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We consider the hypothetical possibility of neutral gauge bosons (Z0) with flavor-specific leptophilic
couplings. For such New Physics (NP) interactions, the current experimental constraints are much more
relaxed in the heavy mass regime, particularly for masses ≥ Oð1Þ TeV. However, in the presence of a
leptophilic Z0, leptonic decay modes of the electroweak gauge bosons and Higgs can be corrected at the
loop level. Using the existing upper bounds on the corresponding decay widths, we find that one can
impose stronger exclusion limits on the interactions of a heavy Z0. Future updates on the aforesaid decay
channels can be used in complementarity with the proposed lepton colliders to probe even weaker
leptophilic NP interactions at the TeV scale and beyond.
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I. INTRODUCTION

As a gauge formulation, Standard Model (SM) has
successfully explained the strong and electroweak (EW)
interactions with its predictions being tested to a high
degree of precision [1–6]. However, at the same time, the
existence of a Beyond the Standard Model (BSM) sector
has also been established through various observations,
e.g., dark matter [7–10], neutrino oscillations [11], matter-
antimatter asymmetry [10], etc. Though a plethora of BSM
theories have been introduced so far, the continuously
increasing experimental sensitivities are substantiating the
possibility of a leptophilic NP. Current bounds from the
Large Hadron Collider (LHC) and direct detection experi-
ments are significantly relaxed for the BSM fields that
exclusively couple to the SM leptons [12–16]. A highly
economical setup for realizing such a scenario can be built
by extending the SM gauge group GSM ¼ SUð3ÞC ⊗
SUð2ÞL ⊗Uð1ÞY with a new Abelian symmetry Uð1ÞLi−Lj

,
where the difference between two lepton numbers, i.e.,
Li − Lj [i; j ¼ e, μ, τ] has been gauged to construct an
anomaly-free theory [17–19]. The corresponding neutral
gauge boson Z0

ij (with mass Mij and gauge coupling g0ij) is
purely leptophilic and couples to the i and j leptons only.
Note that though Uð1ÞB−L [20] is another well-explored

Abelian extension of the SM, the associated gauge boson
couples to the quarks as well, leading to stronger collider
constraints from the LHC [21].
Neutral leptophilic gauge bosons are phenomenologi-

cally quite appealing and have been widely studied in
context of dark matter [22–32], lepton anomalous magnetic
moments [33–38], charged lepton flavor violation [39–42],
neutrino oscillations [43–48], gravitational waves [49],
leptogenesis [39,50,51], and so on. However, the non-
observation of any such leptophilic gauge boson associated
with a hidden Abelian symmetry has drastically shrunk
the allowed parameter space, particularly in the lighter
mass regime (for recent reviews, see Refs. [49,52]). For
Mij < 100 GeV, the best sensitivity comes from the
electron [53–56] and proton [57–59] beam dump experi-
ments, fixed target experiments [60–67], collider searches
[68–78], and neutrino experiments [79–86]. Moreover, big-
bang nucleosynthesis [87] and measurements from the
stellar cooling [88,89] are also crucial to exclude regions in
the sub-GeV mass regime. Therefore, the NP is naturally
shifting towards the heavier mass scales where the bounds
are comparatively less stringent [69,79–81]. However, note
that a leptophilic neutral gauge boson can induce loop-level
corrections to several SM observables, e.g., W� → l�νl,
Z → lþl−, and h → lþl− processes. The existing experi-
ments have already measured the corresponding decay
widths [90] and the values closely follow the SM pre-
dictions within the current level of experimental sensitivity.
Thus, the bounds can be used to test or falsify any BSM
theory affecting the aforementioned leptonic decay chan-
nels. In the present paper, we have examined the currently
available parameter space for a heavy Z0

ij, considering the
leading order corrections to W� → l�νl, Z → lþl−, and
h → lþl− decays simultaneously. The analysis results in
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nontrivial constraints in the considered parameter space,
and those are found to surpass the existing experimental
bounds [69,79–81] for Mij ≥ Oð1Þ TeV and g0ij ≥ Oð0.1Þ.
Though this parameter space can be deeply probed through
the future lepton colliders [91,92], currently, the present
work introduces the most stringent exclusion limit on a
TeV-scale leptophilic NP.
The rest of the paper has been structured as follows.

Section II builds up the NP interactions arising in a minimal
Uð1ÞLi−Lj

extension of the SM. The present experimental
bounds and future collider sensitivities for a heavy Z0

ij have
been discussed in Sec. III. The explicit analytical expres-
sions for the leading-order corrections to Wlνl, Zll, and
hll vertices, originating through the Z0

ij exchange, and
their consequences to the leptonic decay channels of W, Z,
and Higgs have been discussed in Sec. IV. In Sec. V, using
the experimental constraints on W� → l�νl, Z → lþl−,
and h → lþl− decay modes, the viability of the parameter
space within f102 GeV ≤ Mij ≤ 105 GeV; 0.1 ≤ g0ij ≤
1.0g has been examined, leading to new exclusion limits.
Finally, we conclude the work in Sec. VI.

II. THE MODEL: GSM ⊗ Uð1ÞLi −Lj

As discussed in the Introduction, a neutral leptophilic
gauge boson Z0

ij can naturally arise in Uð1ÞLi−Lj
extensions

[i; j ¼ e, μ, τ] of the SM gauge group. Such Abelian
extensions, being free from chiral anomalies, are theoreti-
cally well motivated and suitable for explaining various
lepton-specific BSM observables. Therefore, for a minimal
GSM ⊗ Uð1ÞLi−Lj

framework, the NP interactions can be
cast as

L ¼ −
1

4
ZμνZμν þ g0ijðZ0

ijÞν
"X
l¼i;j

Qlψ̄
l
L;Rγνψ

l
L;R

#

− VðH;ϕÞ; ð1Þ

where ψl
L ¼ ðνllÞTL and ψl

R ¼ lR are the left- and right-
chiral SM leptons, respectively, with Ql standing for the
Uð1ÞLi−Lj

charge of the considered lepton generation. g0ij
represents the new Abelian gauge coupling and Zμν is the
field strength tensor corresponding to Z0

ij. The scalar
potential VðH;ϕÞ can be defined as

VðH;ϕÞ ¼ μ2HðH†HÞ þ λHðH†HÞ2 þ μ2ϕðϕ�ϕÞ
þ λϕðϕ�ϕÞ2 þ λHϕðH†HÞðϕ�ϕÞ; ð2Þ

where H is Higgs doublet and ϕ represents an SM-singlet
scalar with a nontrivial Uð1ÞLi−Lj

charge, Qϕ. The vacuum
stability can be ensured by setting

λH > 0; λϕ > 0; λHϕ þ 2
ffiffiffiffiffiffiffiffiffiffi
λHλϕ

q
> 0: ð3Þ

Note that for the negative values of μ2H and μ2ϕ, H and ϕ
acquire nonzero vacuum expectation values (VEVs) break-
ing the EW and Uð1ÞLi−Lj

symmetries spontaneously.
In general, the last term of Eq. (2) can induce a mixing

between H and ϕ. However, the collider searches strongly
constrain the Higgs sector [93,94], resulting in an upper
bound on the mixing angle [95]. Therefore, we assume
λHϕ → 0 so that the presence of ϕ does not affect the Higgs
observables. Thus, after spontaneous symmetry breaking,
the scalar mass terms can be formulated as

M2
h ¼ 2λHv2; M2

ϕ ¼ 2λϕv2ϕ; ð4Þ

where v ≃ 246 GeV and vϕ are the EW and Uð1ÞLi−Lj

VEVs, respectively, while h denotes the physical SM-
Higgs with a mass Mh ≃ 125 GeV. Moreover, the sponta-
neous breaking of Uð1ÞLi−Lj

symmetry generates a mass
term for the Z0

ij, given by Mij ¼ g0ijjQϕjvϕ. Note that
thoughMij is a free parameter in the considered model, we
restrict our analysis only to the heavier mass regime
where Mij > MZ.

III. PRESENT AND FUTURE BOUNDS

Figure 1 shows a comprehensive picture of the existing
experimental constraints and future bounds on a neutral
leptophilic gauge boson for Mij ≥ 100 GeV. As already
stated, the lighter mass regime has been deeply probed
through various experiments [53–86] as well as cosmo-
logical [87] and astrophysical data [88,89] leaving only a
small parameter space for leptophilic NP. However, the
current situation in the heavier mass regime is much more
relaxed with the most stringent constraints coming from the
neutrino trident production and the Large Eletron-Positron
(LEP) collider.
Through the scattering of a muon neutrino in the

Coulomb potential of a target nucleus, a muon-antimuon
pair can be produced—commonly known as the neutrino
trident production [96]. A combined measurement of this
scattering cross section from CHARM-II [79], CCFR [80],
and NuTeV [81] leads to a stringent constraint on Z0

eμ

and Z0
μτ bosons, excluding the parameter spaces corre-

sponding to ðg0eμ=MeμÞ ¼ ðg0μτ=MμτÞ > 1.9 × 10−3 GeV−1.
The gray-shaded region in Fig. 1(c) depicts the bound.
However, for the electrophilic gauge bosons (i.e., Z0

ej

[j ¼ μ, τ]), a stronger bound comes from the LEP-2
experiment [69]. The measurement of eþe− → lþl− cross
section is significant to probe the interaction between Z0

ej

and electrons. Using the bounds on the four-fermion
contact interaction, one can exclude ðg0ej=MejÞ > 2.2 ×
10−4 GeV−1 [70] for Mej > 209 GeV, whereas for
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Mej < 209 GeV, g0ej ¼ 0.04 can be considered as a
conservative upper limit [26]. The gray regions in
Figs. 1(a) and 1(b) represent the LEP-2 bound.
Thus, the remaining parts (white regions) of the

fMij; g0ijg parameter spaces are currently unconstrained,
making them viable for BSM theories with a neutral
leptophilic gauge boson. However, future collider searches
can be vital to probe such hidden gauge sectors in the
considered mass regime. For example, in Figs. 1(a) and
1(c), the violet and green lines represent the projected
sensitivities from pp → 4l=3l processes, respectively, at
the proposed high luminosity run of LHC (HL-LHC) [14].
The other colored lines in Fig. 1 mark the projected
sensitivities corresponding to different processes at the
high-energy electron-positron [91] and muon [92] colliders.
Note that the leptons being free from any substructure, the
designed collider energy is very close to the partonic
collision energy in the case of lepton colliders. This feature
makes them crucial to test BSM theories at energy scales
≥ Oð1Þ TeV. An earlier attempt to probe fMμτ; g0μτg
parameter space at a 3 TeV muon collider can be found
in Ref. [97]. However, incorporating the SM backgrounds,

especially from the vector-boson fusion (VBF), Ref. [49]
has significantly improved the results. Moreover, the
authors have extended the analysis to project bounds
on Z0

eμ and Z0
eτ as well by simulating both the electron-

positron and muon colliders running at a collider energy offfiffiffi
s

p ¼ 3 TeV. From Fig. 1, we can see that the direct on-
shell resonance production of lepton pairs can impose the
most stringent bound in the large Z0

ij regime, i.e., for
Mij ≥ 300 GeV. In the presence of initial state radiation
(ISR) effect, the sensitivity can reach up to g0ij ∼ 10−3 at
Mij ∼

ffiffiffi
s

p ¼ 3 TeV. Note that the best sensitivity can be
achieved for Z0

eμ, whereas due to the difficulties in τ
reconstruction, the sensitivity gets somewhat reduced for
Z0
eτ. For Z0

μτ, the sensitivity decreases further due to an
additional signal suppression from the ISR. In the lighter
Z0
ij regime, lepton-pair production leads to subdominant

constraints, especially due to the VBF background. Thus,
for Mij < 300 GeV, the lþl−γ associated production
channel results in the strongest sensitivity [49,97].
Moreover, a comparative study shows that, due to the
lower SM background, the muon collider can have a

FIG. 1. Current experimental bounds (gray-shaded regions) and projected sensitivities (colored lines) in the heavy (a) Z0
eμ, (b) Z0

eτ, and
(c) Z0

μτ parameter spaces. The projected sensitivities corresponding to the HL-LHC and lepton colliders have been recast from Ref. [49].
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slightly better sensitivity to probe the leptophilic neutral
gauge bosons than that can be achieved with the electron-
positron collider [49]. The reader may also refer to
Refs. [98–109] for some related studies on the detection
prospects of a heavy Z0

ij in the future colliders.
It is worth mentioning that if the Abelian theory is

classically conformal, additional bounds can be imposed on
the heavier mass regime using the gravitational wave signals
[110–114] and theoretical constraints (naturalness and per-
turbativity) [113,115]. For example, Ref. [49] has used the
existing upper limit on the amplitude of gravitational waves
from the advanced LIGO-VIRGO run 3 [116] to exclude
a notable portion of the parameter space within the
range f2× 104 GeV≤Mij ≤ 106 GeV;0.37≤ g0ij ≤ 0.44g.
However, unlike the experimental bounds, theoretical con-
straints are not absolute—the bound from the naturalness
condition depends on the chosen amount of fine-tuning,
whereas the exclusion limit coming from the pertur-
bativity can be relaxed if some NP is considered between
the scale of Uð1ÞLi−Lj

symmetry breaking and the Planck
scale [49].

IV. CORRECTION TO THE SM OBSERVABLES

The new Abelian gauge bosons Z0
ij, being neutral and

leptophilic, can generate one-loop corrections to the lep-
tonic decay modes of W�, Z, and Higgs. However, since
such decay channels are well measured through the collider

searches, a BSM contribution may result in notable con-
straints to the associated parameter space, i.e., fMij; g0ijg.
The present paper follows this strategy to test the feasibility
of a massive Z0

ij in the mass ranges ≥ Oð102Þ GeV.
Note that, as mentioned in Sec. III, a major part of the
lighter mass regime has already been excluded through
various experiments. Therefore, the one-loop corrections to
the SM observables can produce only trivial bounds
for Mij < Oð102Þ GeV.
In this section, we explicitly discuss the Z0

ij-induced one-
loop vertex correction factors forW� → l�νl, Z → lþl−,
and h → lþl− processes. For notational simplicity, we
suppress the flavor indices, and in the subsequent analysis,
Mij, g0ij, and Z0

ij will be mentioned as MZ0 , g0, and Z0,
respectively. However, if required, the flavor indices might
be invoked later for representing the generation-specific
results. Figures 2(a), 2(d), and 2(g) depict the one-loop
diagrams correcting the Wlνl, Zll, and hll vertices,
respectively, along with their corresponding leg correction
diagrams [Figs. 2(b), 2(c), 2(e), and 2(f)]. Note that
adding the leg correction is technically equivalent to the
on-shell renormalization scheme and plays a crucial role
in canceling the ultraviolet (UV) divergences. Figure 2(h)
generates a correction to the lepton mass terms and
cancels the UV divergence arising from Fig. 2(g).
The renormalized correction factors for the aforesaid W,

Z, and h vertices are given by,

δVR
Wl ¼ ðg0Þ2

8π2

�
RW

8
þ
Z

1

0

dx
n
A1ðxÞ þA2ðxÞ þA3ðxÞ þA4ðxÞ

o�
;

δVR
Zl ¼ ðg0Þ2

8π2

�
RZ

8
þ
Z

1

0

dx
n
B1ðxÞ þ B2ðxÞ þ B3ðxÞ þ B4ðxÞ

o�
;

δYR
hl ¼ ðg0Þ2

8π2

�
Rh

8
þ
Z

1

0

dx
n
D1ðxÞ þD2ðxÞ þD3ðxÞ þD4ðxÞ

o�
: ð5Þ

Here, Rκ ¼ ðMκ=MZ0 Þ2 [κ ¼ W, Z, h]. Note that δYR
hl denotes the correction to the lepton Yukawa couplings, expressed in

units of ðml=vÞ, where ml is the SM lepton mass. We refer the reader to Appendix A for the detailed calculation for these
BSM contributions along with the explicit definitions of Ai, Bi, and Di [i ¼ 1, 2, 3, 4] functions.
Considering all the one-loop contributions (SMþ BSM) to the Wlνl vertex, the complete width of the W� → l�νl

decay can be defined as

ΓSMþBSM
Wlν ¼ GFM3

W

6π
ffiffiffi
2

p ð1þ δVSM
Wl þ δVR

WlÞ�ð1þ δVSM
Wl þ δVR

WlÞ

¼ ΓSM
Wlν þ

GFM3
W

6π
ffiffiffi
2

p ð2Re½δVR
Wl� þ jδVR

Wlj2 þ 2Re½ðδVR
WlÞ�δVSM

Wl�Þ

⇒ ΔΓWlν ¼ jΓSMþBSM
Wlν − ΓSM

Wlνj ≃
GFM3

W

3π
ffiffiffi
2

p jRe½δVR
Wl�j: ð6Þ
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Here, δVSM
Wl represents all the one-loop SM contributions to

the Wlνl vertex and ΓSM
Wlν is the SM prediction for the

W� → l�νl decay width. GF ¼ 1.166 × 10−5 GeV−2

stands for the Fermi constant. Note that, to a good

approximation, one can ignore the cross terms between
the nonleading order SM contributions and δVR

Wl, and
restrict the BSM correction only up to the O½ðg0Þ2� within
the perturbative regime. Similarly for Z → lþl− and

FIG. 2. One-loop correction to (a) Wlνl, (d) Zll, and (g) hll vertices, the associated leg corrections [(b),(c),(e),(f)], and (h) the
lepton mass correction in the presence of Z0.
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h → lþl−, one can define

ΔΓZll ≃
ffiffiffi
2

p
GFM3

Z

3π
ðA2

R þ A2
LÞjRe½δVR

Zl�j;

ΔΓhll ≃
Mh

4π

�
ml

v

�
2

jRe½δYR
hl�j: ð7Þ

In the Z → lþl− decay width, AR;L represent the form
factors associated with γνPR;L, respectively. For the
charged leptons, AR ¼ sin2 θW and AL ¼ −1=2þ
sin2 θW , with θW being the weak mixing angle.
Figure 3 displays the variation of ΔΓWlνl , ΔΓZll, and
ΔΓhll as a function of MZ0 with the g0 being fixed at 0.9.
Note that at the leading order, the decay width correc-
tions, as defined in Eqs. (6) and (7), are proportional to
the absolute values of the real parts of the vertex
correction terms. Thus, the dip in Fig. 3(a) [at
MZ0 ≃ 150 GeV] corresponds to a sign changing pattern
of Re½δVR

Wl� which is primarily due to a cancellation
among the Ai [i ¼ 1, 2, 3, 4] functions. A1 and A3 are
positive over the complete mass range while A2 is

negative. The sign of A4 varies with the mass of Z0,
and it becomes negative as MZ0 crosses 250 GeV.
The minimum of ΔΓZll [Fig. 3(b)] at MZ0 ≃ 170 GeV
can be similarly explained. Further, note that for
MZ0 ≥ Oð1Þ TeV, jRe½δVR

Wl�j and jRe½δVR
Zl�j become

nearly constant and asymptotically approach a tiny
value (≤ 0.002 for g0 ¼ 0.9) which can be absorbed
into the redefinition of the associated SM couplings.
All the vertex correction factors are approximately
independent of the lepton masses as ðml=MZ0 Þ2
becomes negligible for MZ0 ≥ Oð102Þ GeV. However,
for ΔΓhll, the flavor dependence is due to the prefactor
ðml=vÞ2, resulting in a maximum correction to the
h → τþτ− decay width.

V. NEW EXCLUSION LIMITS

Table I enlists the experimental upper limits on
ΔΓWlν, ΔΓZll, and ΔΓhll for the different lepton
generations [90]. A direct comparison between the
experimental bounds on the ΔΓWlν and Fig. 3(a) implies
that for all the three lepton flavors, one-loop correction

FIG. 3. Variation of (a) ΔΓWlν, (b) ΔΓZll, and (c) ΔΓhll as a function ofMZ0 for g0 ¼ 0.9. Red, yellow, and blue colors stand for e, μ,
and τ, respectively.
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to W� → l�νl decay is much smaller than the current
experimental sensitivity over the entire fMZ0 ; g0g space.
Thus, at present, ΔΓWlνl is insignificant in constraining
Z0
ij. Moreover, the red line in Fig. 3(c) suggests that

ΔΓhee is also far below the existing upper limit, i.e.,
1.11 × 10−3 MeV. Therefore, the NP contributions to the
Z → lþl− [l ¼ e, μ, τ] and h → lþl− [l ¼ μ, τ]
decays may only be used to probe a heavy leptophilic
Z0. Figure 4 displays the new exclusion limits (colored

regions) for all three Z0
ij bosons along with the existing

bounds from the LEP-2 and neutrino trident experiments
(gray shaded regions). The plots have been generated by
randomly varying Mij and g0ij over the parameter space
f102 GeV ≤ Mij ≤ 105 GeV; 0.1 ≤ g0ij ≤ 1.0g such that
the colored points correspond to the violation of at
least one of the upper limits listed in Table I for a
particular lepton generation. The colors red, yellow,
and blue indicate the excluded regions arising from
the constraints on the ΔΓZee, ΔΓZμμ ∪ ΔΓhμμ, and
ΔΓZττ ∪ ΔΓhττ, respectively. The symbol “∪” denotes
the collective application of more than one constraint.
For example, a blue dot in Fig. 4 implies that the
parameter space point violates the experimental upper
bound on either ΔΓZττ or ΔΓhττ.
Figure 4(a) corresponds to the Z0

eμ parameter space
where the first two lepton generations lead to nontrivial
constraints. The red and yellow dots show that a major part
of the region fMeμ > 4.54 TeV; g0eμ > 0.54g is already

FIG. 4. Exclusion limits on (a) Z0
eμ, (b) Z0

eτ, and (c) Z0
μτ gauge bosons obtained through the collective constraints on ΔΓZll [l ¼ e, μ,

τ], and ΔΓhll [l ¼ μ, τ] with red, yellow, and blue corresponding to the e, μ, and τ-specific bounds, respectively. The solid gray bands
show the current experimental bounds (LEP-2 and neutrino trident experiments) on the considered parameter spaces.

TABLE I. Flavor-specific upper bounds [90] on the BSM
corrections to W� → l�νl, Z → lþl−, and h → lþl− decay
widths.

BSM corrections l ¼ e [MeV] l ¼ μ [MeV] l ¼ τ [MeV]

ΔΓWlν 3.42 3.21 4.49
ΔΓZll 1.05 × 10−1 1.65 × 10−1 2.07 × 10−1

ΔΓhll 1.11 × 10−3 4.81 × 10−4 2.78 × 10−2
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excluded by the experimental bounds on the leptonic decay
modes of Z and Higgs boson. Similarly, in Fig. 4(b), a
portion of the parameter space fMeτ > 4.54 TeV; g0eτ >
0.44g has been excluded with e and τ-specific constraints.
Figure 4(c) depicts the Z0

μτ parameter space and rules out
a significant part of the region fMμτ > 526 GeV; g0μτ >
0.44g using the second and third generation leptonic
constraints. Note that the results indicate that e-specific
bounds are stronger than the μ-specific ones over the entire
parameter space, while the exclusion limit corresponding to
τ supersedes those from e and μ for Meτ > 10 TeV and
Mμτ > 1 TeV, respectively. However, this apparent non-
trivial trend can be understood by analyzing the individual
decay correction terms, shown in Fig. 3. It has already been
discussed that the red dots in Fig. 4 solely correspond to
ΔΓZee > 0.105 MeV, while we have numerically checked
that ΔΓhμμ exceeds the experimental bound only for MZ0 ∼
105 GeV and g0 > 0.9. Thus, for most of the parameter
space, ΔΓZμμ acts as the prime μ-specific constraining
factor. Therefore, comparing the upper bounds on ΔΓZee
and ΔΓZμμ from Table I, one can easily explain the order
of dominance between the e- and μ-specific exclusion
limits in Fig. 4. Further, following Fig. 3(c), one can
numerically show that depending on the value of g0, there
exists a particular cutoff M1 such that for MZ0 < M,
ΔΓhττ < 2.78 × 10−2 MeV. Thus, the τ-specific exclusion
limit (blue dots in Fig. 4) in the MZ0 < M mass range is
only due to the correction in the Z → τþτ− decay which is
slightly relaxed compared to ΔΓZee and ΔΓZμμ. However,
as the MZ0 increases, ΔΓhττ starts to grow and eventually
exceeds the experimental upper limit while the ΔΓZττ
becomes approximately constant beyond MZ0 ≃ 5 TeV
[see Fig. 3(b)]. Note that, here, the leptonic mass hierarchy
plays a key role in constraining Z0

iτ [i ¼ e, μ] in the higher
ranges of MZ0 .

VI. CONCLUSION

In this paper, we have considered GSM ⊗ Uð1ÞLi−Lj
as

the theoretical background for a neutral gauge boson
Z0 with only leptophilic couplings. Assuming the NP
scale to be higher than that of the electroweak sym-
metry breaking, we have analyzed the current status
of three possible leptophilic gauge bosons: Z0

ij [i; j ¼ e,
μ, τ]. Note that in the considered mass regime,
i.e., Mij ≥ Oð102Þ GeV, the existing experimental
bounds are predominantly from the neutrino trident
production and LEP-2 observations. The former is
particularly significant for Z0

μτ with Mμτ ≤ 526 GeV
while the latter constrains Z0

eμ and Z0
eτ parameter spaces

for Meμ ¼ Meτ ≤ 4.54 TeV. However, we observe that
new exclusion limits can be introduced in the heavy Z0

ij

regime if one considers the one-loop corrections to
W� → l�νl, Z → lþl−, and h → lþl− decay proc-
esses arising due to the Z0

ij exchange between the i and
j leptons. In the paper, we have calculated the renor-
malized Wlνl, Zll, and hll vertices in detail and
hence, formulated the expressions for the leading-order
decay correction of the aforementioned processes.
Experimental upper limits show that the correction to
W� → l�νl decay is effectively inconsequential to
constrain the Z0

ij parameter spaces within the current level
of precision. Moreover, ΔΓhee is also beyond the reach of
the present experimental sensitivities due to the extremely
small mass of electrons. Therefore, in general, for the
currently allowed fMij; g0ijg parameter spaces, ΔΓZll

[l ¼ e, μ, τ], ΔΓhμμ, and ΔΓhττ act as the principal
constraining factors. Note that the leptophilic neutral gauge
bosons can correct the Z → ν̄lνl decays as well at the loop
level. However, due to the higher uncertainty in the
invisible decay modes of Z, the resulting constraints are
subdominant compared to the ones obtained with
Z → lþl−. The numerical analysis has shown that sig-
nificant portions of the considered parameter spaces,
given by fMeμ > 4.54 TeV; g0eμ > 0.54g, fMeτ > 4.54 TeV;
g0eτ > 0.44g, and fMμτ > 526 GeV; g0μτ > 0.44g, are
already disfavored by the experimental upper bounds on
Z → lþl−, h → μþμ−, and h → τþτ− decay widths. Thus,
the present work has introduced new exclusion limits on
the heavy neutral leptophilic gauge bosons associated with
the Uð1ÞLi−Lj

models. The bounds supersede the most
stringent existing experimental constraints for Mij ≥
Oð1Þ TeV and g0ij > 0.4, making them vital for leptophilic
NP at the TeV scale. Though the proposed lepton colliders
will probe these regions with a higher sensitivity, future
updates on the leptonic decay widths ofW�, Z, and Higgs
can also be crucial to test/exclude more of the heavy Z0

ij

parameter spaces.

DATA AVAILABILITY

The work doesn’t contain any experimental data to
be deposited. The results presented in this paper are
self-explanatory and displayed through the plots.

APPENDIX A: CORRECTION TO THE Wlνl,
Zll, AND hll VERTICES

1. W� → l�νl
Figure 2(a) shows the one-loop BSM correction dia-

gram corresponding to Wlνl vertex in the presence
of Z0, whereas Figs. 2(b) and 2(c) are the associated
leg correction diagrams. The contribution from Fig. 2(a)
can be defined as

1The value of M varies with g0. For example, M ≃ 500 GeV
for g0 ¼ 0.9, whereas for g0 ¼ 0.5 the cutoff goes to
2.52 × 104 GeV.
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ūðp2Þ½δYν
Wl�uðp1Þ ¼ −iðg0Þ2ūðp2Þ

Z
d4k
ð2πÞ4

�
γαPL

ð=p2 − kÞ
ðp2 − kÞ2 γ

νPL
ð=p1 − kþmlÞ
ðp1 − kÞ2 −m2

l

×
γβPL

k2 −M2
Z0

�
gαβ −

kαkβ

M2
Z0

��
uðp1Þ

¼ −iðg0Þ2ūðp2ÞPR

Z
d4k
ð2πÞ4

2
64 γαð=p2 − kÞγνð=p1 − kÞγβ

�
gαβ − kαkβ

M2

Z0

�
ðk2 −M2

Z0 Þfðp1 − kÞ2 −m2
lgðp2 − kÞ2

3
75uðp1Þ: ðA1Þ

After Feynman parametrization, it can be recast as

ūðp2Þ½δYν
Wl�uðp1Þ ¼ −2iðg0Þ2ūðp2ÞPR

Z
1

0

dx
Z

1−x

0

dy
Z

d4P
ð2πÞ4

�
Nν
WðPÞ

ðP2 − ΔWÞ3
�
uðp1Þ; ðA2Þ

where ΔW ¼ M2
Z0 ½xþ yð1 − xÞRl − yð1 − x − yÞRW � with Rl and RW being ðml=MZ0 Þ2 and ðMW=MZ0 Þ2, respectively.

P is related to the original loop-momentum k as P ¼ k − yp1 − ð1 − x − yÞp2. Though in general, the numerator
Nν
WðPÞ contains a large number of terms, it can be greatly simplified if one neglects the terms proportional to

ðml=MWÞ2. Thus, after the momentum integration, we get

δYν
Wl ≡ ðg0Þ2

8π2
γνPL

Z
1

0

dx
Z

1−x

0

dy

�
RWfxþ yð1 − x − yÞgf2þ yð1 − x − yÞRWg

2fxþ yð1 − xÞRl − yð1 − x − yÞRWg
þ 3fx − yð1 − x − yÞRWgfΔ̃ϵ þ lnðΔW=Λ2Þg

þ
	
1þ RW

�
3x
2
− 1þ 3yð1 − x − yÞ

�

fΔϵ − lnðΔW=Λ2Þg

�
¼ ðδVWlÞγνPL; ðA3Þ

where Δϵ ¼ 1
ϵ − γE þ lnð4πÞ þOðϵÞ, and Δ̃ϵ ¼ − 1

ϵ þ γE − 1 − lnð4πÞ þOðϵÞ with ϵ → 0 in the four dimensions. γE ≈
0.5772 is the Euler–Mascheroni constant. Note that the diverging terms in Δ̃ϵ and Δϵ are oppositely aligned. In case of
Δ̃ϵ, the negative divergence stems from Γð1 − d=2Þ as d → 4 [117]. Λ is the arbitrary mass scale associated with the
dimensional regularization, and we set it at the NP scale of the theory, i.e., Λ → MZ0 . Thus,

δVWl ¼ ðg0Þ2
8π2

�
RW

8
þ
Z

1

0

dx
Z

1−x

0

dy

	
RW ½xþ yð1 − x − yÞ�½2þ yð1 − x − yÞRW �

2½xþ yð1 − xÞRl − yð1 − x − yÞRW �
þ ½3xð1 − RW=2Þ þ RW − 1� × ln ½xþ yð1 − xÞRl − yð1 − x − yÞRW �

− 6yð1 − x − yÞRW × ln ½xþ yð1 − xÞRl − yð1 − x − yÞRW �


þ 1

2
ðΔ̃ϵ þ ΔϵÞ

�
: ðA4Þ

Further, the combined contribution from the two leg correction diagrams can be defined as

δXν
Wl ¼ −

iðg0Þ2
2

ūðp2Þ
�
γνPL

=p1

p2
1 −m2

l

Z
d4k
ð2πÞ4

	
γαð=p1 − kÞγβ

ðp1 − kÞ2 −m2
l
×

1

k2 −M2
Z0

�
gαβ −

kαkβ

M2
Z0

�


þ
Z

d4k
ð2πÞ4

	
γαð=p2 − kÞγβ
ðp2 − kÞ2 ×

1

k2 −M2
Z0

�
gαβ −

kαkβ

M2
Z0

�

=p2

p2
2

γνPL

�
uðp1Þ

¼ −
ðg0Þ2
16π2

ūðp2Þ½PðRlÞ þ Pð0Þ þOðm2
lÞ�γνPLuðp1Þ; ðA5Þ

where

PðaÞ ¼ 1

2
ðΔϵ þ Δ̃ϵÞ þ

1

2

Z
1

0

dx xð2 − 3xÞ ln ½xþ ð1 − xÞ2a�: ðA6Þ
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Therefore, combining δXν
Wl with Eq. (A3), one obtains the renormalized Wlνl vertex correction factor as

δVR
Wl ¼ ðg0Þ2

8π2

�
RW

8
−
1

4

Z
1

0

dx xð2 − 3xÞ ln ½x2 þ xð1 − xÞ2Rl�

þ
Z

1

0

dx
Z

1−x

0

dy

	
RW ½xþ yð1 − x − yÞ�½2þ yð1 − x − yÞRW �

2½xþ yð1 − xÞRl − yð1 − x − yÞRW �
þ ½3xð1 − RW=2Þ þ RW − 1� × ln ½xþ yð1 − xÞRl − yð1 − x − yÞRW �

− 6yð1 − x − yÞRW × ln ½xþ yð1 − xÞRl − yð1 − x − yÞRW �

�

¼ ðg0Þ2
8π2

�
RW

8
þ
Z

1

0

dxfA1ðxÞ þA2ðxÞ þA3ðxÞ þA4ðxÞg
�
: ðA7Þ

The superscript “R” signifies the renormalized contribution with the Ai [i ¼ 1, 2, 3, 4] functions being defined as

A1ðxÞ ¼
xð3x − 2Þ

4
ln ½x2 þ xð1 − xÞ2Rl�;

A2ðxÞ ¼
�
Rl −

RW

3

� ð1 − xÞ3
4

− f2þ xð1þ RWÞg
ð1 − xÞ

2
þ x
2
ð2þ xÞð1þ RWÞ × F 1ðx; ηþ; η−Þ;

A3ðxÞ ¼ ½3xð1 − RW=2Þ þ RW − 1� × F 2ðx; ηþ; η−Þ;
A4ðxÞ ¼ RW

X
k¼þ;−

F 3ðx; ηkÞ; ðA8Þ

where

η� ¼
�
1 − x
2

�
ð1 − Rl=RWÞ �

1

2
ffiffiffiffiffiffiffi
RW

p
�ð1 − xÞ2ðRW − RlÞ2

RW
− 4x

�
1=2

: ðA9Þ

The generic forms of the F i [i ¼ 1, 2, 3] functions are given in Appendix B.

2. Z → l+l−

Figure 2(d) represents the one-loop correction to the Zll vertex and the corresponding leg correction diagrams in the
considered GSM ⊗ Uð1ÞLi−Lj

framework. The calculation for Z → lþl− decay is similar to that of the W� → l�νl, and
one can follow Ref. [31] to obtain the renormalized vertex correction factor as

δVR
Zl ¼ ðg0Þ2

8π2

�
RZ

8
−
1

2

Z
1

0

dx xð2 − 3xÞ ln ½xþ ð1 − xÞ2Rl� þ
Z

1

0

dx
Z

1−x

0

dy

	
RZ½xþ yð1 − x − yÞ�½2þ yð1 − x − yÞRZ�

2½xþ ð1 − xÞ2Rl − yð1 − x − yÞRZ�
þ ½3xð1 − RZ=2Þ þ RZ − 1� × ln ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRZ�

− 6yð1 − x − yÞRZ × ln ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRZ�

�

¼ ðg0Þ2
8π2

�
RZ

8
þ
Z

1

0

dxfB1ðxÞ þ B2ðxÞ þ B3ðxÞ þ B4ðxÞg
�
: ðA10Þ
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Here, RZ ¼ ðMZ=MZ0 Þ2 and the Bi [i ¼ 1, 2, 3, 4] functions stand for

B1ðxÞ ¼
xð3x − 2Þ

2
ln ½xþ ð1 − xÞ2Rl�;

B2ðxÞ ¼ −
RZð1 − xÞ3

12
−
ð1 − xÞ

2
½2þ xðRZ þ 1Þ þ ð1 − xÞ2Rl�

þ 1

2

�	
1þ ð1 − xÞ2Rl þ

ð2þ RZÞx
2



2

−
�
1 −

xRZ

2

�
2
�
× F 1ðx; ξþ; ξ−Þ;

B3ðxÞ ¼ ½3xð1 − RZ=2Þ þ RZ − 1� × F 2ðx; ξþ; ξ−Þ;
B4ðxÞ ¼ RZ

X
k¼þ;−

F 3ðx; ξkÞ; ðA11Þ

where

ξ� ¼
�
1 − x
2

�
� 1

2
ffiffiffiffiffiffi
RZ

p ½ð1 − xÞ2ðRZ − 4RlÞ − 4x�1=2: ðA12Þ

3. h → l+l−
Within the Uð1ÞLi−Lj

extensions, lepton Yukawa couplings can also be corrected at the one-loop level through Z0

exchange as shown in Fig. 2(g).
In units of ðml=vÞ, the hll vertex correction term can be expressed as

ūðp2Þ½δYhl�uðp1Þ ¼−iðg0Þ2ūðp2Þ
Z

d4k
ð2πÞ4

�
γαPR

ð=p2− kþmlÞ
ðp2− kÞ2−m2

l
PL

ð=p1− kþmlÞ
ðp1− kÞ2−m2

l

γβPL

k2−M2
Z0

�
gαβ −

kαkβ

M2
Z0

�
þH:c:

�
uðp1Þ

¼−iðg0Þ2ūðp2Þ
Z

d4k
ð2πÞ4

2
64 γαð=p2− kÞð=p1− kÞγβ

�
gαβ − kαkβ

M2

Z0

�
ðk2 −M2

Z0 Þfðp1 − kÞ2−m2
lgfðp2 − kÞ2−m2

lg

3
75uðp1Þ: ðA13Þ

The above expression can be recast with Feynman parametrization as

ūðp2Þ½δYhl�uðp1Þ ¼ −2iðg0Þ2ūðp2Þ
Z

1

0

dx
Z

1−x

0

dy
Z

d4P
ð2πÞ4

�
NhðPÞ

ðP2 − ΔhÞ3
�
uðp1Þ; ðA14Þ

where P ¼ k − yp1 − ð1 − x − yÞp2 and Δh ¼ M2
Z0 ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRh� with Rh ¼ ðMh=MZ0 Þ2. As before,

we assume ðml=MhÞ2 → 0 to simplify the numerator. Thus, the momentum integration leads to

δYhl ≡ ðg0Þ2
8π2

Z
1

0

dx
Z

1−x

0

dy

�
3fx − yð1 − x − yÞRhgfΔ̃ϵ þ lnðΔh=Λ2Þg

þ
	
4 − Rh þ ½xþ 2yð1 − x − yÞ� × 3Rh

2



fΔϵ − lnðΔh=Λ2Þg

þ 2fxþ 2yð1 − x − yÞgRh þ yð1 − x − yÞfxþ yð1 − x − yÞgR2
h

2fxþ ð1 − xÞ2Rl − yð1 − x − yÞRhg
�

¼ ðg0Þ2
8π2

�Z
1

0

dx
Z

1−x

0

dy

	
2fxþ 2yð1 − x − yÞgRh þ yð1 − x − yÞfxþ yð1 − x − yÞgR2

h

2fxþ ð1 − xÞ2Rl − yð1 − x − yÞRhg
þ ½3xð1 − Rh=2Þ þ Rh − 4� × ln ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRh�

− 6yð1 − x − yÞRh × ln ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRh�


þ Rh

8
þ Δ̃ϵ

2
þ 2Δϵ

�
: ðA15Þ
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Note that due to the chirality-flipping feature of Fig. 2(g), a lepton mass correction term given byml × δYhl can originate at
the one-loop level. However, to have a physically acceptable lepton mass, Eq. (A15) must be renormalized. Using the on-
shell renormalization scheme, a counter mass term can be obtained as δm ¼ −iΣð=p ¼ mlÞ where Σð=pÞ, the contribution
from Fig. 2(h), can be defined as

Σð=pÞ ¼ −ðg0Þ2ml

Z
d4k
ð2πÞ4

�
γαPR

ð=p − kþmlÞ
ðp − kÞ2 −m2

l
PL

ð=p − kþmlÞ
ðp − kÞ2 −m2

l

γβPL

k2 −M2
Z0

�
gαβ −

kαkβ

M2
Z0

�
þ H:c:

�
: ðA16Þ

Feynman parametrization followed by momentum integration results in

Σð=p ¼ mlÞ ¼ −i
ðg0Þ2ml

8π2

Z
1

0

dxð1 − xÞ½4fΔϵ − lnðΔm=Λ2Þg þ 3xfΔ̃ϵ þ lnðΔm=Λ2Þg þOðm2
lÞ�

¼ −i
ðg0Þ2ml

8π2

�
Δ̃ϵ

2
þ 2Δϵ þ

Z
1

0

dxð1 − xÞð3x − 4Þ ln fxþ ð1 − xÞ2Rlg þOðm2
lÞ
�
: ðA17Þ

Here Δm ¼ M2
Z0 ½xþ ð1 − xÞ2Rl�. Therefore, in the presence of Z0, corrected lepton Yukawa couplings can be defined as

yBSMl ¼ ySMl þ ðml=vÞ × δYR
hl where ySMl is the complete SM contribution including the tree-level and the higher-order

terms, and

δYR
hl ¼ ðδYhl þ δm=mlÞ

¼ ðg0Þ2
8π2

�
Rh

8
−
Z

1

0

dxð1 − xÞð3x − 4Þ ln ½xþ ð1 − xÞ2Rl�

þ
Z

1

0

dx
Z

1−x

0

dy

	
2fxþ 2yð1 − x − yÞgRh þ yð1 − x − yÞfxþ yð1 − x − yÞgR2

h

2fxþ ð1 − xÞ2Rl − yð1 − x − yÞRhg
þ ½3xð1 − Rh=2Þ þ Rh − 4� × ln ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRh�

− 6yð1 − x − yÞRh × ln ½xþ ð1 − xÞ2Rl − yð1 − x − yÞRh�

�

¼ ðg0Þ2
8π2

�
Rh

8
þ
Z

1

0

dxfD1ðxÞ þD2ðxÞ þD3ðxÞ þD4ðxÞg
�
: ðA18Þ

Here, we define

D1ðxÞ ¼ ð1 − xÞð4 − 3xÞ ln ½xþ ð1 − xÞ2Rl�;

D2ðxÞ ¼ −
�
2þ Rh

6
ð1þ xþ x2Þ

�
ð1 − xÞ

þ
�
fxð1þ RhÞ þ ð1 − xÞ2Rlg

	
1þ xþ ð1 − xÞ2Rl

2



þ xþ ð1 − xÞ2Rl

�
× F 1ðx; βþ; β−Þ;

D3ðxÞ ¼ ½3xð1 − Rh=2Þ þ Rh − 4� × F 2ðx; βþ; β−Þ;
D4ðxÞ ¼ Rh

X
k¼þ;−

F 3ðx; βkÞ; ðA19Þ

where

β� ¼
�
1 − x
2

�
� 1

2
ffiffiffiffiffiffi
Rh

p ½ð1 − xÞ2ðRh − 4RlÞ − 4x�1=2: ðA20Þ

Note that due to the functional structure of F 1 the last terms of A2ðxÞ, B2ðxÞ, and D2ðxÞ are discontinuous within the
range x∈ ½0; 1�, leading to divergent x integrals. Therefore, to have numerically stable and physically consistent results, we
truncate the aforementioned functions as follows:
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A2ðxÞ ¼
�
RW

3
− Rl

� ðx − 1Þ3
4

þ ½2þ xð1þ RWÞ�
ðx − 1Þ

2
;

B2ðxÞ ¼
RZðx − 1Þ3

12
þ ðx − 1Þ

2
½2þ xðRZ þ 1Þ þ ð1 − xÞ2Rl�;

D2ðxÞ ¼
�
2þ Rh

6
ð1þ xþ x2Þ

�
ðx − 1Þ:

However, it has been numerically checked that for MZ0 ≥ Oð102Þ GeV, the truncation creates no significant difference.

APPENDIX B: F -FUNCTIONS

The F i [i ¼ 1, 2, 3] functions, arising in the renormalized BSM corrections to Wlνl, Zll, and hll vertices, are
defined as

F 1ðx; a; bÞ ¼
�

1

a − b

�
× ln

�
bðxþ a − 1Þ
aðxþ b − 1Þ

�
;

F 2ðx; a; bÞ ¼ ð1 − xÞ½ln fð1 − x − aÞð1 − x − bÞg − 2� þ a ln

�
a

xþ a − 1

�
þ b ln

�
b

xþ b − 1

�
;

F 3ðx; aÞ ¼ 2

�
ð1 − x − aÞ3 lnð1 − x − aÞ þ a3 lnð−aÞ − 1

3
fð1 − x − aÞ3 þ a3g

�

þ 3ð2aþ x − 1Þ
�
ð1 − x − aÞ2 lnð1 − x − aÞ − a2 lnð−aÞ − ð1 − xÞð1 − x − 2aÞ

2

�
þ 6aðxþ a − 1Þ½ð1 − x − aÞ lnð1 − x − aÞ þ a lnð−aÞ þ x − 1�: ðB1Þ
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