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We consider the hypothetical possibility of neutral gauge bosons (Z’) 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 > O(1) TeV. However, in the presence of a
leptophilic Z’, 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 Z’. 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.

DOL: 10.1103/r117-jdg3

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 Ggy=SU(3),®
SU(2); ® U(1), with a new Abelian symmetry U(I)L,-—Lj’
where the difference between two lepton numbers, i.e.,
Li—L;[i,j=e, u, 7] has been gauged to construct an
anomaly-free theory [17-19]. The corresponding neutral
gauge boson Z;; (with mass M,; and gauge coupling g;;) is
purely leptophilic and couples to the i and j leptons only.
Note that though U(1),z_, [20] is another well-explored
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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
M;; <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& — £*u,,
Z — ¢T¢",and h — £7¢~ 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 Z, considering the
leading order corrections to W* — £*v,, Z — £7¢~, and
h — ¢T¢~ 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 M;; > O(1) TeV and g;; > O(0.1).
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
U(1)L,, extension of the SM. The present experimental
bounds and future collider sensitivities for a heavy Z;; have
been discussed in Sec. III. The explicit analytical expres-
sions for the leading-order corrections to W?yf, Z¢¢, and
h€¢ vertices, originating through the Z! ; exchange, and
their consequences to the leptonic decay channels of W, Z,
and Higgs have been discussed in Sec. I'V. In Sec. V, using
the experimental constraints on W* — ¢#*v,, Z — £+¢-,
and 1 — £7¢~ decay modes, the viability of the parameter
space  within  {10* GeV < M;; < 10° GeV,0.1 < g <
1.0} has been examined, leading to new exclusion limits.
Finally, we conclude the work in Sec. VL

II. THE MODEL: Ggy ® U(DL,-L,

As discussed in the Introduction, a neutral leptophilic
gauge boson Z;; can naturally arise in U(1),,_; extensions
[i,j=e, p, 7] 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
Ggm ® U(1) 1,-1, framework, the NP interactions can be

cast as

1 _
L=- ZZM/ZM/ + g;] (Zg])y Z QfW{,RyUW{,R

f=ij

- V(H. ), (1)

where y¢ = (v,£)T and w4 = ¢} are the left- and right-
chiral SM leptons, respectively, with Q, standing for the
U(1)L,-,, charge of the considered lepton generation. g;;

represents the new Abelian gauge coupling and Z* is the
field strength tensor corresponding to Z; ;- The scalar

potential V(H, ¢) can be defined as

V(H.¢) = uy(H'H) + Ay (H'H)? + (4" )
+4p(@*#) + dug(H'H) (¢ $), (2)

where H is Higgs doublet and ¢ represents an SM-singlet
scalar with a nontrivial U(1), _ 1, charge, Q. The vacuum

stability can be ensured by setting

dp >0, ay >0, Ay +2y[Awiy > 0. (3)
Note that for the negative values of uj and pj, H and ¢

acquire nonzero vacuum expectation values (VEVs) break-
ing the EW and U(1), _ 1, Symmetries spontaneously.

In general, the last term of Eq. (2) can induce a mixing
between H and ¢. However, the collider searches strongly
constrain the Higgs sector [93,94], resulting in an upper
bound on the mixing angle [95]. Therefore, we assume
Ang — 0 so that the presence of ¢ does not affect the Higgs
observables. Thus, after spontaneous symmetry breaking,
the scalar mass terms can be formulated as

M2 =202, M3 =203, (4)

where v ~246 GeV and v, are the EW and U(1) Li-L,

VEVs, respectively, while /4 denotes the physical SM-
Higgs with a mass M, ~ 125 GeV. Moreover, the sponta-
neous breaking of U(1) L1, Symmetry generates a mass

term for the Z};, given by M;; = g;;|Qy|vy. Note that
though M;; is a free parameter in the considered model, we

restrict our analysis only to the heavier mass regime
Where M” > 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 M;; > 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 Z;,
and Z,, bosons, excluding the parameter spaces corre-
sponding to (g,,/M,,) = (gue/M,.) > 1.9 x 107 GeV~'.
The gray-shaded region in Fig. 1(c) depicts the bound.
However, for the electrophilic gauge bosons (i.e., Z;J»
[j =u, 7]), a stronger bound comes from the LEP-2
experiment [69]. The measurement of eTe™ — £T£~ cross
section is significant to probe the interaction between Z/, y
and electrons. Using the bounds on the four-fermion
contact interaction, one can exclude (g,;/M,;) > 2.2 x

107* GeV~! [70] for M,; > 209 GeV, whereas for
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Current experimental bounds (gray-shaded regions) and projected sensitivities (colored lines) in the heavy (a) Z.,,, (b) Z.., and

eus

(¢) Z,,, parameter spaces. The projected sensitivities corresponding to the HL-LHC and lepton colliders have been recast from Ref. [49].

M,; <209 GeV, g’ej =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
{M,-j,jij} 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 — 4¢/3¢ 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
> O(1) TeV. An earlier attempt to probe {M,,.g,.}
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 Z,, and Z,, as well by simulating both the electron-
positron and muon colliders running at a collider energy of
/s =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 Z;.i regime, i.e., for
M;; > 300 GeV. In the presence of initial state radiation
(ISR) effect, the sensitivity can reach up to g;; ~ 1073 at
M;; ~+/s =3 TeV. Note that the best sensitivity can be
achieved for Z;”, whereas due to the difficulties in 7
reconstruction, the sensitivity gets somewhat reduced for
Z,,. For Z,,, the sensitivity decreases further due to an
additional signal suppression from the ISR. In the lighter
Z;-j regime, lepton-pair production leads to subdominant
constraints, especially due to the VBF background. Thus,
for M;; <300 GeV, the £"/7y 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
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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 Z;; 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 {2x10* GeV <M;; < 10% GeV,0.37 < g;; <0.44}.
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 U(1),, _ 1, Symmetry breaking and the Planck

scale [49].

IV. CORRECTION TO THE SM OBSERVABLES

The new Abelian gauge bosons Z:-j, 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., {M;;, g;;}.
The present paper follows this strategy to test the feasibility
of a massive Zj; in the mass ranges > 0(10%) 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 M;; < O(10%) GeV.

In this section, we explicitly discuss the Z! ;j-induced one-
loop vertex correction factors for W& — £*v,, Z — £+¢-,
and h — £7¢~ processes. For notational simplicity, we
suppress the flavor indices, and in the subsequent analysis,
M, g;»j, and Zi-j will be mentioned as M,, ¢, and Z',
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 W/v,, Z£¢, and hf¢ 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,

v, =% %W + [Fax{ i) + s + A0 + A4(x)}} ,
VR, — % :%+ Al de] B,(x) + Bu(w) + Ba(x) + 34(x)}},
YR, = % % 4 A 4Dy (x) + Do) + Do) + m@)}]. (s)

Here, R, = (M/M4)? [x = W, Z, h]. Note that 53)}1} denotes the correction to the lepton Yukawa couplings, expressed in
units of (m,/v), where m, 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 A;, B;, and D; [i = 1, 2, 3, 4] functions.

Considering all the one-loop contributions (SM + BSM) to the W#v, vertex, the complete width of the W* — #*1,

decay can be defined as

GpM;,
PSMABSM _ ZEEW () 4 5)SM L GUR (1 4 SUSM 4+ SUR )

612

_ TSM
- qu+

G,

67[\/§

_ SM4BSM _ 1-SM |
= ATy, = Ty, Ty, | =

GeM

37[\/5

(2Re[8Vi] + [6Vij I + 2Re[(6Vi, ) 6Vip7])

= R[5V, | (6)
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FIG. 2. One-loop correction to (a) W?y,g, (d) z¢¢, and (2) he¢ vertices, the associated leg corrections [(b),(c),(e),(f)], and (h) the
lepton mass correction in the presence of Z'.

Here, 6V§V1\§ represents all the one-loop SM contributions to approximation, one can ignore the cross terms between
the W/v, vertex and F%\% is the SM prediction for the the nonleading order SM contributions and 5V%}W,, and
W* - ¢1, decay width. G = 1.166 x 1075 GeV—2  restrict the BSM correction only up to the O|(¢')?] within

stands for the Fermi constant. Note that, to a good  the perturbative regime. Similarly for Z — 7 ¢~ and

115021-5



BIBHABASU DE and AMITABHA DEY

PHYS. REV. D 113, 115021 (2026)

0.8 0.29
028 |
075 1 027 7=09
g =0.9
= o7} - 0.26
é’ o 025
— 065 = omf
= N 023 f
= i < .
< 06 022 |
055 | a 0211 a
ks 02 f [
0.5 . : 0.19 . .
107 10° 10* 10° 107 10° 10* 10°
M, [GeV] M, [GeV]
(a) (b)
10°
10'2 r//' g’ =0.9 E
% 0%} 3
E I=e
= I=p
oo10%} I=1 .
<
108 f
10710 . .
10° 10° 10* 10°
M, [GeV]
(c)
FIG. 3. Variation of (a) Al'yy,,, (b) ATz, and (c) AL}, as a function of M, for ¢ = 0.9. Red, yellow, and blue colors stand for e, y,

and 7, respectively.

h — £7¢~, one can define

V2GpM;
Al'zzp % (A% + A7) [Re[6V3,]],
M, (my\?
Tyt () IReioVR | )

In the Z —» ¢*¢~ decay width, Ag; represent the form
factors associated with y“Pg;, respectively. For the
charged leptons, Ap =sin’@y, and A, =-1/2+
sin®@y, with @y being the weak mixing angle.
Figure 3 displays the variation of ATl'y,, , Al'z.,, and
AT',4, as a function of M, with the ¢ being fixed at 0.9.
Note that at the leading order, the decay width correc-
tions, as defined in Egs. (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
M7 ~ 150 GeV] corresponds to a sign changing pattern
of Re[§VR,] which is primarily due to a cancellation
among the A; [i = 1, 2, 3, 4] functions. A; and A; are
positive over the complete mass range while A, is

negative. The sign of A, varies with the mass of Z/,
and it becomes negative as M, crosses 250 GeV.
The minimum of Al'z., [Fig. 3(b)] at M, ~ 170 GeV
can be similarly explained. Further, note that for
Mz > O(1) TeV, |Re[sVR.]| and |Re[5V%,]| become
nearly constant and asymptotically approach a tiny
value (<£0.002 for ¢ =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 (m,/My)?
becomes negligible for M, > O(10%) GeV. However,
for A, the flavor dependence is due to the prefactor
(my/v)?, resulting in a maximum correction to the
h — tt7~ decay width.

V. NEW EXCLUSION LIMITS

Table I enlists the experimental upper limits on
Al'wz,, Al'zy,, and Al',., for the different lepton
generations [90]. A direct comparison between the
experimental bounds on the Al'y,, and Fig. 3(a) implies
that for all the three lepton flavors, one-loop correction
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TABLE 1. Flavor-specific upper bounds [90] on the BSM
corrections to W¥ — #*v,, Z — ¢£1¢~, and h — £*£~ decay
widths.

BSM corrections Z =e [MeV] ¢ =u [MeV] ¢ =1 [MeV]
ATy, 342 3.21 4.49

ATz, 1.05 x 107! 1.65x 107" 2.07 x 107!
ATy 1.11 x 1073 481 x10™* 278 x 1072

to W* — £*v, decay is much smaller than the current
experimental sensitivity over the entire {M,,¢'} space.
Thus, at present, Al'y,,, is insignificant in constraining
Z;j. Moreover, the red line in Fig. 3(c) suggests that
ATl';,, 1s also far below the existing upper limit, i.e.,
1.11 x 103 MeV. Therefore, the NP contributions to the
Z->CT¢ [C=e, pu, 7] and h—> ¢ [£=u, 1]
decays may only be used to probe a heavy leptophilic
Z'. Figure 4 displays the new exclusion limits (colored

ST AR e Lo
i 'li_ y

e L

0.9

= 06 F TR
N o

o0 L
0.5 [%‘,V
04 | S
03 r
02 b Excluded by AI'y,, =

: Excluded by A, U AL\,
0.1 2 3 4
10 10 10 10
M, [GeV]
(a)

regions) for all three Z; ; 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 M;; and g’ij over the parameter space

{10 GeV < M;; <10° GeV,0.1 < g;; < 1.0} 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 Al,,, Al'z, uAl},,, and
ATz, U ATy, respectively. The symbol “U” 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 ATy, or Al,,.

Figure 4(a) corresponds to the Zj,, 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 {M,, > 4.54 TeV,g,, > 0.54} is already

eT

Excluded by Al U ALy o *
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02 |

0.1
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(b)
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FIG. 4. Exclusion limits on (a) Z,,

(b) Z..,

4

10 10°

M, [GeV]
(©)

and (c) Z,, gauge bosons obtained through the collective constraints on AT'z., [£ = e, u,

7], and ATz, [ = p, 7] with red, yellow, and blue corresponding to the e, u, and z-specific bounds, respectively. The solid gray bands
show the current experimental bounds (LEP-2 and neutrino trident experiments) on the considered parameter spaces.
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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 {M,, > 4.54 TeV, g,, >
0.44} has been excluded with e and z-specific constraints.
Figure 4(c) depicts the Z;,, parameter space and rules out
a significant part of the region {M,, > 526 GeV, g, >
0.44} using the second and third generation leptonic
constraints. Note that the results indicate that e-specific
bounds are stronger than the u-specific ones over the entire
parameter space, while the exclusion limit corresponding to
7 supersedes those from e and y for M,, > 10 TeV and
M,. > 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
AT'z,, > 0.105 MeV, while we have numerically checked
that AI';,, exceeds the experimental bound only for M, ~
10° GeV and ¢ > 0.9. Thus, for most of the parameter
space, Al'z,, acts as the prime u-specific constraining
factor. Therefore, comparing the upper bounds on Al',,,
and ATz, from Table I, one can easily explain the order
of dominance between the e- and u-specific exclusion
limits in Fig. 4. Further, following Fig. 3(c), one can
numerically show that depending on the value of ¢/, there
exists a particular cutoff M' such that for M 7 <M,
AT, < 2.78 x 1072 MeV. Thus, the z-specific exclusion
limit (blue dots in Fig. 4) in the M, < M mass range is
only due to the correction in the Z — 77~ decay which is
slightly relaxed compared to Al'z,, and Al'z,,. However,
as the M, increases, Al'j,,, starts to grow and eventually
exceeds the experimental upper limit while the Al
becomes approximately constant beyond M, ~5 TeV
[see Fig. 3(b)]. Note that, here, the leptonic mass hierarchy
plays a key role in constraining Z/_ [i = e, u] in the higher
ranges of M.

VI. CONCLUSION

In this paper, we have considered Ggy ® U(1) L-L, A8

the theoretical background for a neutral gauge boson
Z' 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: Z;-]- [i,j=e,
u, 7]. Note that in the considered mass regime,
ie., M;;>0O(10%) GeV, the existing experimental
bounds are predominantly from the neutrino trident
production and LEP-2 observations. The former is
particularly significant for Z,, with M, <526 GeV
while the latter constrains Z,, and Z;, parameter spaces

'The value of M varies with ¢/. For example, M ~ 500 GeV
for ¢ =0.9, whereas for ¢ =0.5 the cutoff goes to
2.52 x 10* GeV.

for M,, = M,, <4.54 TeV. However, we observe that
new exclusion limits can be introduced in the heavy Z;;
regime if one considers the one-loop corrections to
W* > ¢*v,, Z— ¢T¢~, and h— ¢£*¢~ decay proc-
esses arising due to the Z;; exchange between the i and
j leptons. In the paper, we have calculated the renor-
malized W?z/,f, Z¢¢, and hf¢ 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* = ¢*u, decay is effectively inconsequential to
constrain the Z:»J» parameter spaces within the current level
of precision. Moreover, Al';,,, 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 {M;;,g;;} parameter spaces, ATz,
[£=e, u, 7], Ay, and AL, act as the principal
constraining factors. Note that the leptophilic neutral gauge
bosons can correct the Z — v,v, 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 — ¢7¢~. The numerical analysis has shown that sig-
nificant portions of the considered parameter spaces,
givenby {M,, > 4.54 TeV,g,, > 0.54},{M,. > 4.54 TeV,
Gor>0.44}, and {M,, > 526 GeV,g,, > 0.44}, are
already disfavored by the experimental upper bounds on
Z—> ¢ ¢, h— utu,and h - vt~ decay widths. Thus,
the present work has introduced new exclusion limits on
the heavy neutral leptophilic gauge bosons associated with
the U(1) Li-L, models. The bounds supersede the most
stringent existing experimental constraints for M;; >
O(1) TeV and g;; > 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 of W*, Z, and Higgs
can also be crucial to test/exclude more of the heavy Z;;

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 W#v,,
Z¢¢, AND h€¢ VERTICES
1. W = %,
Figure 2(a) shows the one-loop BSM correction dia-
gram corresponding to W#v, vertex in the presence
of Z', whereas Figs. 2(b) and 2(c) are the associated

leg correction diagrams. The contribution from Fig. 2(a)
can be defined as
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4 - — m
oY atpn) = =il Valr) [ 5 |raPu B P

vPL ( 5 kakﬂ>_
X5 |97 - u(p)
k> — M2, M3, ) |

g [ 1 =R 0n =B (7 - 5)

(25
——i(g V()P [ ot | =3 (o =B s i | ) AD
After Feynman parametrization, it can be recast as
—x d4 Nu P
2o Julp) = 2itPatp) e [ [Ty [ S5 i), (A2)

where Ay = M2%,[x + y(1 = x)R, — y(1 — x — y)Ry] with R, and Ry, being (m,/Mz)* and (My/My)?, respectively.
P is related to the original loop-momentum k as P =k —yp; — (1 —x — y)p,. Though in general, the numerator
N¥ (P) contains a large number of terms, it can be greatly simplified if one neglects the terms proportional to
(my/My)?*. Thus, after the momentum integration, we get

. _(9)?, 1 1= [Ry{x+y(1 —x—y)H2+y(1 —x—y)Ry}
Ve =gpr PL/o dx/ “ [ 2{x+y(1-x)R, —y(1 —x—y)Ry}

+3{x—y(1 —x—y)Ry}HA, +In(Ay/A?)}
3x
+ {1 + Ry [7 —1+3y(1-x —y)] }{Ae —In(Ay/A%)}

= (5VWL’)7yPL7 (A3)

where A, =1—y; +1In(47) + O(e), and A, = -1+ y; — 1 —In(47) + O(e) with € — 0 in the four dimensions. y; ~
0.5772 is the Euler-Mascheroni constant. Note that the diverging terms in A, and A, are oppositely aligned. In case of

A., the negative divergence stems from I['(1—d/2) as d - 4 [117]. A is the arbitrary mass scale associated with the
dimensional regularization, and we set it at the NP scale of the theory, i.e., A - M. Thus,

Ry SRl (= x = y)]2 4 y(1 —x — y)Ry]
{ / / { 2[x +y(1 =x)R; — y(1 = x — y)Ry/]
[3X(1 —Ry/2) + Ry — 1] xIn[x + y(1 = x)R, — y(1 —x — y)Ry/]

Vye =

1 -
= 6y(1 = x = y)Ry x Il +5(1 =R = 5(1 —x =Rl | + 5 (B )] (A%9)
Further, the combined contribution from the two leg correction diagrams can be defined as
(g)” _ 4 / d'k | v —K)rg 1 kekP
- P ap _
) i(p2) [}’ Lp% _ m2 2n)* \(p, - k)? - mz X 02— M%, g M%,

d*k (1a(P2—K)yp 1 KN 72,
/ { o P <¢/}_M§/>}p§yh]”(”‘)

= L ) P(R) + PIO) + Oy Pru(py). a5
where
P(Cl) = %(Ae + AG) + %Al dxx(Z — 3x) In [x 4 (1 _ x)za]. (A6)
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Therefore, combining 6X%,, with Eq. (A3), one obtains the renormalized W¢uv, vertex correction factor as

g/ 2 R 1 1
5V§W = (877)2 {?W - é_l dx x(2 = 3x)In[x> + x(1 — x)?R/]

= Ryl[x +y(1 =x=y)][2+y(1 = x = y)Ry]
/‘“/ { [+ y(I=x)R, = y(1 = x— y)Ry]
+ Bx(1 =Ry/2)+ Ry — 1] xIn[x +y(1 =x)R, — y(1 —x — y)Ry]

6y(1 =3 — )Ry xIn[x + y(1 ~ )R, — y(1 —x—y)RW}H

/)2
— S [t A+ A+ A} )

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

A (x) = @m [¥2 4 x(1 — x)2Ry),
— X 3 — X X
A) = (R =B L2 s+ RS 2@ (04 Re) xRy o)
Az (x) = [Bx(1 = Ry/2) + Ry = 1] X Fo(x, n4.11-),
Ay(x) = Ry Z F3(x.mi) (A8)
k=+,—
where
—x —y)2 _ 2 1/2
= (150) 0 Ref ) 5 e [FE R ] (49)

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

2.Z-¢r¢"

Figure 2(d) represents the one-loop correction to the ZZ7 vertex and the corresponding leg correction diagrams in the
considered Ggyy ® U(1) 1,1, framework. The calculation for Z — £T¢~ decay is similar to that of the W* — #*1,, and

one can follow Ref. [31] to obtain the renormalized vertex correction factor as

ROSLIRYE ! I=x Rylx+y(1=x=y)]2+y(1 —x = y)R/]
Vi =g {?‘E/) dxx(2_3x)ln[x+(l_x)zR”HA dxl dy{ 2+ (1=0R, —y(1 —x = )R]

+[B3x(1 =Rz/2) + Ry — 1] xIn[x+ (1 =x)*R, —y(1 = x — y)R]

6y(1 = x = )Ry xIn[x + (1 — xR, — y(1 —x—y)Rz]}]

@y {R_

822 |3 + Al dx{B;(x) + B, (x) + B;(x) + 64(x)}]. (A10)
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Here, R, = (M;/M,)?* and the B; [i = 1, 2, 3, 4] functions stand for

B, (x) = @m e+ (1= xR,
B,(x) = —RZ(llz_ x) - (1 ;x) 2+x(Rz+ 1)+ (1 =x)°R/]

+% Hl +(1—x)2RK+W}2— <1—%>2] x Fi(x, &, &),

Bs(x) = [3x(1 = Rz/2) + Rz = 1] x Fo(x, &4, &),

84(x) =Ry Z ]:3<x,§k), (All)
k=+,—
where
fo= (57) £yl - 2R, — 4R) = 4212 (A12)
+ = 5 2R, z ¢ .
3. h>¥¢*¢-

Within the U(1) 1,-1, extensions, lepton Yukawa couplings can also be corrected at the one-loop level through 7
exchange as shown in Fig. 2(g).
In units of (m,/v), the hZ¢ vertex correction term can be expressed as

4 - m 1= m L arp
() 091 lulpn) =it i) [ 5 rapa i p e (S

z/) —&—H.c} u(pr)
- ralt =B = Krp (7 =55

=50 | o | A G | A1)
The above expression can be recast with Feynman parametrization as
1 1-x 4
) oViutn) = =2t Patps) [ax [T ay [ S5 Juip), (A4

where P =k —yp; — (1 —x—y)ps and A, = M2 [x + (1 = x)?R, — y(1 —x — y)R,] with R, = (M},/Mz)?. As before,
we assume (m,/M,)*> — 0 to simplify the numerator. Thus, the momentum integration leads to

Vi = O [N [ a3 51— - RHA, +in(an/2%)

3Ry,

amrir e 2y x o) B - a0}
2{x+2y(1 —x—y)}R, +y(1 —x = y){x+ y(I —x —y)}Ri]
2{x+ (1 =x)*R, —y(1 =x = y)R,}
[/ dx/l ) {2{X+2y(1—x—y)}Rh+y(1—x—y){x+y(1—x—y)}Ri
2{x+ (1 -x)’R, —y(1 —x—y)R,}
x(1=R,/2) + Ry —4] xIn[x+ (1 —x)’R, — y(1 — x — y)Ry]

+

R, A
—6y(1 —x—y)R, xIn[x+ (1 =x)’R, — y(1 —x—y)Rh]} +§h+7€+2AE]. (A15)
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Note that due to the chirality-flipping feature of Fig. 2(g), a lepton mass correction term given by m, x 6);,, 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 §,, = —iX(p = m,) where X(p), the contribution
from Fig. 2(h), can be defined as

, d'k (P—k+my)  (F—k+mg) ysP ke k?
Z(ﬂ) - _(g >2mf/ (27_[)4 |:7/aPR (p—k)z—l’fl%PL (p—k)2 —}:l%kziﬂl;[é (gaﬂ— M%/) +HC:| (A16)

Feynman parametrization followed by momentum integration results in

(P =m,) = _i(g/S)TW/O] dx(1 = x)[4{A. —In(A,,/A*)} + 3x{A, + In(A,,/A?)} + O(m2)]

=—i (g’8);;nf [% +2A, + Al dx(1=x)(3x—4)In{x+ (1 —x)*R,} + (’)(m?)] : (A17)

Here A, = M%, [x + (1 — x)?R,]. Therefore, in the presence of Z', corrected lepton Yukawa couplings can be defined as

yBM = ySM 4 (m,/v) x YR, where y3M is the complete SM contribution including the tree-level and the higher-order
terms, and
5y;lff = éyhf + 5m/mf>
/)2

_ {Rh /ld(l—x)(3x— H)Infx+ (1 x)2R,]

/dx/” {2{X+2y(1—x—y)}Rh+y(1—x—y){ery(l—x—y)}Ri
2{x+ (1 =x)*R, —y(1 =x = y)R,}
+[Bx(1 = R;,/2) + Ry — 4] xIn[x + (1 = x)?R, — y(1 — x — y)R}]

6y(1 = x = )Ry xInfx + (1~ xR, — (1 —x—y)Rh}H

_r {&

7 |8

+ [ (D) + Daw) + Du(a) + Dute)] (A18)

Here, we define
Di(x) = (1 —=x)(4 =3x)In[x + (1 —x)*R/],
R,
D,(x) = [2+6(1+x+x)}(1—x)

+ [{x(l TR+ (1 —x)zRf}{l +X+<12—X>2Rf
Dy(x) = Bx(1 = Ry/2) + Ry = 4] x Fy(x. pr. ).

Dy(x) = Ry Y F3(x.Be), (A19)

k=+.—

} Fxt (1= xR | % Fr(x By ),

where

By = (1—;") - 2\/1R_h (1 —x)2(R, — 4R,) — 4x]'/2. (A20)

Note that due to the functional structure of F; the last terms of A, (x), B,(x), and D,(x) are discontinuous within the

range x € [0, 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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+[2+x(1+Ry)]

X — 3

Ay (x) <—R3W—Rf>7< 41)
x—1)3 (x-
zS’Z(x)_RZ(12 D7, 21)

(x=1)
—,

2+ x(Rz + 1)+ (1 —x)*R/],

Dy(x) = [2+%(1 +x+x2)](x— 1).

However, it has been numerically checked that for M, > O(10?) GeV, the truncation creates no significant difference.

APPENDIX B: 7-FUNCTIONS

The F; [i =1, 2, 3] functions, arising in the renormalized BSM corrections to W?vf, Z¢¢, and he¢ vertices, are

defined as

Filxab) = (aib> xln[%],

Fo(xa.b) = (1=x)[In{(1 —x—a)(l —x—b)} —2] —I—aln(ﬁ) +b1n<$>,

Fi(x,a) = 2[(1 —x—a)*In(1 =x—a) + a*In(-a) —%{(1 -x—a)’ +a3}]

+3Q2a+x-1) [(1 —x—a)’In(l —x—a) —a*In(-a)

(1 -x><12-x - Za)}

+6a(x+a—-1)[(l—x—a)ln(l —=x—a)+aln(-a) +x—1]. (B1)
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