTRODUCTION

Neutral triple gauge couplings (n'TGCs) are sensitive
probes of new physics beyond the Standard Model (SM)
because they are absent in the SM and first show up in the
SM effective field theory (SMEFT) [1-3] as manifesta-
tions of dimension-8 operators. For these reasons,
they have been subject to experimental searches by the
ATLAS [4] and CMS collaborations [5], and have recently
attracted widespread phenomenological interest [6—11].
In most of these studies, the nTGC signals would
appear in the production of two on-shell neutral bosons
Zy or ZZ via an s-channel virtual neutral vector
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boson." When the momentum dependence of the vertex
is polynomial, as when it is generated by tree-level
contributions from effective operators, it is a convenient
practice to enumerate the relevant tensor structures and
associated form factors of the vertices with one off-shell
and two on-shell neutral gauge bosons. Up to cubic
dependence on the particle momenta, there are 6 x CP-
conserving tensor structures for all possible combinations
of triple gauge boson vertices [12].

The parametrization of nTGCs in the framework of the
SMEFT operators [6—8,13] has several benefits over the
conventional form factor formulation. Most notably, it
maintains the SM gauge symmetry manifestly, which is
essential to eliminate unphysical energy dependences as
required by the SM with spontaneous electroweak gauge
symmetry breaking [6,7]. It also provides a general frame-
work for studying processes with one or more off-shell
gauge bosons in the nTGC vertex. The effective operators

'"The general formulation of the nTGC vertices and form
factors with two off-shell vector bosons as well as its important
application to analyzing the LHC production of Z*y(viy) was
presented in Ref. [6].
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that generate n'TGC:s first appear at the dimension-8 level of
the SMEFT, and have been the starting point of many recent
phenomenological studies [6-11]. Computationally, the
effective field theory (EFT) approach has the benefit of
separating clearly the UV and IR contributions from the
underlying physics [14], a feature that we use extensively in
this work.

An EFT analysis is general only when all the operators
satisfy the assumed symmetry under consideration. But,
such an analysis could become cumbersome and non-
intuitive if the number of contributing operators is large.
The common compromise such as operator-by-operator
analysis trades generality for simplicity of the analysis.
Because of the freedom in the choice of operator basis, a
simple UV model does not necessarily correspond to a
small number of effective operators in the IR unless the
symmetry of the UV theory restricts it tightly. Moreover, in
a given UV model various operators may be generated at
different loop orders and the coefficients of the operators
may have different magnitudes from the naive dimensional
power counting, so it is important to analyze explicitly
certain UV models as benchmarks and understand their
low-energy contributions to the corresponding SMEFT
operators.

Previous literature on the UV origin of nTGC vertices
conventionally focused on U(l)-invariant form factors
[15,16] rather than SMEFT operators. The main purpose
of this work is to explore how CP-conserving nTGC
operators that generate SM SU(2) ® U(1) form factors
can be generated from the underlying renormalizable
and perturbative UV models. We demonstrate that the
dimension-8 nTGC operators induced by fermionic one-
loop contributions must contain two Higgs-doublet fields,
and that the dimension-8 Higgsless (pure gauge) operators
for nTGCs cannot be generated in this way. The fermionic
UV models we study either contain two new heavy-fermion
multiplets that couple to the SM Higgs field through
Yukawa-like couplings (the “all-heavy” case), or contain
a single heavy-fermion multiplet that couples to the SM
chiral fermions via a Higgs doublet (the “heavy-light” case).
In order to match the nTGC vertices in the UV models to
those of the low-enenrgy effective theory, we compute the
loop diagrams using the method of regions [14,17-22] that
separates the contributions from loop momenta in the IR and
UV regions. The former (soft part) matches the light-
fermion-loop diagram of tree-level effective operators,
whereas the latter (hard part) directly matches the heavy-
fermion-loop-induced effective operator in the SMEFT. A
nontrivial technical issue concerns the treatment of the
mixed loop diagrams that contain both the light SM chiral
fermions and the new heavy fermions.

Another technical issue arising in the computation of
the fermion loop diagrams is the ambiguity of the y;s
definition [23] in dimensional regularization (DREG). Here
we adopt the naive dimensional regularization (NDR)

scheme [24-26] that maintains the anticommutativity of
the y matrices in D dimensions and has been shown to
preserve gauge invariance automatically in the renormal-
ization of loop diagrams. This is more convenient than
nonanticommuting schemes such as the Breitenlohner-
Maison-"t Hooft-Veltman (BMHYV) scheme [27-31], where
gauge invariance is imposed manually by adding finite
counter terms. Nevertheless, in the context of EFT match-
ing, the soft and hard parts of the loop diagrams may
contain canceling finite terms that violate the gauge
invariance of each part separately. This is closely related
to the irrelevant anomalies in the EFT calculation discussed
in the recent literature [32—34]. In order to circumvent the
need to introduce finite counter terms, we discuss carefully
the Ward-Takahashi identity associated with the loop
diagrams under consideration and prescribe a rule for
choosing reading points of spinor traces in NDR that
eliminates the appearance of irrelevant anomalies in all
the intermediate steps of matching.

Our calculations yield comparable nTGC vertices for the
all-heavy and heavy-light scenarios. The familiar pertur-
bative loop factors reduce the values of coefficients of the
corresponding dimension-8 SMEFT operators to be smaller
than what might be expected from naive dimensional
analysis. We compare the sensitivities of collider probes
of nTGCs estimated by the recent phenomenological
studies [6—10] with the contributions of the heavy fermion
loops, discussing the prospects for direct confrontations
between direct and indirect searches for such new physics.
Observation of some nTGCs without the corresponding
discovery of new heavy fermion would suggest that the
nTGCs originate from strong dynamics beyond the SM.

The layout of this paper is as follows. In Sec. II we give
the complete set of seven dimension-8 SMEFT operators
that contribute to nTGCs, and their matching with one-loop
perturbative calculations is studied in subsequent sections.
In Sec. Il we discuss the general structure of heavy-
fermion one-loop diagrams that contribute to the nTGCs.
Section IV describes our calculational method of momen-
tum integration by regions and the matching to the
coefficients of dimension-8 SMEFT operators that contrib-
ute to nTGCs, where our treatment of ys in diagrams
involving heavy-light mixing is discussed in detail. We
present in Sec. V our results for the contributions to nTGCs
from loops with heavy fermions only and from loops with
heavy-light mixing. Finally, we draw conclusions from this
study in Sec. VL

II. CP-CONSERVING nTGC OPERATORS
OF DIMENSION-8

In this section we present the complete set of dimension-
8 nTGC operators in the SMEFT, which are needed for
matching with the perturbative one-loop contributions of
the UV completion model. These operators contain terms
with three neutral gauge bosons and a number of Higgs
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fields that acquire expectation values in the symmetry
breaking phase. At this level, the renormalizable fermionic
model that we consider as the UV completion can only
induce nTGC SMEFT operators that contain Higgs-
doublet fields. To make this clear, we render manifest
the SU(2) ® U(1) electroweak gauge symmetry of the
SMEFT by working in the symmetric phase, so that all
particles appearing in the loop are gauge multiplets of
SU(2) ® U(1). It is then easy to see that loop diagrams
with only SU(2) ® U(1)-invariant pure gauge vertices do
not induce nTGC interaction at one-loop order. This is
because, in the symmetric phase, the SM gauge inter-
actions do not mix chiral fermions with new massive
fermions. Any fermion loop diagram with only fermion-
gauge vertices must either contain massless SM chiral
fermions only or heavy vector fermions only. However,
loop diagrams with only massless SM chiral fermions do
not induce effective operators of the SMEFT, which arise
from integrating out heavy particles in the UV theory. We
note also that such loops with three external gauge bosons
are also constrained by gauge anomaly cancellation con-
ditions and so cannot contribute to nTGC vertices. On the
other hand, in the absence of chiral fermions, the gauge
interactions preserve charge conjugation (C) symmetry
with C-odd vector bosons. In this case, triple gauge boson
couplings violate charge conjugation, and thus nTGCs
cannot be generated by loop diagrams with only gauge
vertices that preserve charge conjugation. Thus, the loop
diagrams should contain other C-violating sources such as
Yukawa couplings to the SM Higgs doublet or Yukawa-
like couplings to certain new heavy scalar fields. Hence,
the SMEFT nTGC operators containing pure gauge fields
alone can only arise from contracting the additional fields
(such as the new heavy scalars) with C-violating vertices in
the loop which should be at least of two-loop order. Such
Higgsless contributions should be suppressed by the two-
loop factors unless the UV theory is strongly coupled and
generates the nTGC operators nonperturbatively [15].
Such a strongly interacting UV theory is an interesting
possibility, but is beyond the scope of this study. For the
present work, we focus on a perturbatively renormalizable
UV theory including vectorlike new heavy fermions,
whose one-loop contributions can induce the dimension-
8 nTGC operators containing Higgs-doublet fields in the
low-energy SMEFT.

There are 7 independent CP-conserving nTGC operators
with two SM-Higgs-doublet fields after accounting for the
equivalence due to integration by parts. We choose the
following operator basis for our nTGC analysis

Oww = cywliH' W, W*{D,,D,}H + H.c], (2.1a)
Oy = iy iH W, (D,W*)D,H + H.c., (2.1b)
Opp = cppliH'B,,B*{D,, D, }H + H.c.], (2.1¢)

0y, = ¢, [iH'B,, (D,B”)D,H +Hc],  (2.1d)

and
Opy = cpwliH'B,W"{D,,D*}H + Hc], (2.2a)
O, = ¢y [iH B, (D,W*)D'H + H.c], (2.2b)
Oyws = cywpliH'W,,B?{D, D"}H + Hc], (2.2¢)

where we use the notations W,, = W!,6!/2 and F,, =
Le...FP°, and denote the SM-Higgs-doublet field by H

2 Cpvpo
with vacuum expectation value (VEV) Hy = (H). The
coefficient of each nTGC operator above is related to the

UV cutoff scale A of the SMEFT as follows:
(2.3)

and ¢; is the corresponding dimensionless coupling coef-
ficient. The Jacobi identity implies

(DﬂFﬁ)FW& =

(D,F,5)F'"° = (D Fp,)F'*P. (2.4)

NSR
N =

Hence, operators of the type iH'F, F*D?H or

iH'F,(D,F*)D’H can be converted to those in
Eq. (2.2), up to terms that do not contribute to nTGCs.
The seven operators in Eqgs. (2.1) and (2.2) are general in
the sense that every dimension-8 SMEFT operator that
contributes to nTGC with two Higgs-doublet fields can be
reduced to linear combinations of these operators plus
terms that are irrelevant for nTGCs, up to integration by
parts or the Schouten identity,

gﬂueaﬂyé + gﬂaeﬁyéu + gﬂﬁeyéua + gﬂye&/aﬂ + gﬂéeuaﬂy =0.
(2.5)

The completeness of these operators can be verified by
counting the number of independent tensor structures of the
off-shell vertices that contain three powers of momenta, an
antisymmetric tensor, and three noncontracted indices from
external gauge bosons. After accounting for bosonic
symmetry, the triple gauge boson vertex W#(—p; — p,) —
W¥(p,) — WP(p,) has only two independent Lorentz
structures:

[=P3P1s + PIP20 —2(P1 - P2) (P2 — P1)y — 2P3 P20

+2pip1cle”, (2.6a)

[(p1 + po)e? + pierrP — phet ] prypip, (2.6b)

which correspond to linear combinations of Oy and
Ofy- For Wi(=py = py) — B*(p1) — B?(p,) vertices, the
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Bose symmetry and Schouten identity enforce
0= (=phe™ + p5e"™ = phe“?) prapip
+(P3P16= P11 P2D2s)e" + (1 < prv <> p). (27)

Hence the W — B — B vertex has five independent struc-
tures

(PTP16 = P2P2s) €™, (2.8a)
(p1 — P2)”€”paﬂpzaplﬁ, (2.8b)
(Phe?™ — phe™™) prapips (2.8¢)
(Pre™ P — p5e* ) prapip. (2.8d)
(P1 - P2)e"? (P2 = P1o)- (2.8e)

which do not receive any contributions from Oy, and
Ofyy» and thus correspond to five more independent
operators. These together account for all the seven inde-
pendent operators in Egs. (2.1) and (2.2). By inspection, we
find that they also span the 7 different tensor structures of
the B— B—B and B— W — W vertices. Hence, these 7
operators form a complete basis for the tensor structures of
nTGC vertices including two Higgs-doublet fields. These

operators are linear combinations of [O(9> o\l

w2grp? Cwrgipr
14 15 18 10 12 . .
O<WB)¢ZDZ’ Oi,VB)qbZDZ’ O(WB)qszz’ 022422023 ngqzzDz] listed in

Table 2 of the dimension-8 SMEFT analysis in [35], up to
non-nTGC terms.’

In general, equations of motions (EOMs) can be used to
convert some of these operators to operators with currents
but no explicit TGC structure, as was done in [13]. Using
this procedure, one could reduce the set of seven operators
to just one remaining operator with explicit n'TGC structure.
But, for this study we work with the complete set of seven
nTGC operators in Egs. (2.1) and (2.2) for the following
reasons. (i) It is more convenient to perform SMEFT
matching with the off-shell n"TGC diagrams in such a basis
because we only need to consider diagrams with external
gauge bosons rather than fermions and scalar fields in the
currents. (ii) While it is possible to use EOMs to relate the
two nTGC operators Og,, and operators with currents
(denoted by OL), ie., Og; = aGO0g + > a-OL + -+,
the converted combination of operators > alO%L still
describe part of the UV physics.3 Hence, for the present
study we include both O and O, rather than only one of
them in the matching procedure; so the triple gauge boson

%See also [36] for a complete set of the dimension-8 SMEFT
operators in the off-shell Green’s basis.

Here the O may not include the full set of operators with
fermionic currents in a specific EFT basis.

vertices induced by the UV theory are described by
the nTGC operators rather than those involving fermion
currents in the EFT. (iii) In a general SMEFT analysis,
one needs to include all the operators of the given order
that satisfy the SM electroweak gauge symmetry
SU(2) ® U(1), without making further assumptions on
the underlying UV physics. We consider in this work the
UV physics that generates the neutral triple gauge boson
couplings. From the IR point of view, the complete
prediction for a process, such as ff — VV induced by
nTGCs should include either the contributions from all the
seven nTGC operators listed above,4 or a single nTGC
operator and all other operators with currents that are
obtained by using the EOMs. Here we choose to work
with all the seven nTGC operators, anticipating that a given
UV theory would contribute to the coefficients of most of
these operators. Restricting to only a few operators in the
SMEFT is not justified before knowing the low-energy
predictions of a given UV theory.

The nTGCs can be formulated through effective vertices
of the types V*Zy and V*ZZ, where V* denotes a virtual Z*
or y* gauge boson. Conventionally, the nTGC vertices can
be parametrized as follows [6,7,12,13,37]

Cyeyz
Hva _ vy
rv*yz(%l’l’l’z)— 2
mz

(q° = mi) prge™ ., (2.92)

Cy+
V5 2(a.p1.p2) = ;fz(qz—m%/)(Pl—Pz)ﬂeﬂmﬁ’ (2.9b)
z

which contribute to the simplest production process
ff — V,V,. The above nTGC form factor coefficients
(¢y+yz. Cyrzz) are connected to the conventional (hY, fY)

notation for nTGC form factors [6,7,13] via the relation

(Cv*yz’ Cyizz) = (Ehgv efg/), (2.10)

where e is the electric charge. These expressions are
enforced by bosonic symmetry, the gauge invariance of
the photonic interactions, the on-shell condition of the
external vector bosons yZ and ZZ, and the assumption of
cubic dependence on external momenta. We have also
neglected in (2.9) any terms that are proportional to ¢,
since in collider processes such as ff — V,V,, they will be
contracted with the on-shell fermion current and thus their
contributions to production amplitudes are suppressed by
the negligible light fermion mass m. In this approxima-
tion, the vertices with two on-shell photons vanish.

*For a given UV model, additional effective operators other
than nTGC operators, such as those involving SM fermions (e.g.,
the contact operators of ffVV), may contribute to the ff — VV
process in the IR limit.
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The nTGC operators (2.1) and (2.2) correspond to the
hard parts of the loops in the UV theory. Their contributions
to the coefficients are given by

1
Acyyz = m3v[—sin(20y)cl,, + 4cos? Oy et

+ sin*Oy ¢y, ], (2.11a)
1 3 20

Acyyz = gmzv[4c1§w —dcjyp — deos Oy ey,
— 4sin(20y)c5, + sin(20y )¢l s (2.11b)
1 3 ) /

Acyzz = gmzv[—4c;;w +deyyp + dsin®Oycly
—4sin(20y )%, + sin(20y )¢l |, (2.11c)
1 3 : / 102 /

Acyyy = Zmzv[51n(29w)céw + 4sin’Oy ¢,
+ cos*Oy |- (2.114)

Corresponding to the number of coefficients, only 4
independent operators contribute: O;éw’ (9%, 2 O/v'vw’ and
Opgw — Oyp. One notable feature is that the contributions
of Opy and Opp are negligible in the nTGC on-shell
production of gauge bosons, since they only contribute to
vertex terms that are proportional to ¢, and result in
negligible amplitudes suppressed by the incoming fermion
mass, as discussed in the text below Eq. (2.9). It turns out
that these 4 operators O% ., O% ., Oy, and Opy, — Oy
are also the only operators that contribute to the off-shell
V*V* production at colliders, where each gauge boson V
decays into two fermions subsequently. This is further
discussed in Appendix A.

When the loop diagrams of the UV theory that generate
nTGCs contain only heavy particles with masses of the
order of the cutoff scale A, the operators (2.1) and (2.2) and
thus Eq. (2.11) include the complete contributions of order
1/A*. However, when a loop diagram contains both heavy
and light particles, it contains soft parts that are not
contained in Egs. (2.1) and (2.2). The soft parts of the
loop diagrams contain logarithmic dependences on the
external momentum that violate the conditions enforcing
the form of Eq. (2.9). For the SMEFT in the IR region, it
must be accommodated by a loop diagram by contracting
light fermionic fields in effective operators obtained by
tree-level matching. In this case, the full one-loop con-
tribution of the UV theory is captured by two types of
contributions in the SMEFT: (1) the tree-level contribution
from the nTGC operators (2.1) and (2.2) obtained by one-
loop matching, and (2) the one-loop diagram of operators
involving fermionic fields obtained from tree-level match-
ing. This point will be discussed in detail in the following
sections.

III. STRUCTURE OF HEAVY FERMION LOOP
CONTRIBUTIONS TO nTGCS

Since the Lorentz structures of the relevant dimension-8
operators incorporate the Levi-Civita tensor, we restrict
ourselves to extensions of the SM with heavy fermions. We
consider the Yukawa interaction between a fermionic weak
doublet N and a fermionic weak singlet £ with hyper-
charges Yy and Y = Yy — 1/2, respectively. The inter-
action takes the following form:

NH(cy + cays)E + H.c. (3.1)
The mass scales of the fields N and E differs in the two
scenarios that we are going to consider. (i) In the all-heavy
case both N and E are heavy vectorlike particles to be
integrated out at low energies. For simplicity of calcu-
lation, we choose the two fermions to have similar masses
my ~ mg ~ M, and the mass difference plays a negligible
role. In this way, we need to only deal with an EFT having
a single heavy mass scale M. (ii) In the heavy-light case
only one of N or E is the heavy vectorlike fermion to be
integrated out at a heavy mass scale M, whereas the other
one is a light chiral fermion in the SM. In this scenario, we
set ¢, = £cy to project out the chiral component. Both
cases can be realized by well motivated new physics
models. For instance, the Higgsino-bino system in the
minimal supersymmetric SM (MSSM) corresponds to the
all-heavy case, whereas the models with a heavy right-
handed neutrino correspond to the heavy-light case. We
leave the details of the model discussions to Sec. V, after
elaborating the methodology for the EFT matching
in Sec. IV.

There are four types of topology for loop diagrams that
contributes to nTGCs, as illustrated in Fig. 1. We denote
Higgs fields by dashed lines, the E field by a thin solid line,
the N field by a thick solid line, and the gauge bosons by
wiggly lines. The momenta of the external Higgs fields will
be set to zero for our purpose of deriving the nTGC
vertices.” The sum over directions of fermion flow is
implied in each diagram. The results for different models
are obtained by including the associated tensor structures
and couplings in the model. The relevant diagrams for each
type of vertex in the gauge eigenbasis are listed in Fig. 2.
The coefficient of each nTGC operator is then determined
by matching the result from the UV theory with these loop
diagrams and vertices.

*We perform the matching by computing diagrams for
HyH,VVV (with H, denoting the Higgs VEV and carrying zero
external momentum) because they unambiguously correspond to
nTGC vertices. It is also possible to perform the matching with
HHVYV box diagrams where H carries nonzero momentum in the
symmetric phase, following the method of [36]. However, this
approach may contain contributions that are irrelevant to the
dimension-8 nTGC operators and need to be distinguished
carefully. This is worthy of future investigation.
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FIG. 1.

Two classes of one-loop fermionic contributions to the nTGCs, including the pure heavy fermion loops as shown in the first

row, or including the mixed heavy-light fermion loops as shown in the second row. In each class there are four types of fermionic loop
diagrams that contribute to the nTGCs. The dashed lines denote Higgs fields, the thin solid lines denote E propagators, the thick solid
lines denote N propagators, and the wiggly lines denote gauge bosons. The sum over directions of fermion flow is implied for each

diagram.

We showed in Sec. II that Higgsless (pure gauge) nTGC
operators cannot be obtained from the fermionic one-loop
diagrams in a renormalizable model. However, they can be
generated at the two-loop level, e.g., by contracting the two
Higgs fields attached to the fermion loop in the diagrams of
Fig. 1, and these two-loop contributions are allowed by the
known symmetries of the UV model. A sample diagram of
such two-loop contribution is shown in Fig. 3. Although a
full discussion of the two-loop nTGC vertex lies beyond the
scope of this paper, we note that it may be obtained by
contracting the two Higgs fields of the one-loop effective
operators (2.1) and (2.2).

IV. MATCHING TO UV COMPLETION
AND INDUCED nTGCS

Since we are interested in momenta much smaller than
the heavy fermion mass M, the loop integral can be
approximated with the method of regions, which is really
convenient for the matching calculation of EFT coefficients
[14,17-22]° In the following, we briefly review the
application of this method to the two scenarios that we
will consider.

In the following, we denote the loop diagrams to be
evaluated by I';. If I'; contains only large mass propagators
as in the all-heavy case, it is sufficient to expand directly
the integrand, treating external momenta as small varia-
bles. Since the loop momentum # mainly contributes when
¢ ~ M in this case, the expansion is finite at all orders in
the external momenta. However, when the integrand of I';

®A short introduction of this method in the context of EFT was
given in Ref. [38].

contains both massive and massless propagators as in the
heavy-light case, the loop integrals receive contributions
from both the hard region with £ ~ M and the soft region
with £ < M. In general, the method of regions splits the
integral I'; into a soft part and a hard part

Iﬁi = l—‘i|hard + l—‘i|soft' (41)

The hard piece is obtained by expanding the integrand in
I'; by taking the external momenta (k,p,q) as small
variables (assuming all other masses are negligibly small),
and by treating the loop momentum £ and the mass M as
large quantities. Thus, a propagator in the hard piece may
be expanded as

i i i2¢-p)

- _ (42

W TS
i i iep)

L [ A AT (4.2b)
(f + p/)2 hard fz (fZ)Z

where p’ is a linear combination of external momenta that
enters the propagator. The soft part is obtained by treating
the loop momentum as a small expansion variable like the
external momenta, so a massive propagator expands as
follows for the soft part

i i i(Z+p)?

| = RETP L (43
(f+p/)2_M2 soft ( )

M M
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1
w w :

FIG. 2. List of the relevant one-loop contributions to the four types of nTGC vertices, including the vertices of BWW (1st row), WBB
(2nd row), BBB (3rd and 4th rows), and WWW (5th row). The loop structures are those shown in Fig. 1, where for each diagram a sum
over directions of the fermion loop flows is implied. In each diagram, the dashed lines denote Higgs fields, the thin solid lines denote E
propagators, the thick solid lines denote N propagators, and the wiggly lines denote gauge bosons.

VN

FIG.3. A sample two-loop diagram containing internal fields of
heavy fermions and Higgs doublet that contribute to the nTGCs.
The dashed lines denote Higgs fields, the thin solid lines denote E
propagators, the thick solid lines denote N propagators, and the
wiggly lines denote gauge bosons. Here a sum over directions of
the fermion loop flows is implied.

In other words, the massive propagator shrinks to a point in
the soft region, just as in the EFT obtained by tree-level
matching. On the other hand, the massless propagators stay
unchanged in the soft piece.

The hard part and the soft part mostly capture the
contributions from £~ M and ¢ ~ p, k, g, respectively.
But, they also modify the behaviors of the integrand in
the IR and in the UV. Compared to the original integral,
the hard piece raises the power of # in the denominator
of the integrand and may render the integral divergent as
¢ — 0. Similarly, the soft piece may contain a divergence
as £ — oo. The key point of the method of regions and
the EFT calculation with dimensional regularization is
that these modifications cancel each other, so that the
two artificial divergences introduced by the expansion
cancel precisely between the soft and hard pieces [14].
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Hence, the total result of evaluating the loop diagram is
finite, as expected from power counting.

This method is really useful for the EFT matching.
The soft part of the loop diagram is equivalent to a
loop diagram that closes lines of light fields in the tree-
level EFT obtained by shrinking heavy propagators to
points in the full theory. The hard part then only contrib-
utes to the one-loop effective operator that compensates
the difference between the evaluation in the tree-level EFT
(soft part) and the full one-loop evaluation. For a brief
review of this process, we denote the full UV theory as
LY = LY + LY and the effective theory after integrating

out the heavy fields as Lgpr = £ + LV, where £() =

Z((;) + Zf;') is the EFT terms from ith-loop matching,
including the bare terms and the corresponding counter
terms. Then, the one-loop matching condition for a process
P of light fields is

m(e) =T EO) + T D). @4 4)

where Fg)(ﬁ) is the sum of 1-light-particle irreducible
diagrams of the (off-shell) process P at the ith-loop order
from the interaction terms of L. The tree-level matching
procedure determines the tree-level EFT Lagrangian £
and ensures ' (L£Y)] .. = T (£©)). The remaining hard
part matches

T3 (L) lara = TP (LD). (4.5)

This determines of the EFT
Lagrangian.

In the case of the nTGC loop diagram of Fig. 1 in a heavy
fermion model £V, the one-loop EFT operators £(!) are just
those of Egs. (2.1) and (2.2) and their corresponding counter

terms, with Wilson coefficients to be determined by the

the one-loop terms

matching procedure. Although I' fllT)GC(ﬁU) is finite, the

intermediate variables T\ c(£9)on and Toc(£Y) hara
contain artificial divergences because of the propagator
expansions. In the matching procedure, the divergence in

FST)GC(EUHSOﬂ corresponds to the divergence in the EFT

diagram Fr(llT)GC(E(O)), and the divergence in I g)(EU)|hard

corresponds to the counterterm vertex rff)T)GC(ZS)). The

divergences cancel in both the EFT evaluation and the full
theory evaluation.

The artificial divergences introduced by the method of
regions in the intermediate steps require caution in the
treatment of ys, since it does not have a natural definition
in dimensional regularization with D # 4. This is not an

issue for the all-heavy case, but needs care for the heavy-
light case, since the latter contains intermediate divergen-
ces that cancel between the hard and soft parts. Several
schemes for treating y5 have been developed. One needs to
sacrifice either the anticommutativity of ys with all the
other y matrices as in the Breitenlohner-Maison-’t Hooft-
Veltman (BMHV) scheme [27-31], or give up the cyclic
property of the trace of a string of y-matrices with an
odd number of ys matrices by treating the trace as a
projection operation, as in naive dimensional regulariza-
tion (NDR) [24-26].” The BMHV scheme was shown to
be self-consistent to all perturbative orders [28-30].
However, the noncommutativity between ys and some
of the y, gives rise to intermediate gauge symmetry-
violating terms and needs counter terms in the renorm-
alization procedure to restore gauge independence of the
physical result. In the context of EFT, the intermediate
gauge symmetry violation in the BMHV scheme is
manifested in irrelevant anomalies that are removable
by finite counter terms [32-34].

In an attempt to maintain gauge invariance in the
intermediate step and for the convenience of calculation,
we adopt the NDR scheme that defines an anticommuting
75 as follows:

{rs.v.} =0, (4.6)

for all u < D. This scheme was shown to maintain gauge
invariance automatically without the need of further
counter terms at least in one-loop order [26]. To be clear,
we explain concisely the practical procedure of NDR [26]
as applied to our calculation. One cannot simply continue
the relation tr(y,, - - -,,7s) = i4€,,..,,, to D # 4 in DREG,
since the rank-4 antisymmetric tensor is defined in
4-dimensional spacetime only. The NDR scheme treats
the tensor ¢, ..., in D # 4 as a regular rank-4 tensor rather
than an antisymmetric tensor. The trace containing an odd
number of ys for D # 4, tr(y,, -7, 7s), is regarded as a
projection operation that happens to give the same result
as D = 4, and is not a trace of matrices anymore. Hence, it
loses its cyclic property, and requires a consistent choice
of “reading point” to write down the order of the y
matrices in the chain. Hereafter, the “reading point” refers
to the last matrix that appears in the trace whenever there
is odd number of ys. In this work, we choose one of the
Higgs vertices as the reading point in all the loop
calculations. The four types of diagrams in Fig. 1 then
become:

"See Ref. [23] for an overview on the 5 issue in dimensional
regularization.
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4 AY 4
4 \ 4
4

$° 01t
(a)

(b) ()

FIG. 4. Sample diagrams that enter the Ward-Takahashi identity (4.9). Plot (a) has 3 external gauge bosons attached to a fermion loop.
Plot (b) has 2 vector bosons attached to the fermion loop and one to the Higgs line. Plot (c) gives the correlation function involving 2
gauge bosons that enter the left-hand side of Eq. (4.9). In each diagram, the dashed lines denote Higgs fields, the solid lines denote

fermion propagators, and the wiggly lines denote gauge bosons.

4
Fa = /ﬂtr[GN(f)yﬂGN(f — PGy (€+ k)VEGE(E + k)y*Ge(€)Vy] + (reverse fermion flow),

(27)*
&

Ly = /—4tr[GN(f)y”GN(f —k)y’Gyn (€ + @)y Gyn(€)V5GE(€)Vy] + (reverse fermion flow),

(27)

d*¢
L) = /—tr[GN(f + k) Gy (O)VHGE(E)y*GE(€ — p)y*Ge(€ + k)Vy| + (reverse fermion flow),

2n)°

d*¢
L = /—4tr[GN(f)Vﬁ,GE(f)y”GE(f —k)y’Ge(¢ + q)y*Ge(£)Vy| + (reverse fermion flow),

(27)

where V3; = (cy 4 c,ys) are the vertices that connect to
the Higgs fields and Gy g(p) are the propagators of the
heavy fermion fields N and E with momentum p,
respectively. In this expression, V7 is the reading point
of the trace and this choice will persist through all
fermionic loop evaluations, including the ones abbreviated
by “reverse fermion flow.” Once the traces are written by
following the same reading points (V), the projection
operation is performed by first moving y5 to the end of the
trace using its anticommutative property and then making
the replacement

i

75 24 €ﬂ1//myﬂyyypy6' (48)

Unlike in 4 dimensions, in NDR this procedure should not
be regarded as a definition of y5, but rather as a handy way
to compute the result of the projection denoted as tr(- - - y5)
after following a strict reading point prescription and
anticommuting ys to the end of the trace [26]. The tensor
€,pe becomes fully antisymmetric only when taking the
limit D — 4.

The noncyclicity of tr(---ys) is proportional to ¢ =
(4 — D)/2 and vanishes under D — 4. Thus, it manifests
itself in the limit D — 4 only by canceling the 1/¢ pole in

(4.7)

the divergent term. But, all the diagrams in both the all-
heavy and heavy-light cases are finite, so the noncyclicity
will not play a role in the final physical nTGC vertex
function, as long as the reading point is kept consistent
between the soft and hard parts of the same diagram so that
their intermediate divergences cancel precisely. The sit-
uation becomes more subtle when matching the diagrams
to an EFT in the “heavy-light case,” where the one-loop
effective operators and their counter terms match to the
divergent hard part of the diagram as described in
Eq. (4.5). For some choices of reading points, the non-
cyclicity of the trace combines with the divergence and
appears as a finite term in the result. This term may break
the manifest gauge invariance of the hard and soft parts
separately (but not their sum), so that the finite terms of the
hard part do not match to a set of gauge-invariant
operators. This would be the case if we had chosen the
gauge vertices as the reading points, in which case the
matching procedure might require an additional set of
finite gauge-violating counterterms. This would impair the
convenience of choosing NDR over BMHYV. Fortunately,
as we show below, choosing the Higgs vertices as reading
points is free of these technical issues. In these cases the
hard part can be matched directly to a set of gauge-
invariant operators and the soft part alone satisfies the
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Ward-Takahashi identity. This particular choice of reading
point combined with the NDR treatment of y5 is a
renormalization scheme that preserves manifest gauge
invariance in all the intermediate steps of the EFT match-
ing problem.

In the following, we consider the Ward-Takahashi
identity for U(1)p and U(1)y, related to the loop diagrams
of Fig. 1 to illustrate the necessity of choosing Higgs
vertices as the reading points. For a loop diagram that
generates the V#-V4-V/ vertex, gauge invariance enforces
the following identity for the position space correlators

BT ()T () ()¢ ()

a H
= (J5 (0)J7,(2)[QY 8 (x — )¢ ()¢ (v))7

+ (74 ()%, ()0 89 (x = 0)]¢” ()¢ (v))r. (4.9)

where (- - -); is the time-ordered vacuum expectation value
and ¢° denotes the neutral component of the SM Higgs
doublet field H. In the above, J’\', (V = B, W°) denotes the
conserved currentof U(1) and U(1),, and J% = fir'fiis
the current coupled to the external gauge boson V¥, where
fi denotes the fermions in the loop. The correlator on the
left-hand side of Eq. (4.9) corresponds to diagrams with
three gauge bosons, including the case (a) with all three
gauge bosons attached to the fermion loop, as in Fig. 4(a);
and case (b) with two gauge bosons V4 and V/ attached to

the loop at vertices described by J and ng, and the third
gauge boson V* attached to a Higgs line via the Higgs
current part of J%, as in Fig. 4(b). The correlators on the
right-hand side correspond to loops with two gauge vertices
(represented by J/1 and J/2) on the fermion loop, as in
Fig. 4(c). Fourier-transforming the identity to momentum
space, subtracting the Fig. 4(b)-type diagrams with the
gauge boson V* attaching to ¢y, and amputating the ¢,
propagator, we derive the following Ward-Takahashi
|

kuAp\l/W(kQ {P{i}}§1’¢ =0,py = /

{p”}

identity for the amputated amplitudes

k, Ay (ks prs pas py = 0, pyr = 0)
_Q?;O [Agp(Pth; Py = 0, Dot = k)

- Agp(l?l»h;l?qs =k, Pyt = 0)], (4.10)
where (k, pi, p2, Py Pyi) are the momenta obtained by
Fourier-transforming the position variables (x, v, z, u, v) in
Eq. (4.9), all defined with directions going into the loop,
and p, and p,- are momenta going into the loop via the ¢,

and c],’z('; lines. The left-hand side of Eq. (4.10) includes only
the diagrams of the Fig. 4(a)-type with three gauge vertices
attached to the fermion loop (rather than the Higgs line),
exactly like the diagrams of Fig. 1. The correlators on the
right-hand side of Eq. (4.10) are of the type of Fig. 4(c).

The hard part of a set of nTGC loop diagrams can be
matched to a set of gauge-invariant operators only when
their corresponding Ward-Takahashi identity (4.10) still
holds with the involved amplitudes in the identity restricted
to their hard parts

A— Aha.rd‘ (411)

If this is the case, the hard-part version of Eq. (4.10) would
correctly connect the coefficients of n'TGC couplings to the
2-gauge-boson vertex couplings induced by the same set of
operators (2.1) and (2.2). But, as mentioned above, the
choice of the reading point of a trace that contains an odd
number of y5 could break the hard-part version of (4.10) if
the identity involves cancellations between cyclic permu-
tations of matrices in the trace together with a divergent
hard-part integral. In the following, we show that choosing
the Higgs vertices as reading points ensures that the identity
(4.10) holds without the need of trace cyclicity.

We can write the left-hand side of the amplitude of
Eq. (4.10) with a Higgs reading point (taken as ¢° for
example) as follows:

Mb q; {P{}})Vdﬁk M (g: k, {P{}})Vzﬁ]

£ 3 [ S Mkl DV Mula P Ve (412)

{riy}

Here we generalize triple gauge-boson amplitudes to
amplitudes with any number of external gauge bosons,
and suppress all the gauge indices except the one to be
contracted with k#, and Vd, and V¢r are the two Yukawa
vertices that connect to the external Higgs lines, while
{pyi) } represents the set of gauge boson momenta (other

|

than k*). We have separated the loop into two blocks
sandwiched by the two Yukawa vertices, denoted by M,
and M,, or M/ and M) [with a V¥(k) inserted into a
propagator therein]. The sum of {pf{ll.}} runs over all
possible gauge boson momenta except k#, which enters
M, or M. The first argument (¢ or ¢') in M or MH
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represents the momentum of the first fermion propagator
in the block that leaves the Higgs vertex and appears
in the block. For the first line of Eq. (4.12) we have ¢’ =
g+ > p*+k and for the second line we have ¢’ =
g+ >_; p?. Since we are considering U(1) currents and the
fields are in their gauge eigenstates, the fermion species
remains unchanged in each block, and we denote them as
f. and f; in block a and b respectively. Another Ward-
Takahashi identity similar to that of QED gives

kMa(a:kApfy}) = =0 [Ma(g: {pfy})

- Mg+ kA{p{yH)].  (4.13a)
ko, My (g3 kAPl }) = =0 IMy(d's Pl })
- M,(q +kA{py D] (4.13b)

Substituting these identities into Eq. (4.12) and using

the relation Q{/’ + Q"/jo = Qf ?, we deduce the following
identity:

k, Ay (ki{pin i py = 0.pgr = 0)
= OV [ A ({py}ipyp = k. pyr = 0)
- AP tipp =0.py = k).

For the case of three gauge bosons, this reduces to the
identity (4.10). We see that for the identity (4.10) to hold, it
is sufficient to validate the QED-like Ward-Takahashi
identities (4.13) for each block sandwiched between the
Yukawa vertices V,, and V. When choosing Yukawa
matrices as the reading points, these blocks are not wrapped
around the ends of traces, and thus one does not need
cyclicity to prove Eq. (4.10). It is also apparent why
choosing another vertex as reading point may violate the
hard-part version of Eq. (4.10). The diagrammatic proof of
Eq. (4.13)* sums over all possible insertions of V#(k) into
all propagators involved. For instance, in the right-hand side
of Eq. (4.12), if another vertex within MY to the right of the
V# (k) insertion was chosen as the reading point, the first
trace on the right-hand side of Eq. (4.12) would take the
following form,

(4.14)

a[ MV, MV gk MO = a[ M,V ik, MEV )

+ (terms o €), (4.15)

where the block MY = ./\_/lf,] n Mﬁf) is now separated into
two parts located at the beginning and end of the trace, and

the extra terms proportional to € arise from the noncyclic
trace of NDR. Since the proof of the Ward-Takahashi

¥See for example a textbook derivation of this in Chapter 7 of
Ref. [39].

identity (4.13) involves propagators in both ME})" and

/\_/l,(zz), one needs to move /\_/1512) to the end of the trace to
complete the block MY, which leads to extra terms propor-
tional to e that then combine with the 1/e divergence of the
hard part to produce a finite contribution, violating the
identity (4.10). Hence, only the Yukawa vertices can be
chosen as the reading point. The above argument for a
Yukawa vertex as reading point can be readily generalized
to an arbitrary number of Yukawa vertices at the one-
loop level.

It was also suggested in the literature [26] not to choose
the gauge vertices as reading points in order to maintain
recursive renormalizability of the full result of the diagrams
as well as its gauge invariance. In the above analysis, we
support this rule for a very different reason, namely, the
correspondence of the hard part in the method of region to a
one-loop gauge-invariant EFT operator requires choosing
the Yukawa vertex as the reading point.

This choice of reading point is also convenient when
performing the matching procedure by using the covariant
derivative expansion (CDE) [40].91n this method, the one-
loop effective nTGC operators are obtained by evaluating
the functional trace

1

i 1 . 3
——STr (— Ul — Ui+ - ) (4.16)
27 \K, HK;

where, following the notation of [43], we split the block-
diagonal interaction matrix U into Uy and Uy corre-
sponding to the type of Yukawa interaction, and K~' is the
propagator matrix. Following the previous argument for
explicit loop calculation, we have moved Uy to the end of
the trace, since it is the reading point.10 The y5 matrices are
then moved to the right end of the trace by commutation
relations, followed by the replacement (4.8) according to
the NDR manipulation. Using the public code STrEAM [45],
we have checked that, after eliminating redundant oper-
ators, the CDE gives the same results for the one-loop
effective operator matching to the hard part. To obtain the
full vertex for the heavy-light case, we need further to
compute the soft part by evaluating the loop contribution of
the tree-level effective operators using the same Higgs
vertices as reading points and adding it to the contribution
of the one-loop effective operators. In this way, irrelevant
anomalies that usually appear in the EFT loop calculations
would never appear in any intermediate step of computing
the full nTGC vertex.

®Universal one-loop effective actions induced by heavy fer-
mion loops were studied in the literature using the covariant
derivative expansion up to Dim-6 operators [41-43].

""The application of NDR and the subtlety of the choice of
reading point when using the CDE were discussed by [44] in the
context of evanescent operators.
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V. RESULTS FOR INDUCED nTGCS

In this section, we present the results of loop calculations
derived using the method of Sec. I'V. These results are then
combined with various nTGC vertices and matched to the
one-loop effective nTGC operators as given in Egs. (2.1)
and (2.2). In our convention, the Higgs expectation value is

given by (¢°) = v/v/2, where ¢° denotes the neutral
component of the SM Higgs doublet field H.

A. Heavy fermion loop
contributions to nTGCs

We start with the simpler case, in which the nTGC
vertices are generated by one-loop contributions of the
heavy fermions, including an SU(2) doublet A/ and a
fermionic singlet £ with hypercharges Yy and Yg = Yy —
1/2 that play the role of the fields N and E in Eq. (3.1),
respectively. We assume that these heavy fermions have
nearly degenerate masses M ~ Mg ~ M, so there is only
one heavy mass scale for EFT matching. The relevant
Lagrangian terms take the following form:

LONGP —MyN +EGP — M)E

+NH(cy + cays)€ +He. (5.1)

In the cases of (Yy,Y¢) = (-1/2,-1), (1/2,0), and
(3/2,1), at least one of the heavy fermions can mix with
SM leptons through Yukawa couplings to the Higgs
doublet. In this subsection, we set these heavy-light mixing
couplings be negligibly small as compared to the couplings
between the heavy particles, and leave their treatment to the
next subsection. The absence of the heavy-light couplings
can be ensured by imposing a Z, symmetry. The result for
vertices and Wilson coefficients in this and next subsec-
tions are additive when a model generates both “all heavy”
and heavy-light loop diagrams.

For the four types of basic one-loop diagrams of triple
neutral gauge bosons in Fig. 1, we compute the off-shell
expressions from Eq. (4.7), with the substitutions N — N
and E — &. Thus, we derive the following:

iCVA 2 2
I =———|[(4 3 4p - HUpG
U= a0 (A 3P 4P q)g,e
+(q < p.v<p)l, (5.2a)
Ly = YA 2k — k1 g Ykygpe”
24072 M* oah
+ (B + g7 + 4k - q)kee"” + (q < kv < p),
(5.2b)
F3 = I_‘1 ‘Cv_’CT/-,CA—’—C;;’ 1—‘4 = F2|CV—>C>{/,CA—>—C/*;7 (52(:)

with the coupling coefficient ¢3, = cych + c ¢
Including the charges and gauge couplings corresponding
to the different sets of the external gauge bosons in Fig. 2
and using the Schouten identity (2.7), we can match these
results directly to the sets of operators in Egs. (2.1) and
(2.2), since the loop integrals have no soft parts. The
effective Lagrangian takes the following form:

£ D ZC]O[ + H.C., (53)
1

where the label / runs over the labels of the nTGC operators
O;. We compute the one-loop Wlison coefficients c; as
follows:

QZC%/A
W = T a0 M (5.4a)
2.2
g Cyy
C’WW = 102 M (5.4b)
2(1 = 5Y v + 10Y2,)c?
CBB:—g ( ./\/2 - j\[) VA’ (540)
9607~ M
oo g*(3 —20Y +40Y3,)cyy (5.4d)
BB 192072 M* ’ ’
and
gg’c%,A
W= 9202 (3-52)
g9 (1 - SYN)C%/A
VT T VR (3-50)
99 (3 =20Y \)c3,
W T 902MY (5:5¢)

where the coupling coefficients c%, 4 = CcyCy + cacy. Using
Eq. (2.11), we translate these results into the following on-
shell coefficients:

5
_ 7Cva .
c]/*ZZ = WSIH(ZQW)(ZYN - 1)

X [(2Y = 1) cos(20y) — 2Y n/], (5.6a)
Cyyy = —2CVA_ [5(2Y 5 — 1) cos(46y)
2229002 oM* TN v
—40(2Y 5 — 1) cos(20y) + 60Y3, — 20Y 5 + 7],
(5.6b)
m%CVA .2 2
C]/*}/Z = WSIH (zaw)<2YN - 1) s (56C)
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5
Cya .
CZ*]/Z = msln(zev‘/)(zYM - 1)

X [(2Y — 1) cos(20y) — 2Y ], (5.6d)
where the nTGC coupling coefficients (cy-,z, cyzz) are
connected to the conventional notations [6,7,13] via
(cveyz. Cyezz) = (ehy, efY), as shown in Eq. (2.10).

In passing, for an estimate, we consider the future e*e™
colliders CEPC (250 GeV) and CLIC (3 TeV) and a future
pp collider (100 TeV), with an integrated luminosity
(20,5,30) ab~! respectively. According to the collider
analyses [6-10], they can probe the form factors (h%, %)
down to h% < (1.4x1074,6.2x 107%,3.0 x 1077), and
hy < (49x1074,1.0 x 1074,3.5 x 1077),  respectively,
and we take just one nTGC contribution at a time. For
Yy =—1, these bounds correspond to M/|cy,|'* <
(80,240, 368) GeV with the h§ constraints alone, and
become M/|cy4|'/* < (150,480,770) GeV with the K}
constraints alone. These sensitivities are quite weak because

with heavy and light fields respectively'’
i 11
M= —A—-—— . e
1 22 M* [( 6)(p Q)qu + (
12

M2

1 1
+ = ¢ Paqpe”™ — Eq”paqﬂe"”" + (g < p.v<p)|,

such fermionic UV contributions are suppressed by both the
heavy mass factor o« M~* and the one-loop factor. A more
careful phenomenological analysis is needed to extract the
actual sensitivity, including contributions of the interference
between the Z*-exchange and y*-exchange channels. This
will improve the sensitivity reaches on M/|cy4|'/4. These
analyses are useful for the phenomenology of strongly
coupled UV models of new physics. In particular, discovery
at the LHC or a future collider of an nTGC coupling in the
absence of a new particle would be an indicator of a strongly
interacting sector beyond the SM.

B. n'TGC:s from fermion loops with heavy-light mixing

In this subsection, we extend our analysis to include one-
loop contributions where the heavy and light fermions mix
through a Yukawa-type coupling to the SM Higgs doublet.
We begin by presenting general off-shell expressions for
the one-loop diagrams of triple neutral gauge bosons in
Fig. 1, setting My = M, My =0 and V§ = (1 £y5)/2 in
the propagators of Eq. (4.7), identifying the fields N and E

1 5 25
—A+ _) q2p6€ﬂupa + <A + _) qﬂpaqﬁeupaﬂ

6 12

(5.7a)

T :; l(p'q)q e 1 llog——i qu eHvpo
YT 1222 M |4 ° 2712 12 g

2

1 M? 11
+ ——log? 4" Paqpe® + —E—l-log

2

— (5.7b)

)qppaqﬂe””“” + (g < p.v<p)|,

I |2 - s + (& =2)2paenr - L grpgper
3 12 /

3T 12M |12

11 9
+ (— - A) 4" paqpe”® — Zq"paqﬂe"”"‘ﬂ + (g« p.v< p)] ,

12

i 19 M
I3 [— (P 4)q.6"" — (2 + 10g_—q2

T 122M |12

12

31 M’ v upap 9 P pvafl
+ —+10g_—q2 4" Patpe’”™ = 14" Padpe + (g < pv<op)l,

and

(5.7¢)

7
) PP, —— g paqse’

12

(5.7d)

""The results differ only by a minus sign for the opposite assignment of Vi = (1 Fys)/2.
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h i 5 vpo 1 vpo vpay
17 = 962 M {—g(k ©q)q,€"" +§q2ka€” 77 + gl koqpe’
5
+ ¢ kaqpe”? — gqﬂkﬂﬁeﬂmﬁ +(g < kv M)], (5.8a)
I, =173, (5.8b)
= L 2A —l—§ (k- q)q,e"° — [ A+ 1 Gk €'’ + gk ,q PP
4 242 M 3 ’ 6)" " «tp
8
+ q”kaqﬁeﬂf"’/’ - <2A + 3) q/’k(,qﬁe”“’/" + (g kv ,u)] , (5.8¢)
i 1 M? 7 1 M?
ry=— Z—log—— ) (k- mwpo _ [ _ oo —— 2k e
4 127‘[2M4 |:<6 Og_pz)( q)CIo'e (12 2 Og_p2>q o€
1 M?
+ qukaqﬂeypa/?’ - 8 + 10g—2 qpkaqﬂeﬂbaﬁ + (q < kv :u) ’ (58(1)
4
|
where I ([;) is the hard part and the full result  and
(soft + hard) for each type of diagram in Fig. 1, and
A = 1/e—yg +log(4n) + log(u*/M?). We see that the day 2
divergence and the logarithmic renormalization scale Chw = TI52200° (35 + 121log W)’ (5.11a)
dependence cancels correctly between the soft and hard z
parts. The remaining logarithmic factors take the form of
log _Lzz, where Q(= k, p, q) is one of the external momenta, ;2 2
d deseribes the IR di f the loop di Cpy = oy (44 3log £ (5.11b)
and describes the ivergence of the loop diagram BW T 14422M* M2
as 0 — 0.
The results for specific models with heavy-light mixing
loops can be obtained by inserting the corresponding gauge 7y e
couplings into Egs. (5.7) and (5.8). As a concrete example, Cwp = 115220 (17 + 121og W) (5.11¢)

we consider an extension of the SM with a weak SU(2)
fermion doublet F = (f°, f~)” with hypercharge Y = —1.
Thus, the relevant new physics Lagrangian reads,

LD F(ip—-M)F + (yFHeg + H.c.). (5.9)
The mixing mass term uy; LF + H.c. between the heavy
fermion and the SM left-handed lepton doublet L can be
eliminated by a field redefinition, so Eq. (5.9) presents the
Lagrangian terms after this redefinition. With these, we

derive the one-loop effective coefficients of the nTGC
operators (2.1) and (2.2) as follows:

21,2 21,2
___ 9y _ gy
YW= T 02t vy (.102)
11g12y2 g/2y2 /42
T VI A T EA R VI R
(5.10b)

These coefficients correspond to the hard parts of one-loop
diagrams and have no physical significance by themselves
alone, since one needs to also include the soft parts of the
loops as obtained by tree-level matching. The full loop-
contributions to the on-shell vertices can be summarized in
the following form:

/
Cyr
Yo _ Vyz
FV*yz(q,Pl,Pz) )

V4

(q* — my)pipe™™, (5.12a)

1
005 ,(q. p1.p2) = —5 [¢hz2(a)q?
myz
- C/V*zz(m%/)m%/](l’l - Pz)ﬁeﬂmﬂ’

(5.12b)

with the effective coupling coefficients given by
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: myy?
Cy*zz(qy*) = msm(ww)
MZ
x | =3cos(20y) +1+6log—=|, (5.13a)
/ myy’
cyrr(qz) = “ Sl 3 cos(460y,) — 20 cos(260y)
M2
+ 13 + 24sin*6y log—- |, (5.13b)
—4qz
miy:
cly*yZ = —WSIHZ(Zew), (513C)
myy’
Cpyz = Wsm(ZHW)[— cos(20y) + 3]. (5.134)

We note that Eq. (5.12) is an extension of Eq. (2.9) to
accommodate the logarithmic momentum dependence
from the soft part. The nTGC coupling coefficients
(¢yr,z- €yyz7) are connected to the conventional notations
via (¢l ¢4 z7) = (ehy, efY), as shown in Eq. (2.10).

For an estimate we consider the recent collider
analyses [6-10] on probing nTGCs at the future e*e™
colliders CEPC (250 GeV) and CLIC (3 TeV) and a future
pp collider (100 TeV), with integrated luminosityies
(20,5,30) ab™! respectively. We find that the sensi-
tivity reaches are M/|y|'/? < (190,570, 880) GeV for
Z*-exchange and M/|y|'/? < (125,396,647) GeV for
y*-exchange. Since the fermionic UV contributions to
nTGCs are suppressed by both the heavy mass factor «
M~ and the one-loop factor, the estimated collider bounds
above and in Sec. VA are quite weak. The bounds on the
all-heavy and heavy-light cases are quite comparable to
each other.

During the finalization of this paper we compared our
results with those of a recent paper [46] that also studied the
derivation of nTGCs from certain fermionic UV models.
This paper considered only 4CP-even dimension-8 oper-
ators in its Egs. (2.4)—(2.7) that contribute to nTGC vertices
with two on-shell gauge bosons, whereas our study con-
siders a complete set of 7CP-conserving, Higgs-dependent
dimension-8 operators (2.1) and (2.2) that generate n'TGCs
and studies their matching to the one-loop contributions of
UV models. These operators all contribute to the off-shell
nTGC vertices and their consideration eliminates the
possible ambiguity that may arise from the choice of
nTGC operator basis. Also, our method of matching differs
from that of [46]. Besides the coefficients of one-loop
effective operators, we have provided a systematic treatment
of the (off-shell) full nTGC vertices as obtained from the
one-loop fermionic UV contributions, including both their
hard parts and soft parts. The soft parts are induced by the

heavy-light mixing case and were not considered in [46].
Our work provides an independent full treatment on the
fermionic UV completion of the low energy nTGCs.

VI. CONCLUSIONS

Neutral triple gauge couplings (n'TGCs) open up a unique
window for probing the new physics beyond the Standard
Model (SM), because they are absent both in the SM and in
the SMEFT at the level of dimension-6 operators, and first
appear in the SMEFT at the level of dimension-8 operators.
In recent years there has been increasing experimental and
phenomenological interest in studying probes of neutral
triple gauge couplings (nTGCs) at present and future
collider experiments [4—11]. It is thus highly desirable to
study how the underlying UV dynamics of new physics can
naturally generate such n'TGCs at low energy in the SMEFT
formulation.

In this work, we have shown how nTGCs may be
generated by loop diagrams involving vectorlike heavy
fermions, considering both loops of heavy fermions alone
and also loops containing a mixture of the heavy fermions
and the SM light fermions. We presented a complete set of 7
dimension-8 SMEFT operators (2.1) and (2.2) that generate
CP-conserving off-shell nTGCs, where only 4 of them
contribute to the nTGC form factors with two on-shell
gauge bosons. Then, we demonstrated that at the one-loop
order such a fermionic UV completion only induces the
dimension-8 nTGC operators containing two Higgs-doublet
fields.

We have described the treatment of y5 in our fermionic
one-loop analysis. Then, we analyzed in detail the sepa-
ration between the soft and hard parts of the one-loop
integrals that appear in the heavy-light fermion mixing case
and the associated Ward-Takahashi identity. We further
gave a prescription for the treatment of spinor traces that
eliminates irrelevant anomalies in all the intermediate steps
of matching.

We have evaluated the fermion loops with off-shell
external gauge bosons and matched their hard parts to
the 7 dimension-8CP-even nTGCs operators (2.1) and
(2.2). Then, we required two external gauge bosons of
the nTGC vertices to be on-shell and derived the 4 form
factors induced by the fermion loops. We have found that
the contributions of the all-heavy and heavy-light fermion
loops yield results of comparable magnitude, as can be seen
by comparing Eqgs. (5.4) and (5.5) with Eqgs. (5.10) and
(5.11). An essential difference is the appearance of loga-
rithmic contributions in the heavy-light case that are absent
in the all-heavy case. For the heavy-light case, we presented
a generalized nTGC form factor formulation in Eq. (5.12)
and derived the corresponding form factor coefficients in
Eq. (5.13), which explicitly contain extra terms with
logarithmic momentum dependence. This explains why
the conventional nTGC form factor formulation (2.9)
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should be extended to the new Eq. (5.12) in the heavy-
light case.

The perturbative one-loop fermionic UV contributions to
the low-energy effective nTGC operators are suppressed by
both the fourth power of the heavy fermion mass M and a
loop factor, making it quite challenging to probe such
perturbative scenarios of new physics via their UV con-
tributions to nTGCs at the LHC and future high energy
colliders. On the other hand, the nTGCs may receive more
sizeable contributions from certain strongly interacting
nonperturbative UV models. Thus, the possible collider
discovery of a nTGC without an accompanying new
particle could provide evidence for a strongly interacting
sector beyond the SM.
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APPENDIX: OFF-SHELL NTGC VERTICES
FROM DIMENSION-8 OPERATORS

In this appendix, we show that among the nTGC
operators in Egs. (2.1) and (2.2), only four operators

(i) nTGC Vertex A**(p,)A**(p2)Z"*(ps3)

1

F%&)(Phpzv p3) = ev’

(combinations), O, O% ., O, and Oy — Oy, con-
tribute to the off-shell nTGC vertices that are phenomeno-
logically relevant to fermion production processes at
colliders.

For instance, we may consider the following production

process:

ff = Vi=>Vivs,

Vi = fafa Vi fifs (A1)

where the V; denotes neutral gauge bosons and the f; the
SM fermions. For a nTGC vertex I''G5 (py, pa, p3) with
momentum conservation p; + p, + p3 = 0, we can ignore
the terms that are proportional to p:’, because in the tree-
level amplitude of the above production process, each
momentum p;’ will be contracted with an external fermion
current and this contraction vanishes due to the equation of
motion of the external on-shell fermions.

Then, we derive the off-shell nTGC vertices from the
operators (2.1) and (2.2). For this, we will use the Schouten
identity Eq. (2.5) to rearrange the expressions such that
only one momentum contracts with the antisymmetric
tensor €*“*, Ignoring the terms that contain p{’, the off-
shell nTGC vertices are evaluated as follows, where I" and
I vertices are generated by operators @ and @ in
Egs. (2.1) and (2.2), respectively.

1V (P3P, = pipa,e’?), (A2a)

1
T3 (P1, P2, p3) = 5 ev? cotOy(pipage ™’ = pipioe™’”), (A2b)
(A2¢)

F/;wp

which correspond to the contributions of O, O

BW?
operators vanish.
(ii) nTGC Vertex A**(p,)Z"*(p-)ZP*(p3):

, 1
Do (P1 P2, p3) = =5 ev? ese20w[(p3 = p3)p1s€™ + pi(pas = P3g)e""”],

1
Pyp(P1 P2, p3) = 5 ev? esc20w[(p3 = P3P + pi(p2g = P3g)e""”],

Juvp
Fﬂl

1
T (py.pa. p3) = _561}2[(—19% + P3) P16 + pi(Pas — P35)€"),

1
ww(P1s P2 p3) = 3 ev? tan Oy (p2 pry€° — P p,,ero),

1
pw (P1s P2 p3) = g ev* tan Oy [coOy(p3 = p3)p1o€™"” + p1(Pas = P3o)e"7],

and O’

ww Tespectively, while the contributions by other

(A3a)

(A3b)

(A3c¢)

(A3d)
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1
T2 (p1. P2 p3) = 5 e?[(=p3 + pH P16 + P (P2s — P3o)€").

8

which correspond to the contributions of Oy, Oy,

0., O,

(A3e)

and O

swe i ww» respectively. The contributions to

A*Z*Z* vertex from other operators vanish. Since F’g’vf, + F"% = 0, this means that the combination Oy + Oyp

does not contribute to the nTGC vertex A*Z*Z*.
(iii) nTGC Vertex Z"*(p,)Z"*(p,)Z"*(p3):

1
o (P1: P2, p3) = 7ev?[(P1 = 2p3 + p3)p1oe™?” + (211 = p3 = p3) P2,
I
T3y (P1, P2, p3) = e anOy[(p} = 2p3 + p3)p1oe” + (2pT = p3 = P3) P2oe’”],

I
Ciw(P1 P2 p3) = gev? cotOy(p} = 2p3 + p3) P10 + (2p7 = P3 = P3) P2,

) L y y
which correspond to the contributions of O B O 55

(Ada)
2

(Adb)

(Adc)

and O%VW respectively. The contributions to Z*Z*Z* vertex from

other operators vanish. We find that all the nTGC operators do not contribute to the vertices A*A*A*.

In summary, for the dimension-8 operators (2.1) and (2.2) only four operators, O, O~

contribute to the off-shell nTGC vertices.

/ -
sw Opo OWW’ and Ogy — Oyp.
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