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The U(1) L-L, Z' model has emerged as a promising candidate to address the longstanding muon
(9 —2), anomaly. Flavor-conserving Z' interactions are subject to stringent constraints from the neutrino
trident process and NA64u experiments, which limit the Z’ mass to m, < 40 MeV. To circumvent these
constraints, flavor-conserving Z’ interactions can be converted into maximal flavor-violating interactions
through a discrete exchange symmetry. Maximal flavor-violating Z’ interactions contribute to 7 — pvb via
the neutral current, yet the parameter space for this process conflicts with the (g — 2) , allowed regions. To
resolve this conflict, we propose introducing a singly charged scalar that mediates via charged current
interactions. This scalar is anticipated to produce a negative contribution to the lepton (g —2), while
concurrently inducing the tau decay 7 — pvw. Three distinct scenarios arise from the introduction of singly
charged scalars: the O;; operator, driven by weak singlet and triplet, and the O, p operator, driven by weak
doublet. Our analysis of the phenomenology in these three cases reveals that the tension between the muon
(9 —2), anomaly and 7 — pwo for large Z' masses can be effectively alleviated only by the singly charged
scalars from the weak triplet, whereas the singlet and doublet scenarios fall short. Furthermore, the singly
charged scalars from the weak triplet offer an additional explanation for the electron (g — 2), anomaly. Our
findings indicate that weak triplets could play a crucial role in Z’ models, potentially providing valuable
insights for future research into U(1) frameworks.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has proven
to be remarkably successful in accurately describing
elementary particles and their interactions. However, in
recent years, significant discrepancies have emerged
between Standard Model predictions and observed flavor
observables [1]. Among the most notable of these discrep-
ancies is the longstanding anomaly in the muon anomalous
magnetic moment, a, = (g —2),/2 [2,3]. Recently, a new
approach known as the “window” observable theory [4,5]
has been proposed to reconcile the differences between
dispersive and lattice methods for computing the muon
(g—2) ,- The persistent deviation in a,, is widely regarded
as strong evidence for physics beyond the Standard Model
(BSM); for a comprehensive review, see Refs. [6-8]. A
promising candidate for explaining this anomaly is the
gauged U(1), _; Z'model [9-17]. This Z' interaction with
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muons is also expected to alter the muon neutrino trident
(MNT) process v,N — v~ N, placing constraints on
the Z’' mass to be below approximately 300 MeV if it is to
resolve the (g — 2), anomaly [12,18]. Recently, the NA64u
experiment, employing the missing energy-momentum
technique with a muon beam, has imposed significantly
tighter constraints, limiting the Z' mass to m, < 40 MeV
[19]. These stringent bounds can be circumvented by
converting the original flavor-conserving Z' interaction,
(ar*p — 't + Uiy — 0 y*V})Z), into a fully off-
diagonal interaction, (ayt+ Ty*u + U4y s + 05 y*u;)Z,,
through discrete symmetry transformations [20,21].
However, in scenarios with a large Z' mass, these flavor-
violating interactions are excluded by the stringent bounds
on the decay process 7 — uvi. Fortunately, the allowed
mass range for Z' can be expanded in the context of
resolving the muon g — 2 anomaly by introducing type-II
seesaw SU(2), triplet scalars, as shown in Refs. [22,23].
Specifically, the introduction of a singly charged scalar
from the triplet can mitigate this tension. However, the
accompanying doubly charged scalar complicates the
analysis, as it mediates processes like 7 — 3y, uy and is
tightly constrained by collider experiments. To streamline
the analysis, one might focus exclusively on the singly
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charged scalar, which has been extensively employed in
analyzing the decay 7 — uvv [24-26]. Previous studies
have demonstrated that a singly charged scalar within the
triplet scalar framework can substantially extend the viable
7' mass range [22]. This raises the question of whether
alternative mechanisms exist to achieve similar effects,
given that singly charged scalars can originate from various
sources.

The singly charged scalar can emerge from various
extensions of the Standard Model (SM) that incorporate
additional Higgs multiplets. The most straightforward
extension is the Two Higgs Doublet Model (2HDM),
which features a physical charged Higgs boson H7, whose
couplings to fermions are proportional to their masses, as
discussed in the reviews [27,28]. The type-Il seesaw
mechanism [29-33], which introduces scalar triplets to
explain small neutrino masses at tree level, also provides a
physical charged scalar and can simultaneously lead to

deviations of the electroweak p parameter (p = %)
from unity. The Georgi-Machacek model [34], which
introduces both complex and real weak triplets, predicts
two singly charged Higgs bosons that transform as a 3-plet
and a 5-plet under SU(2). while preserving p =1 at tree
level. The couplings of H to fermions and Hz to WFZ are
determined by the triplet vacuum expectation value (VEV).
Additionally, weak-singlet singly charged scalars are fea-
tured in the Zee [35] and Zee-Babu models [36,37], which
generate small radiative neutrino masses through one- and
two-loop processes, respectively.

Experimental searches for singly charged Higgs bosons
have been extensively carried out at high-energy colliders,
exploiting their distinctive electric charge signature. The
specific strategies for these searches are shaped by the
couplings between the charged Higgs and Standard Model
(SM) particles. Within the 2HDM framework, LEP experi-
ments have ruled out charged Higgs bosons with masses
below 80 GeV (Type-II) and 72.5 GeV (Type-I) [38]. At the
LHC, searches for charged Higgs bosons in the 2HDM
primarily focus on top quark decays when m w5 < My, Oron
associated production with a top quark for m HE > My

where m, denotes the top quark mass. Numerous decay
channels have been probed for 90 GeV < my: <2 TeV,

but no significant excess has been detected. These channels
include b [39,40], tv [41,42], cs [43], and cb [44]. In the
Georgi-Machacek (GM) model, the singly charged Higgs
has been investigated through vector-boson fusion proc-
esses such as pp — jjHZ(— W*Z) for 90 GeV < my: <

1 TeV [45] and resonant WZ production in fully leptonic
final states [46]. A global fit of all LHC searches for
charged Higgs bosons within the GM model indicates that
the triplet’s charged member remains viable for masses
above 200 GeV [47]. Additionally, the LHC’s sensitivity to
weak-singlet singly charged scalars decaying into electrons
and muons has been evaluated in Ref. [48]. Based on these

experimental studies, we consider the singly charged scalar
with hundreds of GeVs in the subsequent analysis.

In this manuscript, we construct an ultraviolet (UV)
model featuring a maximal lepton flavor-violating Z’ inter-
action by incorporating three Higgs doublets with distinct
U(l) L-L. charges and enforcing a discrete exchange

symmetry. The introduction of a singlet scalar allows for
an increase in the mass of the gauged boson Z’. While the
maximal flavor-violating Z’ interaction induces the decay
T — pvb, which restricts the model’s parameter space, this
process is mediated not only by the neutral current inter-
action of the maximal flavor-changing Z’ boson but also by
the charged current interaction of the singly charged Higgs.
To address the tension between the (g — 2),, anomaly and the
T — uvb decay caused by the maximal flavor-violating Z’
interaction, we propose the introduction of singly charged
scalars. Generally, the leptonic interactions involving the
charged scalar occur with lepton pairs, irrespective of their
chirality. However, without including right-handed neutri-
nos, the interaction is characterized by a single operator in
three different scenarios:

(i) Case I. Weak singlet induced O;; operator:

vpqef,h™ +He.

(i) Case II. Weak triplet induced ;; operator:

vpqes, A + H.c.
(iii) Case III. Weak doublet induced O, operator:
l_/l‘a€R17["IJr + H.C.,
here the superscript ¢ denotes the charge conjugation
transformation, and the subscript L(R) represent the left-
handed (right-handed) component. We investigate the pos-
sibility of resolving the (g —2), anomaly and the 7 — v
decay issue associated with the maximal flavor-violating Z’
interaction under three different scenarios involving singly
charged scalars. Our analysis indicates that only case II
effectively resolves the conflict, while case I worsens the
issue, and case III maintains an approximate situation
comparable to the original Z’ interaction.

The layout of this article is given as follows: Section II
outlines the constraints on the flavor-conserving U(1), _;
model, then constructs the maximal off-diagonal Z’ inter-
actions, and analyzes the viable parameter space for
(9=2),, = pZ' and 7 — . Section IIl explores the
possibility of expanding the Z’' parameter range by intro-
ducing singly charged scalars across three different scenar-
ios and further analyzes the associated phenomenology.
Section IV draws our conclusion.

II. THE U(1) L-L, MODEL WITH FLAVOR-
CONSERVING OR -CHANGING Z' INTERACTION

The gauge group of the model is SU(3)- x SU(2), x
U(l)y xU(1) 1,-L, With the corresponding coupling con-
stants g, g, ¢ and g, respectively. The left-handed leptons
Ly=(vp.l)"=(Ly,.Ly,.Ly,), the right-handed charged
leptons, Iz = (g, g, Ig,) have SU(3)-xSU(2), xU(1)y
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TABLE L

particle contents of the model and corresponding charges under the gauged groups SU(3)- x SU(2),x

+
i

U(l)y x U(])LF—L,' Here hi(i = 1,2,3) represent the singly charged scalars with (hf, AF, HY) for three different scenarios.

Gauge group LlL LZL L3L €1R €rR €3R Hl H2 H3 S I’lli h% h:‘;c
SU®3)c 1 1 1 1 1 1 1 1 1 1 1 1 1
SU2), 2 2 2 1 1 1 2 2 1 1 1 1
U(l)y -1/2 -1/2 -1/2 -1 -1 -1 1/2 1/2 1/2 0 1 1 1
U(l)L”_Lr 0 1 -1 0 1 -1 0 2 -2 1 0 2 -2

quantum numbers (1,2, —1/2) and (1, 1, —1), respectively.
Here the subscripts 1,2,3 correspond to different gener-
ations. The first, second and third generations transform
under the gauged U(1) L,-L, as 0.1, —1, respectively. The
corresponding charges for all particles in our model are
collected in Table 1.

In this section, we first analyze the flavor-conserving
U(1) L-L, Z' interaction and its associated phenomenology,
including (g —2) , and neutrino trident process. We then
proceed with the model construction for maximal flavor-
changing Z’ interactions and explore the viable parameter
regions by considering constraints from 7 — uvv and
7 — pZ' decays.

A. Flavor-conserving Z' interaction

In the simplest U(1) L,-L, model, the 7' gauge boson of
the model only interacts with leptons in the weak inter-
action basis [9,49]

Ly = =g(ar'u — o't + v,y' Ly, — 07" Lv;)Z,, (1)
where L(R) = (1 — (+)ys)/2. Note that the interaction in
Eq. (1) is fully flavor-conserving one. The vector-type
couplings will contribute to muon (g — 2) , by exchanging
Z' at one loop level [50] as shown in Fig. 1(a),

o mp (1 2x%(1—x)dx
Aaﬂ = W ) 1 2 2 2 (2)
nmmy Jo 1—x+ (m;/m5)x

In the limit my > m,,, Aa? = (#/127%)(m%/m2,). While
the experimental measurement of (g — 2), is uncontrover-
sial [2,51,52], the corresponding SM theory prediction is
subject to ongoing debate and research, approached
through three primary methods. The first approach is the
Muon (g —2) Theory Initiative [53], which employed
dispersive techniques to extract the leading-order hadronic
vacuum polarization (HVP) contribution from ete™ —
hadrons data, resulting in a discrepancy of 5.1¢ between
theory and experiment. In contrast, the BMW Lattice QCD
collaboration [54] in turn employed a first-principles lattice
QCD approach to calculate the HVP contribution to
(9—2),, reducing the discrepancy to 1.60. To address

the discrepancy between the dispersive and lattice methods,

a new approach known as “window” observable theory
[4,5] has been proposed. This approach utilizes data-driven
techniques that are less susceptible to systematic uncer-
tainties, yielding a discrepancy of 3.8¢. The corresponding
discrepancies between each theory prediction and the
experimental measurement read [55,56]

Aazxp,dat — (249 4+ 048) X 10_9’
Aaf’xp,lat _ (105 + 062) X 10_9,
AaZP R (181 +£0.47) x 107, (3)

For a summary of the current status of the SM prediction for
(g—2) . refer to Refs. [57,58]. In the following, we will use
the last one (window theory), Aa)/ = (1.81 £ 0.47) x 107,
for our analysis.

If we further consider the kinetic mixing effects, the
relevant Lagrangian is

1 1
L=-3BuB"+ gB/wZW = 3 Zw 2" (4)

here B and Z' stand for the U(1), and U(1) L,-L, gauged

fields, respectively. The parameter ¢ quantifies the mixing
strength with || < 0.1. The aforementioned kinetic mixing
will introduce a correction to the muon (g — 2) at second
order 62 [18]

~2 2 2 2

i g~ ny mz 20in2

mix __

Cl” = 12 55 3 3 o~ s HW (5)
JT mZ mZ - mZ/

For mz > my and o < 0.1, the kinetic mixing effect can be
ignored.

Besides, the Z' exchange will produce a nonzero
contribution to the neutrino trident process (MNT): the
production of a y*pu~ pair from the scattering of a muon-
neutrino with heavy nuclei v, + N = v, + N + u"u~. The
SM contribution includes electroweak W and Z boson as
shown in Figs. 1(c) and 1(d), described by the Lagrangian

2
g _
16my;

here sy = sinfy with weak Weinberg mixing angle 6.
The Fierz transformation is employed to combine the W and
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Yy p Yy
0w
ZI
Iz
+
H ~ H o 0
N
(a) ap (b) MNT-Z'
Yy W Vu Vu
w Z _
Yy H
+ +
v a 9! H
N N
(c) MNT-W (d) MNT-Z
FIG. 1. The Feynman diagrams for (g —2), and neutrino trident processes with flavor-conserving Z' interaction. The last two

diagrams (c,d) represent the SM contribution mediated by W and Z bosons, respectively.

Z contribution. In the heavy Z’ limit with GeV scale, the Z’
model gives the correction to the cross section in Fig. 1(b) as

oy _ (1+4sy, +87°mi,/g*m2)* + 1 )
1+ (1+4s3,)? ’

OSM | trident

The current ratio is measured by three experiments
with [59-61],

1.58+£0.57 (CHARM-1II)
={0.82+£0.28 (CCFR) . (8)
0.72)75  (NuTeV)

o(v, > vu )P

o(v, = v utp)’

M

The above gives the weighted average data 0.95 4 0.25.
However, the above neutrino trident data excluded the large
Z' mass case for resolving the (g—2), anomaly. In the
following we show the relevant details.

Assuming the difference Aa, is due to Aaf’, we have
7 /m2, = (1.92+£0.50) x 107> GeV~2. Inserting this into
Eq. (7), we obtain 6, /oy = 4.05 which is several times
larger than experimentally allowed upper bounds [59-61].
In this context, Z’ contribution to MNT process should be
lowered to a factor 20 to be within the one sigma range of
the weighted average 0.95 £ 0.25 from the above three
data.

Therefore, the neutrino trident data constrain the
upper limit of my to be less than 300 MeV [12,18]. And

NA64y further provides around
my < 40 MeV [19].

Therefore, we attempt to find the ways to evade these
stringent constraints. If there is a mixing 6 between y and ,
the MNT process will be suppressed by a factor of %, and
simultaneously the parameter §>/ m%, is suppressed by the
factor #’m., / m,,. This reduction in the parameter can lessen
the MNT constraint. However, with both flavor-diagonal
and off-diagonal Z' couplings to u and z, lepton flavor
violating (LFV) processes, such as ¢ — py and 7 — 3, will
be induced. These processes impose very stringent
constraints, making it impossible for the mixing model
to explain the (g—2), anomaly [18]. Therefore, if the
flavor-conserving interaction described in Eq. (1) can be
converted into a purely flavor-changing interaction, the
stringent bounds from neutrino trident and NA64y could be
avoided while still prohibiting lepton flavor violating
(LFV) processes. Fortunately, such a purely flavor-
changing interaction can be realized as proposed some
time ago [20]. In the proceeding subsection, we will present
the ultraviolet (UV) realization of U(1) L,-, With the

maximal off-diagonal Z' interaction.

stronger constraints

B. Flavor-changing Z’ interaction

The off-diagonal Z' interaction can be realized by
introducing new scalar particles, as shown in Refs. [20,22].
In order to construct the maximal flavor-changing Z’

115047-4
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(a) (9 —2)p- (b) T = pvv.

FIG. 2. The Feynman diagrams for (g —2) . and 7 — pvy with maximal flavor-changing Z' interaction.

interaction, three Higgs doublets H;,5: (1,2,1/2)  electroweak scale U(1), ; Z' has been shown to be
(H;) = v;/V/2) with U(1) r,-r, charges (0,2,-2) are  allowed by experimental data [62].

introduced. These contribute to m2, = 45 (v3 + v3), with In addition, a discrete exchange symmetry is imposed
such that Z' - -Z', H, < H, and H, < H; with
v, = v3 = v. The unbroken symmetry forbids the kinetic
mixing terms in Eq. (4). Moreover, it simplifies the Yukawa
couplings y,, = y33 and y,3 = y3,. Under this symmetry,
the Z' interaction and Yukawa terms to leptons are given by

the vev below 4m3, / g%, implying that the Z' mass cannot be
too large. Therefore, a singlet scalar S(1,1,0)(1) with vev
v,/v/2 is introduced to raise the Z' mass, given by
m2, = (v 4+ 4v3 +4v3). In this case, Z' can have an
arbitrarily mass depending on the values of » and v,. At the

|

Ly = =G(Ly"Ll, — Iyy* LIy 4 &7"Re; — 257" Re3)Z,
- [Y’llleel + Yéz(izRez + 73R€3)}H1 - Yé3(72R€3H2 -+ Z3R€2H3) + H.c. (9)

The Yukawa couplings in the second line are nondiagonal, necessitating a transformation to realize the diagonalization. The
transformation between the lepton mass eigenstates and weak eigenstate basis is given by

()G @) )50 )6 "
T _\@ 1 1 ey)’ Ur, _\/5 1 1 vis )
In the new basis, the Z’ interactions with leptons become the following form as desired,

Ly = =g(ar't +7y'u + v,y' Ly, + 0y Lu,) Z,,. (11)

Therefore, we realize the purpose of converting the flavor-conserving Z' interactions in Eq. (1) into flavor-changing Z’
interactions in Eq. (11). Note that the additional neutral and charged Higgs fields from H  ; are regarded as sufficiently
heavy such that their corresponding physical effects can be neglected.

The maximal off-diagonal Z’ interaction also contributes to (g — 2) 4» With tau leptons running in the one-loop diagram, as
shown in Fig. 2(a). The contribution is [50]

Aa, = “Z5- ’ . (12)

Y & mix? + m2, (1 — x) + x(m? —m},)

2m mr_n1/42 m,
2w 1 =)+ 2 2) Ll (0 21 4 )
_JZ /d 7!
0 (7

In the limits of my > m,, it can be simplified as

) —x2 Zm, )
Aa :gz'm”/ldx(x Dets,)  gm; gy (13)
o an? o m2,(1 - x) 127°m?2, my, )

Compared to Eq. (2), there is an enhancement factor (3m,/m,—2) to Aa, which reduces the value
7/ m%, = (3.96 & 1.03) x 10”7 GeV~2. Additionally, the constraint from neutrino trident process do not apply since
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mz(GeV)

I»(GeV)
0.01

- (Z'->p1)

=T (Z'->v,v,)
10751
108" .

1 - -" - 1 1 1
0.01 0.10 1 10 100

FIG. 3.

The Z' decay width with three different parameters, § = 10~ (blue), § = 10~ (orange) and § = 1072 (green). The solid and

dashed lines mean I'(Z' — p*7%) and T'(Z' — v,(;)Dy(,) ), Tespectively.

7' cannot induce a muon pair g u~. For small Z’ case, we
should use the full expression to obtain the corresponding
contribution [20].

The Z' decay width can be calculated from the maximal
flavor-changing interaction,

~2

|
D(Z > pteT) = L2 (m2, — m2)>(2m3, + m?),

(14)

here we ignore the muon mass. The corresponding
decay widths are shown in Fig. 3. We found that the decay
Z' — pt only applies for the case of my > m, +m,. It
becomes apparent that the two decay channels become
comparable when my is significantly larger than m,, + m,.
In the limit of m, > m,, the decay width into neutrinos is
half that of the charged lepton decay due to only the left-
handed neutrinos,

2B(Z' = vyPe) = B(Z' —» p7T). (15)

This corresponds to Br(Z' — v,(;)7,(,)) = 1/3 or 1, which
depends on whether the process Z' — ut can happen or not.

The above maximal off-diagonal Z’ interaction in
Eq. (11) can induce the decay 7 — uvv with off-shell or
on-shell Z' boson as shown in Fig. 2(b). For the case of
my > m, + m,, it corresponds to Br(Z' - v,v,) = 1/3.In
this case, the main experimental constraint is from the
decay 7 — ubv by the off-shell Z’ boson. Including the SM
W and the new Z’ contributions, the effective Lagrangian
Ly 7z as

2

g _ _
£W+Z' == 2m2 IJT)/'MLI/”/,{]/”LT
w

)
+—— J 5 (Dy" Ly, + D,y Ly, )iy,z. (16)
m; —ms3,
here we choose g> = m2. And we consider the family
lepton-number preserving three-body decay 7 — uv,v, and
the family lepton number violating decay 7 — uv.v, at the
same time since the neutrino flavor of final states is
indistinguishable in the experimental measurement.
The current experimental measurements are in terms of
the ratio as

(= u v,

R, = (17)

[t~ - ev,p,)

The corresponding SM predictions [63] and experimental
values [64] from HFLAV collaboration global fit

R} |sm=0.972564£0.00001, R}, =0.9761+£0.0028,.

(18)

Recently, Belle-Il updates the result as Rj,|p. =
0.9675 + 0.0007 £ 0.0036 [65]. The above two experi-
mental results can be combined into the average weighted
value R}, |,yer = 0.972968 + 0.002233. Because our model

does not affect 7 — ev,v,, the ratio can be transformed as

e |exp

[(z” = pu o0,

T j—

exp = D(t7 = W, )sm

= 1.00042 + 0.00230. (19)

The interaction in Eq. (16) will contribute the decay
T — uvw as [20,66]

115047-6



MAXIMAL FLAVOR VIOLATING ...

PHYS. REV. D 110, 115047 (2024)

R =

| gz 4m%v m% §4 4m‘v‘v m% 20

t>5— > )t 27 9\ (20)
g~ m3, mz, g my, mz,

with the functions

f(z) :;4 [223 + 222 =2z — (1 -2)*(2 4 z) log(1 —z)},

(21)
9(z) = ;4 [—z2 =322+ 6z+6(1 —z)log(1 —2)].  (22)

here we consider the momentum transfer for my, of the
order of the tau mass. In the limit of m, > m,, we can
obtain lim,_, f(z) = 1 and lim,_( g(z) = 1.

Further, R® can constrain the model parameters.
Unfortunately, data from R* = 1.00042 £ 0.00230, excludes
the total parameter regions by more than 5S¢ level if required to
solving the (g —2), anomaly simultaneously.

For the case of my < m, —m,, the main process is the
tau invisible decay of T — uZ’ due to the kinetic allowed
requirement. The corresponding decay width is

2 2\2
+ 2m§’> (1 - mg) . (23)
m‘L’ mT

here the muon mass is neglected. The current experimental
upper limit is Br(z — uZ') < 6 x 10™* at 95% CL [67],
which can constrain our model parameters. Besides, the on-
shell Z' can further decay into v,(;);(,) with the branching
ratio equal to one. In this case, the constraint from
Br(z — pZ’) is much stronger than R".

By combining the constraints from (g-2),
Br(z — uZ'), and R?, we plot the corresponding parameter
regions, as illustrated in Fig. 4. The black line and green
region represent the allowed parameter ranges for (g —2),,
corresponding to the central value and within the 2¢ range.
The orange and blue regions mean the excluded areas due
to the decays 7 — pZ' and t — b, respectively. We find
that the decay 7 — uZ’' only applies in the case where
myz < m, —m,. The most stringent constraints arise from
the decay 7 — pww, which exclude the entire parameter
space for mz > m, — m,,. This indicates that the a, allowed
region only exists in the case of small 7. In order to avoid
the stringent bounds, we attempt to introduce new inter-
actions involving singly charged scalar in the following
section.

Gm
[(z—>pz) = 16Zn'm12 1
Z/

III. NEW EFFECTS INDUCED BY SINGLY
CHARGED HIGGS

In the previous section, we identified that the most
stringent constraint on the interaction arises from the decay

T e e e T

=
9 -3.0F 4
3 /
q,/
/
£
-351 /& .
/A
&
/
//
2 T R/ L P E T N R
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Log[mz/GeV]

FIG. 4. The allowed parameter regions for the maximal flavor-
changing Z’' model. The green region means the (g — 2) . allowed
ranges within 2¢ errors and black line represents the central value
of a, = 1.81 x 10~°. For small my region, the decay 7 — uZ'
excludes the region in orange. For my > m, —m,, the decay
7 — uvb excludes the region in blue.

7 — uvp, which is induced by the maximal off-diagonal Z’
neutral current. In order to weaken this constraints, we
attempt to introduce new interactions. Analogous to the
neutral and charged currents in SM, we propose introduc-
ing a singly charged scalar that can mediate the process
7 — uvv through charged current interactions.

In general, introducing singly charged scalars can lead to
three different scenarios: a weak singlet scalar (case I), a
triplet scalar (case II), and a doublet scalar (case III). The
corresponding operator is described as

ﬁhi = CLLI._/Laezhh_ —+ CVLRZ_/L(/IBR;)I/I+ =+ H.c. (24)

In the context of renormalizable theories, the LL operator in
the first term arises from gauge-invariant leptonic inter-
actions involving either a weak singlet or a triplet, while the
LR operator in the second term is realized when the
interaction involves a doublet. Furthermore, both operators
can also be generated within effective field theories where
the heavy states have been integrated out.

For the singly charged Higgs, the contribution to lepton
(g—2), is expressed as [50]
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a= 872

here m; means the fermion mass running in the loop. g;+
means the carried electric charge in unit of positron e.
The coupling is defined as C; = % and C, = %
If only one term in Eq. (24) is present, regardless of
whether it is case I, II, or III, it will lead to
C; = C%? = CiL(LR)/4'

For the large m;+ with hundreds of GeV as required by
the current collider constraints, the expression can be
further simplified to

1 G [ 25 L
— X =— .
3272 LLILR) [, mfﬁx 967z2m%+ LL(LR)

(26)

a; =

We found that the singly charged Higgs results in a
negative contribution to (g —2);, which is opposite to
the positive contribution from maximal off-diagonal Z’
interactions.

Note that in Eq. (26), we retain the general expression for
charged fermions, as the singly charged Higgs can
contribute to (g —2), for fermions of other generations.
For the experimental measurement of (g — 2),,, it has been
discussed in Eq. (3). Regarding the case of (g —2),, the
current status remains unclear, as the most precise mea-
surements of the fine structure constant @ are not in
agreement. The latest measurement of (g —2), [68] is in
tension with the SM prediction by either +2.26 or —3.7¢
[69], depending on whether the fine-structure constant a
obtained from Rb [70] or Cs [71] is used as input

rubidium: Aa,(Rb)=(34+16)x 1071, 2.2,
cesium: Aa,(Cs)=(=101+27)x 10714, -3.76, (27)

Due to the negative contribution from the singly charged
Higgs, we use the experimental values from cesium,
Aa,(Cs), for the analysis that follows. For (g—2),.
the current experimental values have large uncertainties:
a, = 0.0009705032 (CMS [72]), with the SM prediction
atM = (1.17721 4 0.00005) x 10> [73]. Therefore, we
do not consider (g —2), in our analysis.

|

Ly =2y (5,615 — Vi,e13)hi +Hee.

) <1 —1) ( 0
= Y3V HLe
o 1 1 —y23h;L

g /1 dxC?(x3 —x2 +',"n—f(x2 —-x)) + C5(x* —x? —”'L—f(xz - X))
0

mix* + (m?. —m3)x + m3(1 - x)

(25)

|

In this section, we will analyze the possibility that
whether the singly charged Higgs can reconcile the
discrepancy from maximal flavor-violating Z’ inter-
actions between (g —2); and 7 — pwo in the three different
cases mentioned above. In order to maintain the
discrete exchange symmetry 1 <> 1 and 2 <> 3, we intro-
duce three new scalars with U(1) L,-, charges of (0,2, -2),

respectively.

A. Singly charged Higgs from weak singlet (case I)

For the LL operator in Eq. (24), there are two distinct
contributions, generated by singlet and triplet scalars.
Firstly, we focus on the case of singly charged Higgs from
weak singlet. In this case, the Yukawa interaction with
lepton pairs can be written directly as

£h+ = yabL—ZQiazLLthr + H.c.

- 0 1 v
= Yar (Vi 4 eia)< > ( Lb)h+ +H.c.

—1 O eLb
= Yab(Vigerpht = ef wrph™) +Hee. (28)

here L, denotes the lepton doublet and 6> means the pauli
matrix. The existence of Clebsch factor ic” generates the
antisymmetric feature for the Yukawa coupling y,,. The
antisymmetry makes y,, = 0, which results in the disap-
pearance of the same lepton flavors.

Due to the definition ¢ = ¢! with charge conjugation ¢
and fermion y, one can naturally prove the relations of
wiPLy; = y5Py;. Therefore, Eq. (28) can be expressed as

Ly = Yap (V5 e0p — V5 yer,)h™ + Hee. (29)

In order to maintain the discrete symmetry 1 <> 1 and
2 < 3, we introduce three different singly charged singlet
Higgs hi,; with the corresponding U(1) L,-L, Charges
(0,2, -2), respectively. The antisymmetric Yukawa cou-
pling cancels the contributions from h%, leaving only the
effect from hi, with the interaction given by

ht 1 1
YL () e
0 -1 1 Trer

= yosh{ (=i + @TL — Vg + EULM) +H.c., (30)

here in the second line we use the transformation in Eq. (10) between the weak eigen-states and mass eigen-states.
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FIG.5.

I

The corresponding Feymann diagram contribution for singly charged Higgs from weak singlet. The left panel means the muon

(9 —2), mediated by hy. The right panel means the decay process 7 — v, v, mediated by h7.

From Eq. (30), we find that h{ mediates only flavor-
changing interactions. Consequently, it does not produce
uu pairs in the neutrino trident process, and thus A5 does
not contribute to this process.

The interaction described in Eq. (30) contributes to
(9—2), at the one-loop level, as shown in the left panel
of Fig. 5. By using the general expression in Eq. (26) with
I = p, one can obtain the contribution to (g—2), in the
limit of large Myt

1 mf, 1 m?
LT TR S € V|
G962 B T T a2 0 (31)
1

2 ~2 2

here we use the relation u§ v,; = 75,7, to obtain the 4 times
enhancement.

Similarly, the h7 couplings in Eq. (30) can induce the
decay  — uvv at the tree level with the amplitude as shown
in the right panel of Fig. 5,

5 . Y35 u -
Eh' =T Uy TRV =5 KLY PLTLVryMPLI/u' (32)
! m m
ht hf

1

here in the second equation we use the Fierz transformation
and Ufy*Pre§ = —0;7*Pu;.

Combining with the contribution in Eq. (16) from W and
Z' boson, we can obtain the total amplitude M, as

2 ~2

M =\ — g g y23 ey P g y%:i Y - P g T P
total(r - /,[l/l/) - + 2 2 m2 HY Tl/‘[y/l LIJ” - mz HY }/STyryﬂ Ly;t _m_zﬂ}/ Tl/;ﬂ/u LVzs

T A2
dmy,  mp;—my, 0

T A2
4my, Wt 7

(33)

Note that the total amplitude indicates that the new charged singlet will further enhance the effects of the SM W boson and
Z' boson for large m; due to their same alignment in sign. This exacerbates the discrepancy between (g —2), and 7 — pvi.

Consequently, this will affect the ratio R as

2 2
g my, ms,
1

The presence of the term y3,/ m% further increases the
predicted value of R?, which is excluded by the experimental
value Ry,

Based on the above analysis, we plot the corresponding
parameter regions as shown in Fig. 6. The black line and
green region represent the (g— 2)” allowed ranges: the
black line indicates the central value of a, = 1.81 x 1079,
while the green region represents the range within 2¢
errors. For the region of small m,, the decay © — uZ’
excludes the orange region. For my > m, — m,, the decay
7 — pvv excludes the blue region. In Fig. 6(a), we illustrate
the effect of two different charged Higgs parameters,
o3/ my: =7x 107> GeV~" and yy3/my,+ =7 %107 GeV~!,

on the results. We find that as y,; /th increases, the

n 4m%v y§3 ¥ m%
2 2 m
g 7

~4 4.4 2
g 4m m;
+ —4Wg< . ) (34)

vy
0t g mz “\my

|
allowed region for a, shifts upward and becomes narrower.
This occurs because the opposing contributions from the
maximal flavor-changing Z’ and the singly charged Higgs
h| compete with each other. In Fig. 6(b), we illustrate the
case of large my using the formula in Eq. (13). This
indicates that the allowed region for (g—2), is entirely
excluded by the decay 7 — pvr.

Therefore, we find that the singly charged Higgs h] from

a weak singlet cannot reconcile the discrepancy between
(9—2), and 7 — pvv in the large my case. Furthermore,
the introduction of h will increase the Z’' coupling
parameter § by a factor of approximately 2 if it is required

to explain the positive experimental value aj,".
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FIG. 6. The allowed parameter regions for the maximal flavor-changing Z’ models with singly charged Higgs from weak singlet (case I).
The black line and green region represent the (g — 2), allowed ranges for the central value of a, = 1.81 x 10~ and within 26 errors,

respectively. For small m region, the decay © — uZ’ excludes the region in orange. For m, > m, —

m,,, the decay 7 — pvv excludes the

region in blue. (a) shows the log[m /GeV] — log[g] plane with two different charged scalar parameters, y,3/ mys =T x 1073 GeV~! and
ya3/myr =T % 107> GeV~'. (b) shows the log[g/mz (GeV~")] — log[y,s/m,: (GeV~")] plane for the large m case.

B. Singly charged Higgs from
weak triplet (case II)

In this part, we focus on another LL operator in Eq. (24)
that is induced by a weak triplet scalar. The corresponding
Yukawa coupling term can be expressed by

\A/_t A+t y
E:Yab(@,a)ioz( f) +>( Lb)—i—H.c.
AT -

€rp

I AT N N
_ 0 ++
=Yab <yiaA yLb_\/i(ei,ayLb +U2aeLb)_eZaeLbA

By focusing solely on the singly charged Higgs
interaction, we find a positive sign of e v;;, + 15 e,
which differs significantly from the negative contribution
in the singlet case. This indicates that for the same
flavor (a = b), the Yukawa couplings do not vanish,
L= —V2y.5 1,07 +He..

Similarly, three triplets A;(0), A,(2), and Ajz(-2)
are introduced to ensure the discrete exchange symmetry
1 < 1 and 2 < 3. Here the numbers in parentheses denote
the corresponding U(1), _, charges. This discrete sym-

metry also implies my; = my:. Therefore, the Yukawa
coupling terms can be expressed as

+Hee., (35)
|
3 2y;1Af 0 0 e
L= —7(_2, Vg 15) 0 Y0hgs — 2ynAf Y0l Ho | +H.e.,
0 )’22A2+-3 )’22A;r+3 + 2)’23Afr 7L
| 2y AT 0 0 e
3 (e, u.7) 0 YAy = 2ynATT AT u, | +He. (36)
0 ynhyh AT H 4 2y AT 7L
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FIG. 7. The electron (g —2), and muon (g —2), for singly charged and doubly charged Higgs from weak triplet.

where A7 and A7 represent AJTT + A7 and
AT — AT respectively. Here, we use the transforma-
tion given in Eq. (10) to relate the weak eigenstates to the
mass eigenstates. Note that A mediates only flavor-
conserving interactions, whereas A;; can mediate both
flavor-conserving and flavor-changing interactions be-
tween tau and muon leptons. The different signs in the
diagonal and off-diagonal terms for AZ 5 cancel each other
out, as seen in processes such as 7 — uy.

Note that we also include the couplings for doubly
charged Higgs A" since they could affect the certain
physical processes. As mentioned in Appendix, the
mass differences between singly charged and doubly
charged scalars depend on the vacuum expectation value
?;, which is constrained by EW p parameter to satisfy
7; < O(1) GeV [67]. Consequently, the masses for A;" and
A" are approximately degenerate, necessitating the con-
sideration of their corresponding physical effects. Current
collider constraints place the lower bound on the doubly
charged scalar mass at approximately 800 GeV [74] (84 GeV
[75]), depending on the dominant decay modes At —
I (AT - WtWT"). For the degenerate case with
7; ~0O(GeV), collider constraints have already excluded
doubly charged scalar masses below 420 GeV [76].

Additionally, the doubly charged scalars will contribute to
lepton (g—2), as shown in Fig. 7 with total effects
as [50]

2 2 2
_ 2mp €y m; Ci,  mp Cpp
a = - 2.2 2.2 2,2 (37)
967" my .. 48m my,. 24n” my .

here the first and second term corresponds to the lower left
and lower right panel in Fig. 7, respectively.

Besides, the A] can generate the electron (g —2), as
shown in the upper left panel of Fig. 7. By choosing / = ¢

in the general expression in Eq. (26) and combining the
effects from doubly charged scalars in Eq. (37), we obtain
the total contribution as

B T TR VR Y
©TT96nmd, 24m2mi.  l6xml,’
1 1 1

here Zy%l in the first equation comes from the coupling co-
efficient —v/2y;. And the second equation uses the degen-
erate condition m,+ = m, .+ The experimental data a;™ (Cs)
constrains y%l/mi1+ = (0.61 +0.16) x 1073 GeV~—.

For muon (g —2),, it can be induced by A , 3 simulta-
neously as shown in the upper right panel of Fig. 7. The

corresponding total contributions with singly and doubly
charged scalars are

2
a = — L my V2, — m2 Y5 I Y3
96 md, T 96 M \2mi, T 2m2,
1 2 3

2 2
%2 — mu y%3 _ m;t y%2 4 y%Z x 2
247> m2A++ 247> 2m2A++ 2m2A++
1 2 3

2 2
_ mﬂ y%:ﬁ mﬂ Y%Z (39)

—_— = - )
167> m%.  167% m%,
1 2

here the factor 2y, in the first term and y3,/2 in the second
term come from the coupling coefficient v/2y,; and
—y5,/v/2. And the additional factor 2 in the second term
comes from the neutrino flavors (v,,v,) running in the
loop. Similar situation also applies to the case for doubly
charged scalars. The second equation uses the relations
Mpsis = Myrss 10 simplify the results.
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FIG. 8.

The decay 7 — pv and neutrino trident process v, + N = v; + N + ut + p~ for singly charged Higgs from weak triplet.

The above interaction in Eq. (36) can induce the neutrino trident v, + N — v, . + N + u"u~ at tree-level as shown in the
right panel of Fig. 8. The interaction term, v/205 (2 (AF 4+ AY)/2 — y,3A] )y + H.c., contributes to the corresponding

ratio as

[1 +4s3, — —2(2 Y
O A+ 9 A+

2

A+ A+ A+

Osm

trident

here we use the degenerate condition m Ap = My required
by the discrete symmetry. We find that the A* contribution
will reduce the SM prediction, which makes o+ /ogy < 1.
Based on the averaged value 0.95 £ 0.25 from the exper-
imental results in Eq. (8), we can obtain the upper limit
(3 +22) <2107 Gev2

A+ af

Slmllarly, the interaction described in Eq. (36) also
induces the decay 7 — ubv as shown in the left panel of
|

2 =2

(4537

+1] ’ (40)

|
Fig. 8. However, the process involving same-flavor neutrino
final states, T — uv,v, + uv,v,, will not occur because A7,
cannot mediate both flavor-conserving and flavor- changlng
interactions simultaneously. Therefore, the only left decay
channels are © — ub, v, + pv,v,. Combining with the con-
tributions from the SM W boson and Z’' described in
Eq. (16), we can obtain the total amplitudes as

2 2
_ g 7 Y N - R T
Mot (T = prv) = (‘ R R e N )MV”TVT}’#PLV;! - <_—4m%v +=2 )W"rswﬂ'ﬂpw

2
dmy,  m;—m7  4m My

2 ~2 2
Y2 g Y23
+ K >t — 2 2

4mA2+ m; — mz, 2mAl+

Here, we find that A7 ; will weaken the contributions from
the SM W boson and large mass Z' due to the opposite sign,
which is in stark contrast to the weak singlet case described
in Eq. (33). Additionally, A} will further reduce the effects
of Az 3, as shown in the last line. In fact, the contribution in
the last line is proportional to the quartic couplings, which
are much smaller than those from the first two terms with
quadratic couplings. Correspondingly, the ratio R* can be
obtained as

R (1-

2 ~4 4.4
ms g 4m
Xf( 2) + 4W9
mZ, g mzr

4’”%‘/ )’%z )2

+4m%,v 7 1—
P dmd, 2 0
2

g my

B e

Amyy, v3 )
e 4m2A2+

4m?
Ay

ygz )%3
)ﬂw— <4m2 -5 )ﬁmsf]w”PLvr- (41)
Ay

2m5
A1

|
here we simplify the expression by adopting the condition
m A+ =m A+

Similar to the decay 7 — pu mediated by A/, A+ can
also contribute to the decay = — 3u by converting neutrinos
into charged muons with

5

m;t, <y%2 _ y%z >2:O (43)
3(16x)3 LN m2A3++

Br(r — 3u) =

Fortunately, the exchange symmetry enforces m ApE=Mp

which prohibits the aforementioned decays. A similar
situation occurs in the decay 7 — uy.
Based on the preceding analysis, we plot the correspond-

ing parameter regions, as illustrated in Fig. 9. To simplify
the analysis and highlight the viable parameter regions, we
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FIG. 9. The allowed parameter regions for the maximal flavor-changing Z’ models with singly charged Higgs from weak triplet (case
II). The red and green regions indicate the (g — 2), and (g — 2),, allowed ranges within 26 errors, respectively. The excluded regions are

shown in orange and blue: ¢ — uZ' for small my and 7 — uwvw for my > m,

— m,, respectively. (a) shows the log[mz /GeV] — log|g]

plane with y,,/ms+ = 107 GeV~!. (b) shows the log[g/my (GeV™")] — log[y;/ma+(GeV™!)] plane for the large m, case.

set y,3 = 0 to ensure the processes v — evv and y — evv
unaffected because we choose nonzero y;; for (g —2),. If
we do not case about a, anomaly, alternative choices are

Yo o %
4m2A + - ZmZA +
the (g—2), values allowed within 20 uncertainties.

possible, such as

. The green regions represent

In Fig. 9(a), we fix the charged Higgs parameter at
ya/ma+ = 1073 GeV~!. The excluded regions for
© — uZ' (for small mz) and 7 — pvv (for my > m, —m,)
are shown in orange and blue, respectively. We find that
there are viable parameter ranges that reconcile the dis-
crepancy between (g — 2) , and 7 — v across the entire
myz range. In Fig. 9(b), we denote large m, values,
on the order of hundreds of GeV. The neutrino trident
constraint excludes the parameter region for charged
Higgs, which is highlighted in yellow. The allowed
regions by a,, a,, and T — uvu, are shown in red, green,
and blue, respectively. We choose y;;/ my+ =25y / mys

to ensure the a, intersection of the intervals with @, and
7 — pvv. We find that there are common regions, specifi-
cally yy/mp+= (1015 -1072%)GeV™" and §/my
(1073 —1073!) GeV~!, that can explain the (g—2),,
anomaly while satisfying the other constraints.
Therefore, we find that the singly charged Higgs A™

from weak triplet can reconcile the discrepancy between
(9—2), and 7 — pw in the case of large m . Furthermore,

it can also explain the electron (g —2), anomaly. This

suggests that the weak triplet scalar could play a crucial role
in studying the Z’ model.

C. Singly charged Higgs from weak
doublet (case III)

In this subsection, we analyze the LR operator case
presented in Eq. (24). Analogous to the SM Yukawa
coupling, the LR operator involving a singly charged scalar
and leptons can be readily realized with a new weak doublet
Higgs H', which has

ELR = gabI:LaH’eRb + H.c.

= Jap(VLaH' " egy, + e H e,) +Hee.,,  (44)
here L; means the left-handed lepton doublet, and e means
the right-handed charged lepton singlet. a,b=1,2,3
stands for the generation of leptons.

Actually, the LR operator can also be realized at
dimension-5 using only a singly charged singlet with

C,;, — ~
EiiR = %fLaHeRthr + H.C.,
ok _Ca Ykt 4 He., (45)
h A V2

here SM Higgs H = ic>H*, and c,;, encodes the informa-
tion about new degrees of freedom with scale A. After
spontaneous symmetry breaking, we can naturally obtain
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the required LR operator. Here v = 246 GeV is SM Higgs vacuum expectation value.
Both methods outlined above can generate the required LR operator. Therefore, we will focus on the general expression,
given by

;Ci]g = gableaeRbPIjL + H.C., (46)

Similarly, we can introduce three charged Higgs bosons: H{ (0), Hy (2), and H7 (—2), to preserve the discrete exchange
symmetry. The numbers in the bracket stand for the corresponding U(1) L-L. charges. Based on these U(1) L-L. charges,
we can construct the corresponding Yukawa coupling, given by

Lig = gnbpierHY + gnbroerHY + gssbizersHy + goabiaepsHy + gsabizer,Hy + Hee.
gnH T 0 €R1
= (Dp1» U2y U13) 0 9nH{  g3H; ery | +H.c. (47)
0 93H;  gnHY €R3
In the second equation, we use the relation of the coupling constant g,; = g3, and g,, = ¢33 from the discrete exchange

symmetry. Furthermore, we use the diagonalized transformation in Eq. (10) between the charged lepton mass eigenstate and
flavor eigenstate basis. Then we can obtain the couplings as

1 2911}1]F O 0 €r
Lig= 3 (Dres VrpsUre) 0 200H{ = g23H; 5 93H5 5 ug | +Hec., (48)
0 —g3H;_5 200 H| + g3H3 5 TR

with H],; = H + H3 and H; ; = Hy — Hj. Note that H]; can mediate both the flavor-conserving and -changing
interactions between the tau and muon leptons, while H| only has the flavor-conserving interactions. And the feature with
different sign in the diagonal and off-diagonal terms for H ; cancels out each other, such as z — uy in Fig. 10. We find that the
neutrinos running the loop diagram are the muon v, or tau neutrinos v,, which both involve in diagonal and off-diagonal terms.

In this case, the H t2,3 can generate the lepton (g —2),. , as shown in Fig. 11. Based on the general expression in Eq. (26),
the corresponding contribution is

ol v
WS Sy, ORI
S ~ 7 W . N
i ~ A Go,
\fa\\éxm ’ N L3 s X oy s \ \\‘f(’?ﬁ
9 ’ \ 2 AP ’ o
i \ 4 29 i \ 2/
T Vu M T vy iz

FIG. 10. The decay = — py from the charged Higgs H 1*23 induced by weak doublet.

+§ 0 % Y é’y
g
AE= 2000H\" — go3(Hy + Hi ), ==

~ VRN + N ~
/ \ / \ gs(Hy — Hy),

| | | 1 | |

e Ve e I Y H H Vr M

FIG. 11. The charged lepton (g —2), from the charged Higgs H,fm induced by weak doublet.
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I

\
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FIG. 12. The neutrino trident production v, +N — v; + N + p*u~ from the charged Higgs H1+.2,3 induced by weak doublet.

2 2
_ mg gll

a, = —
9672 m%ﬁ ’
1

2 2 2 2
My G My <923 923 >x2

a, =—

" 9672 mfﬁ 967> 4m?1,2+ 4;11?1,3+
_ " g _ M, 5
- 926 2 .2 96 2.2 ° (49)
7 My 7 My

For a,, the factor g%3 /4 in the first equation is from the
coupling coefficient —g,3/2, and the additional factor 2 is
due to the neutrino flavors (v,.v,) running in the loop. In
the second equation for a,,, we use the degenerate condition

Myt = My required by the discrete exchange symmetry.
|

6H+

{1+4s%,,—’"72W(2g2i+

The above interaction in Eq. (48) can induce the neutrino
trident v, + N — v; + N + pu*u~ at tree-level by the inter-
action term 7, (9o H{ — g23(H5 + H7)/2)u;, + H.c., with
the corresponding Feynman diagram in Fig. 12.

As shown in Fig. 12, the second diagram will disappear
due to the opposite coupling sign for H; and Hj.
Therefore, the only left diagram is the first one with the
Lagrangian as

£H2_< 95 + 93

)Tm(l +y5)ud, ' (1 =7s)v,.

OsM

Compared to the case in Eq. (40) induced by weak triplet, the
only difference is the positive sign in the second term.
Similarly, the averaged data 0.95 £ 0.25 from Eq. (8) can

constrain the upper limit (2 mgzii + %) <1x10™* GeV~2.
H H

The interaction in Eq. (4118) als20 induces the decay
T — puvv as shown in Fig. 13. However, the process
involving in the same flavor neutrino final states,
T — uv.v, + pv,v,, will disappear since the H{ 5 cannot
mediate the flavor-conserving and -changing interactions
simultaneously. Therefore, the left decay channels are
T = ub,v, + pvv, as show in the left two Feynman dia-
grams in Fig. 13. Then we can the interaction Lagrangian as

trident [( 1

2 2
SmHI+ 32mH2_3
(50)
This correspondingly results in the ratio as
2| 4 ek (284 8]
H;r g HT HY (51)
+dsjy)? + 1] ’
|
2 2 2
9 9 9 _ -
= (8 223 3 2; ) 222 >VL17/;4PLV;4,“R7”PRTR
My My 2Mp,

2

g By ) _

+@%%+8?>wmm%wwmw, (52)
mH; mH;

here we use the Fierz transformation i, y* (1 — ys)u,itzy*
(1 +7ys)uy = —%1_417/”(1 — ¥5)laiizy, (1 4+ ys)u,. And we
found that the charged lepton is right-handed, which is
totally different from the case of LL operators.

When incorporating with the contribution from SM W
boson and Z' in Eq. (16), we can obtain the total decay
amplitudes as

92 92 9%3 9%2 92 g%g 9%2
M’L’—>/UJI7=(— - >pypyﬁyuf+< + _ )l_/}/Puﬁy"yr
( ) 4m%v m% —mé, Smé; 4m%ﬁ wipt L¥u 4m%V sz; 4m%11+ Lt/ pt L¥p 5
% 7\, 9 - _
+ 2; + 2_ 2 /’”ﬁﬂ'-f— 2; ﬂ}/ﬂys‘[ IJLT}/”PLI/”. (53)
8’/”’[-[;r T mZ’ 87’1/1,1_15r
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FIG. 13. The tau decay 7 — puvv from the charged Higgs H1+,2.3 induced by weak doublet.

Here we use the degenerate condition m Hf = My required by the discrete exchange symmetry. We found that the first two

lines about H* are canceled out at the order O(g*/m7.), and the H" contribution only appears in g'/mj,. .

Correspondingly, the ratio can be characterized as

) 2 R
g mZ’ mZ/ g mZ’
+4m4¢v 7 <9%3 _ 95 )f<m
4 2 2 2
g my \mp.  mp. m

here we found this expression keeps the approximate form
with Eq. (20) for the maximal flavor-changing Z' model
since the term g*/m3,. is much suppressed. Thereby H*
induced by weak doublet keeps the same situation with
maximal Z’' model approximately.

Based on the above analysis, we plot the corresponding
parameter regions as shown in Fig. 14. For simplifying the
analysis to show the viable parameter regions, we choose
g, =0 to avoid affecting 7 — evv and u — evv as a
nonzero g;; is selected to explain (g —2),. If a, is not a

2 2
concern, we can make other choice, such as n’jzﬂ = nf% The

HoooHy
green regions mean the (g — 2), allowed ranges within 2¢
errors. In Fig. 14(a), we fix the charged Higgs parameters
Go3/mpy+ = 1073 GeV~!. The excluded regions by 7 — uZ’
(forsmall mz) and r — pwvw (for my > m, — m,,) are shown

in orange and blue, respectively. We find that, for large m

m;
m%/

+4mév 9 _ 9% \* + 9 (54)
A 2m%.  m? 4m* .|’
g H; H;

¥
Hy

|

on the GeV scale, the (g — 2),, allowed region is completely
excluded by © — uvw. Moreover, the figures approximately
match the regions observed in the maximal flavor-changing
7' model, as shown in Fig. 4. In Fig. 14(b), we illustrate large
my values on the order of hundreds of GeV. The neutrino
trident constraint excludes the parameter region for the
charged Higgs, highlighted in yellow. The allowed regions
based on a,, a,, and T — pvv are shown in red, green, and
blue, respectively. Similarly, here we choose y;;/ My =
40y, /m a; toensure the a, intersection interval with a, or

7 — pvp. We find that there are no viable common regions
that can explain the (g — 2), , anomaly while satisfying the
experimental constraints from 7 — uvp.

Therefore, we find that singly charged Higgs boson H*
from weak doublet cannot reconcile the discrepancy
between (g —2), and 7 — pvv in the case of large my.
Furthermore, it essentially maintains the same situation as
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FIG. 14. The allowed parameter regions for the maximal flavor-changing Z' models with singly charged Higgs from weak doublet
(case III). The red and green regions indicate the (g —2), and (g —2), allowed ranges within 26 errors, respectively. (a) shows the
log[m /GeV] — log[g] plane with g,3/ma+ = 1073GeV~!. The excluded regions by 7 — uZ’ for small m, region and 7 — pv for
mz > m, —m, are shown in orange and blue, respectively. (b) shows the log[j/m, (GeV~')] —log[gs3/ma+(GeV™")] plane for the
large my case. The excluded region by the neutrino trident process is shown in yellow.

the maximal flavor-changing Z’' model, since the contri-
bution from the charged Higgs is negligible in terms of
quartic couplings.

IV. SUMMARY

In this paper, we investigate the U(1),, _; Z" model with
singly charged scalars and analyze the relevant phenom-
enology to determine the viable parameter regions. The
exchange of a U(1), _; Z' gauge boson is a favored
mechanism for addressing the muon (g — 2) , anomaly. The
simplest U(1),, _, model features a flavor-conserving Z'
interaction given by (ay*u — 7yt + vy y*v) — v}y v})Z,,.
The diagonal Z’ interactions are stringently constrained by
muon neutrino trident and NA64u experiments, which
impose an upper bound on the Z' mass of approximately
my < 40 MeV. The kinetic mixing between the hyper-
charge U(1), and U(1) L,-L, cannot significantly relax

these constraints. In fact, the bounds could be relaxed by
introducing mixing between y and 7. However, this mixing
would induce lepton flavor-violating (LFV) processes,
making it impossible to resolve the (g —2), anomaly. To
circumvent these constraints, we propose converting the
diagonal Z’ interaction into an off-diagonal one:
(Ar*t + Tyt p + U y*vy + 0py*v;)Z,. This  off-diagonal
7' interaction is referred to as the maximal flavor-violating

U(l) 1,1, model. From the perspective of UV completion,
the maximal flavor-violating U(1), _; model can be

constructed by introducing three Higgs doublets with
U(1), -1, charges of (0,2, -2) and imposing the discrete
exchange symmetries 2 <> 3 and Z' — —Z'. The exchange
symmetries also forbid kinetic mixing effects. The corre-
sponding decay channels are Z' — v,u, and Z' — purz,
which depend on the Z' mass.

The maximal flavor-violating U(1), _; model induces 7
lepton decays, including the family ﬂlepton—number pre-
serving three-body decay 7 — i, v, and the family lepton
number violating decay ¢ — uv,v,, due to indistinguishable
neutrino flavors. Current experimental data on 7 — uvv
exclude the Z' parameter regions allowed by the muon
(9—2), formy > m, —m,, as shown in Fig. 4. In order to
reconcile the discrepancy between the muon (g —2), and
T — pvp, we attempt to introduce new interactions to
circumvent the stringent v — pvv constraints. Similar to
the SM charged and neutral current interactions, we
introduce a singly charged Higgs interaction that can
mediate the decay process 7 — uvv. To ensure discrete
exchange symmetry, we introduce three singly charged
scalars with different U(1) L,-L, charges of (0,2,-2).

In general, introducing singly charged scalar can lead to
three distinct scenarios: a weak singlet scalar (case I), a
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triplet scalar (case II), and a doublet scalar (case III). We
analyze these three singly charged scalar models and their
corresponding phenomenology in detail. Note that singly
charged scalars contribute negatively to lepton (g —2),,
which is in contrast to the positive contributions from the Z’
boson. This indicates that the Z’ boson and singly charged
Higgs bosons must compete with each other to achieve the
required positive experimental results for a,,"F. Our findings
for these three cases are presented below:

(i) For case I, the weak singlet generates interactions of
the singly charged Higgs At (LL operator) with
leptons through antisymmetric Yukawa couplings.
The antisymmetric nature ensures that 2™ mediates
only flavor-changing interactions, which can con-
tribute to both the (g — 2), anomaly and 7 — uv,7,.
Analysis of the relevant experimental data reveals
that the singly charged Higgs A" from the
weak singlet exacerbates the discrepancy between
(9—2), and 7 — pvv. The Z' parameter regions
with mz > m, — m, are further excluded regardless
of the singly charged Higgs parameters, as shown in
Fig. 6. This restricts the allowed Z’ parameter space
to small m, ranges, around the MeV scale.

(ii) For case 11, the weak triplet generates interactions of
the singly charged Higgs A™ (LL operator) with
leptons, involving both flavor-conserving and
flavor-changing interactions. These can lead to
phenomena such as neutrino trident production,
lepton (g —2),, and 7 — pwv. We found that there
are viable parameter regions across the entire my
range that can explain the lepton (g —2), , anomaly
while satisfying other experimental constraints from
neutrino trident production and 7 — vy, as shown
in Fig. 9. This indicates that singly charged scalars
induced by the triplet can reconcile the discrepancy
between (g—2), and 7 — o in the large my
regime, around GeV scales. This implies that the
triplet scalar could play an essential role in studying
U(1)Z' models.

(iii) For case III, the weak doublet generates interactions
of the singly charged Higgs H' with leptons in
terms of LR operator. The LR operator can induce
both flavor-conserving and flavor-changing Yukawa
couplings. The opposite signs in the diagonal and
off-diagonal entries for H{ 5 cancel out processes
involving both flavor-conserving and flavor-
changing interactions, such as 7 — uy and
v, +N = v, + N+ u" + p~. Other physical proc-
esses, such as (9—2),, v, +N = v, + N +u"u”
and 7 - uv,v,(v,0,), can also be mediated. The

|

Ly = (D”H,»)T(DﬂHi) + (D”Ai)"'(DﬂAi) + (D/‘S)"'(D”S) - V(H;, A, S).

bounds on singly charged Higgs from MNT are
weaker compared to case II because they result
in the interaction with right-handed muons. The
most stringent constraints from 7 — pvv essentially
yield a situation similar to that of maximal flavor-
changing Z’' models, as the contribution from singly
charged Higgs arises from quartic couplings. We
found that the lepton (g — 2), allowed regions have
already been excluded by 7 — v, as shown in
Fig. 14. This restricts the allowed Z’ parameter space
to small m, ranges, around the MeV scale.

Our study shows that singly charged scalars induced by
weak singlets and doublets cannot efficiently reconcile the
discrepancy between the muon (g-—2), and 7 —
in the large my case. In contrast, singly charged scalars
induced by weak triplets can simultaneously explain the
lepton (g—2),, anomaly while satisfying other experi-
mental constraints. Our findings indicate that singly
charged scalars could play an essential role in studying
U(l) L-L, 7' models, especially triplet scalars. This insight

may be beneficial for future investigations into the
Z' model.
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APPENDIX A: GAUGE BOSON MASS

In the Appendix, we show the description of scalar
potential and provide a full parametrization of all involved
bosons masses, including electroweak gauge bosons, Higgs
boson, Z’ boson, scalar S, A%, At AtH,

In case II of our model, we introduce the following
scalars: three Higgs doublets H,(0), H,(2), H3(-2), three
triplet A;(0), A,(2), A3(=2), and one singlet S(1). The
numbers in the bracket mean the corresponding U(1) L-Le
charges. The symmetry breaking modes can be analyzed.
Due to the new U(1) charges in H; 3, A, 5 and S, they will
both contribute to U(1) L,-L, Symmetry breaking while

H|,5 and A, broken the electroweak symmetry.
The relevant Lagrangian is

(A1)
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Here V(H;, A;, S) means the scalar potential. The covariant derivative is defined as

. o .
D,H; = (()ﬂ - lQZWZ? —igB,Y — ngLXi> H;,

9
2
D,S = (9, — i§Z,Xs)S,

DﬂAi - O”A,- -1 [WZO‘“, Al] - i91YBﬂAl' - ng}/dXIAH

(A2)

here 6 means the Pauli matrix, Y(X) represent hypercharge(new U(1) charges) of the corresponding scalars. And ¢,, g1, §

mean the corresponding coupling constant of gauge group SU(2),,U(1),, U(1) Ly-L.-

After symmetry breaking, these scalars obtain nonzero vacuum expectation values (vev), (H;) = v;/v/2, (A;) = 7;/V/2,
(S) =v,/ V/2. The above kinetic terms will contribute to the gauge boson masses. Using the relation f’ﬂ = CWA” - sWZﬂ

and Wf, = sWA” + cwZ,, we can obtain the mass matrix as

2 2 72 - - - ~ - -
L, o[ 5240+ 54+ 13) 029((03 - 03) +2(53 - 73)) z
L = 2 (2.7) 022 =2 =2 - 2 2 =2 | =2 2 7!
929((v3 —03) +2(85 = 93)) 7 (4(v5 + v3) +4(05 + ¥3) + v5)
1
=7 B0 03 03 2007 4 3+ 7)) W W (A3)
|
Here we define g, = /g7 + g5. Note that H; and A; have Furthermore, we can obtain the electroweak p
both U(1), and U(1) L,-L, Charges, there is in principle  parameter as
mixing between Z and Z’ bosons as shown in Eq. (A3). Due
to the discrete symmetry imposed, v, = v3(7, = 73), the 2P+ + )
mixing will disappear. Therefore, we can obtain the massed p=1-— . (”12 Y2 — Y3 ———-.  (A5)
of gauge bosons as vi + vy + o3+ 401 + 73 + 73)
1 1 . . ~
my, = 1 B (07 + 203 +2(9? +273)) = 1 ggng, Current bounds will require small 7; < O(GeV).
2 2
s _ ot
"z = 92( R 2”2>’ APPENDIX B: SCALAR POTENTIAL
m2, = 7*(8v3 + 803) + ), (A4) For the above scalars H,(0), H,(2), Hs(=2), S(1),

A;(0), Ay(2), Az(=2), the most general potential under

where v3 + 203 + 2(92 + 293) = vgy = 246 GeV. the exchange symmetry 2 <> 3 can be expressed as

vz 2
V(H; A, S) = 4 <H1+H1 - i) + A (Hy Hy + H{Hy — v3)? + A3(Hy Hy — H{ H5)?

2 2
+ A4 <H1+H, + HyH, + H{H; — 31 — v%) + As(Hy HyH{ Hy — Hy HyH{ H,)

+ A6[(HH,)(HyH, + Hy H3) — H{ H,Hy H, — H{ H3H; H{]

+ 4[(H H,)(HyH, + Hy H3) — H{ H,H{Hy — Hy H H; H{]

+ Ay (H] H)Te[ATA] + 3 H] AATH; + 25 [(HY Hy)Tr[Af As] + H{ H3Tr[A{ A] + Hec]

+ ki Tr[ATAJTr[ATA] + k; Tr[A7 A Tr[AT A)]

. , 1
+ ki Tr[AF A ATA ] + ki Tr[AF A AT A] + M3 Tr[AFA] + 5uff?|S|2 + As|S]*.
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Actually, the above general potential is complicated, so that we attempt to simplify the analysis. Here we assume that the
mixing between H; and A,; can be ignored with all 4;; = 0. Additionally, we further assume no any intersection for different
triplets, which means i = j. Therefore we can obtain the following potential as

1)2 2
V(H;, A S) =14 (HTHl —71> + W (Hy Hy + H Hy — v3)* + J3(Hy Hy — H{ H3)?
U2 2
+ A4 (HTHl +HyH, + H{H; — 51 - v%) + As(HY HyHY Hy — HY HyHY H>)
+ A6[(HYH,)(Hy Hy + Hy H3) — H{ HH; Hy — H{ H3H3 H ]

+ 4[(HH,)(HfH, + H{Hy) — H{H,H{ Hy — H; H H{ H]

1 - ~ -
+ §ﬂ§|5|4 + A|S|* 4 M3 Tr[ATA] + 25 (Tr[ATA])? + A3 Tr[A7 A AT A (B2)
Firstly,. we analyze the doublet scalar 4,_; to identity the ) 27)% (A + A4) 2\/51)17)2 Ay
SM Higgs bosons. The neutral components of doublet my o = 5 . (BY)
scalar fields are 2V20, 024 403 (4 + 4a)

vy + hy +iny Uy + hp3 +imps
== 5 = T’ (B3) We found that the mass matrix is not diagonal. We should

2 : o .

V2 conduct the diagonalization. The transformation between
Due to the imposed discrete symmetry, it is convenient to ~ Mass eigenstate and flavor eigenstate basis is given by
define new eigenstate basis as

H, Hy3

hy + hy M+ n cos® sinf\ [/ h
hy = ) Nt = ) (B4) , = . )
V2 V2 n, —sinf cos@/ \ h,
here the subscripts with plus and minus denote tan 20 — 2V201050

3 5 5. (B6)
exchange-even and -odd, respectively. Note that the odd (A + Ag)vy = 2(Ay + A4) 035

field ~A_ have no mix with even case hy, h,. It results in
m}- = 43303 + A0},

For even field h;,h,, the mass matrix in the basis  Therefore the masses of SM Higgs and another exchange-
hy,h, is even field are

m2, = 20} (A + 24)c080 + 403 (2, + A4)sin®0 + 4v/2 cos Osin Ov, v,
miy, = 203 (A + Ag)sin?0 + 403 (A + A4)cos?0 — 4V/2 cos 0 sin Qv vy, (B7)

The other physical scalars of my and m H, include the CP-odd and charged components, which are not pertinent to our
current discussion. As mentioned in the main text, these components are sufficiently heavy to neglect the corresponding
physical effects.

For the triplet and singlet scalars, after symmetry breaking the last line in Eq. (B2) will become

52 (1 _ <
Ly== <§u? + 3/%1}?) + M3, (ATAS + (A2 + ATTATT) + Ay (ATA] + (A7) + AT7AST)
~ ATAT 2 ATAT\2
+ A3 K# + A?) + (A;‘A?* + #) + (ATAFT = AVAT)(ATAF — ATAY) (BS)

It will contribute the relevant mass as
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1
mi = 2 p3 + 34,13,

2

my = M3 +3(Ay + 23,07,

my. = Mi, + (Ao + 431) 077,

m.. = M3 + A} (B9)

We found that the mass difference for A, A*, A™* depends on #. Due to the stringent constraints 7 < O(GeV) from EW p
parameter, we can naturally regard the triplet components as degenerate, npo & mp+ & Mp++.
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