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Recent anomalies in nuclear transitions observed by the ATOMKI Collaboration suggest the existence of
a new boson with a mass of ∼17 MeV. A theoretically consistent interpretation requires a framework that
not only matches the kinematics but also reproduces the observed decay rates while satisfying stringent
experimental constraints. Among various possibilities, an axial-vector or mixed vector–axial-vector
mediator Z0 emerges as the most viable candidate. However, getting such couplings for a light Z0 gauge
boson is a highly nontrivial task. In this work, we construct a gauged chiral, flavor specificUð1ÞX extensions
of the StandardModel where the associated Z0 boson acts as the 17MeV particle. By employing a two Higgs
doublet framework, we generate the necessary nonvanishing axial-vector couplings while ensuring gauge
anomaly cancellation and consistent fermion mass generation. Focusing on the 8Be and 4He signals, we
show that in this model the viable parameter space to resolve the ATOMKI anomalies is also consistent with
a diverse set of experimental constraints, including atomic parity violation, beam dump experiments, meson
decays, and neutrino nucleus and neutrino electron scatterings. Our results demonstrate that this framework
offers a theoretically sound and phenomenologically robust solution to the ATOMKI anomaly.
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I. INTRODUCTION

In the era of the Large Hadron Collider (LHC), searches
for new physics have primarily focused on high-energy
phenomena above the TeV scale, motivated largely by the
belief that new physics is expected to manifest through new
particles which are heavier or near the electroweak scale
[1–4]. However, the lack of new discoveries at the LHC has
renewed interest in light, weakly coupled new physics at
the MeV scale. Nuclear transitions offer an excellent probe
for such light particles, since they are light enough to be
produced in nuclear decays [5–7]. A nuclear transition
occurs when an excited nucleus decays to a lower energy
state of the same nucleus. In the Standard Model (SM),
these transitions are predominantly mediated by electro-
magnetic interactions and can proceed either via the

emission of a real photon γ or through internal pair creation
(IPC), where a virtual photon γ� subsequently decays into
an electron positron pair. Owing to the large statistics
achievable in nuclear experiments, even very weakly
coupled new physics can significantly affect the observed
transition rates. This makes nuclear processes powerful
probes for rare decays mediated by beyond the Standard
Model (BSM) particles, even when their interactions with
the SM are extremely feeble.
In recent years, the ATOMKI Collaboration has reported

several anomalies in the IPC decays of excited nuclear states
[8–15]. In 2015, the ATOMKI Collaboration reported a 6.8σ
anomaly in the IPC decays of an isoscalar (18.15 MeV) M1
transition in 8Be [8,10]. The anomaly corresponds to an
excess of events in the decay of the excited beryllium
nucleus to its ground state at opening angle θeþe− ∼ 140°.
The collaboration also proposed a possible solution in terms
of the on shell production of a new boson X, which
subsequently decays into an electron-positron pair; see
Fig. 1. The best fit mass of this boson is estimated to be
∼17 MeV. Later in 2017, the ATOMKI Collaboration also
reported an anomaly in the isovector (17.64 MeV) M1
transition in 8Be [9]. Since then, the ATOMKI Collaboration
has also reported anomalies in the decays of excited 4He
[11–13] (θeþe− ∼ 115°) and, more recently, in 12C
(θeþe− ∼ 150° − 160°) [14] nuclei, all with significances
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above 5σ. Kinematically, the anomalies are consistent with
the production of a new boson of mass ∼17 MeV that
subsequently decays into an electron positron pair [16]. For
a long time, no independent probes of these anomalies were
available. In 2023, the MEG II Collaboration released the
results of their analysis based on four weeks of data [17,18]
and reported no significant observation above the expected
background. Still, their results remain compatible with
ATOMKI within ∼1.5σ due to limited statistics [19].
More recently, in 2025, the PADME experiment provided
a completely independent search by employing a positron
beam incident on a fixed target to probe for a hypothetical
particle with a mass of approximately 17 MeV [20,21].
A ∼ 2σ deviation from the null hypothesis was observed atffiffiffi
s

p
≈ 16.90 MeV, with the location of this excess consis-

tent with the average mass favored by the ATOMKI
experiments. This observation has once again sparked
interest in the so called X17 boson.
Kinematically, the ATOMKI anomaly is consistent with

the production of a new boson of mass around 17 MeV.
However, a compelling new physics interpretation requires
more than mere kinematic consistency with the best fit mass.
A description in terms of a new particle demands dynamical
consistency as well: the rates of the anomalous decays must
be reproducible using the same set of interaction strengths
between the new boson X and quarks. Many theoretical
studies have been carried out to analyze the nature of this
hypothetical X boson [22–28]. Following the 12C result, the
authors of Ref. [25] examined the possible theoretical
interpretations and the nature of the new boson. A pure
scalar mediator cannot explain the 8Be anomaly, while a pure
pseudoscalar cannot account for the 12C anomaly. In the case
of a pure vector mediator, it has been demonstrated that such
a particle is unable to simultaneously accommodate all the
observed ATOMKI anomalies. Furthermore, Ref. [26]
showed that the vector boson interpretation of the
ATOMKI signal is ruled out by the limits imposed by
searches for visible resonances in three track pion decays
(πþ → eþνeeþe−) at the SINDRUM-I experiment. Results

from Ref. [25,26] show that the new X boson being an axial-
vector (or mixed vector–axial-vector) boson is the most
promising candidate, whereas other spin/parity assignments
are incompatible with a combined explanation of the 8Be,
4He, and 12C anomalies. In such a case, typical axial
coupling to quarks in the range ∼10−4–10−3 is required
to reproduce the observed excess that simultaneously
explains 8Be and 4He anomalies. However, the axial-vector
interpretation for the 12C case is subject to more significant
uncertainties, largely due to the lack of available data on the
12C transition matrix elements. Recently, Ref. [27] computed
the nuclear matrix elements for the 17.23 MeV excited state
in 12C, assuming it is fully described by a 2s1=21p−1

3=2

particle-hole excitation relative to the ground state. They
found that explaining the 12C anomaly at the 1σ level
requires at least one nucleon coupling of order Oð10−2Þ.
Such large couplings are strongly constrained by other
experiments [27,28]. However, at significance levels ≳2σ,
the theoretical and experimental uncertainties are sufficiently
large that no definitive conclusion can be drawn. Moreover,
this calculation predicts a photon decay width of 251 eV,
substantially larger than the experimentally measured value
of 44 eV, indicating the limitations of this simple shell model
approximation. Nevertheless, new experimental measure-
ments of the transition and/or improved nuclear modeling
could clarify the situation.
Many efforts have been carried out to build UV complete

models to explain these anomalies [22–24,29–33]. A spin-1
mediator with axial-vector couplings (or mixed vector and
axial-vector couplings) comes out to be the most viable
candidate for explaining the ATOMKI anomaly [25,26].
Such a framework has been explored in Refs. [34–40].
However, constructing a fully UV complete SM ⊗ Uð1ÞX
model that simultaneously generates axial-vector (or mixed)
couplings of the Z0 to SM fermions while correctly
reproducing all SM fermion masses, mixings, and couplings
to the SM bosons is nontrivial. A chiralUð1ÞX symmetry, in
which left- and right-handed fermions carry distinct charges,
provides a viable mechanism to generate these mixed vector
and axial-vector interactions [41–49]. This chiral structure,
however, introduces two primary constraints on the Uð1ÞX
charges of fermions. First, the fermion Uð1ÞX charges must
satisfy a set of gauge anomaly cancellation conditions to
preserve the unitarity and renormalizability of the theory
[50–55]. Second, the Higgs must be charged underUð1ÞX to
allow for gauge invariant Yukawa interactions that generate
the SM fermion masses. Together, these requirements
impose stringent constraints on the allowed Uð1ÞX charge
assignments for SM fermions [48,49].
The simplest implementation of such chiral symmetry is a

flavor universal construction, where all three generations of
SM fermions are assigned identical Uð1ÞX charges. This
approach is particularly advantageous, as it automatically
avoids Z0 mediated flavor changing neutral currents
(FCNCs) at the tree level. However, in such constructions,

FIG. 1. Schematic representation of the IPC process. An
excited nucleus N� decays to its ground state N0 via the emission
of a hypothetical light gauge boson X, which subsequently
decays into an electron positron (eþe−) pair.
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the axial-vector couplings for a light Z0 vanish at the leading
order in the gauge coupling due to the gauge invariance
requirements of the Yukawa interactions [34,38,49]. This
suppression is a generic feature of any Uð1ÞX extension of
the SM featuring a single Higgs doublet whose Yukawa
couplings respect the Uð1ÞX gauge symmetry [34,49]. This
suppression of axial-vector couplings is effectively avoided
in two Higgs doublet models with flavor specific Uð1ÞX
charge assignments. Such constructions provide a natural
mechanism for generating nonvanishing axial-vector cou-
plings, as the additional Higgs doublet can participate in
writing the Yukawa interactions responsible for generating
fermion masses [34,37,49,56].
In this work, to address the ATOMKI anomalies, we

consider a gauged chiral flavor specific Uð1ÞX extension of
the SM. The associated neutral gauge boson Z0 serves as the
hypothesized ∼17 MeV X particle. Given the ongoing
uncertainty in the nuclear matrix elements for the 12C
anomaly, we focus on models that accommodate the signals
in 8Be (18.15), 8Be (17.64), and 4He, without relying on the
calculations presented in Ref. [27]. The remainder of this
paper is organized as follows. In Sec. II, we provide an
overview of the current experimental and theoretical status
of the ATOMKI anomaly, while in Sec. III we discuss how
the required axial-vector couplings between quarks and the
Z0 can be generated within a two Higgs doublet framework.
Section IV reviews the various experimental constraints
relevant to these couplings. In Sec. V, we construct an
explicit, anomaly-free model that realizes the fermion
coupling structure discussed previously, where the Uð1ÞX
charges are chosen to yield axial-vector couplings of the
order 10−4–10−3. Our main results are collected in Sec. VI,
where we present the allowed parameter space that explains
the ATOMKI anomalies while satisfying constraints from
the atomic parity violation, beam-dump experiments,
anomalous magnetic moments, meson decays, and neutrino
scattering. Finally, in Sec. VII, we summarize our findings
and provide concluding remarks.

II. WHY IS IT SO CHALLENGING TO EXPLAIN
THE ATOMKI ANOMALIES?

In the ATOMKI experiment, a proton beam collides with
a nucleus A at rest to produce an excited nuclear state N�,

via the process pþ A → N�. The IPC decay of N� back to
the ground state, N� → N0 þ eþe−, is then analyzed. In the
past decade, the ATOMKI Collaboration has studied IPC
decays in excited nuclear states 8Be (18.15), 8Be (17.64),
4He (20.21–21.01), and 12C (17.23), having reported
anomalies in all these decays, each with a local significance
exceeding 5σ. Their measurements are summarized in
Table I, where one can see that the anomaly corresponds
to an excess of events at a large opening angle θeþe− , for the
corresponding excited nuclear state N�. These observa-
tions can be interpreted as the on shell production of a new
light, short lived neutral boson X in the decay N� → N0X,
which subsequently decays into an electron-positron pair,
X → eþe−. Kinematically, the observed bumps in the θeþe−
and eþe− invariant mass distributions are consistent with
the production of a single new boson X with a best fit mass
of approximately 17 MeV. However, a compelling new
physics interpretation requires more than mere kinematic
consistency with the best fit mass. A description in terms
of a new particle demands dynamical consistency as well:
the rates of the anomalous decays must be reproducible
using the same set of interaction strengths between the new
boson X and quarks. The normalized IPC decay rates
relative to the photon emission,

BX ¼ ΓðN� → N þ XÞ
ΓðN� → N þ γÞ × BRðX → eþe−Þ; ð1Þ

required to explain the 8Be and 12C anomalies, are
presented in the final column of Table I. In the case of
helium, the proton beam energy is tuned to lie between two
nearby resonances of 4He at 20.21 and 21.01 MeV. In this
setup, both excited states are populated and can contribute
to the anomalous signal. Therefore, the relevant observable
for the 4He transition is the total cross section, defined as
the sum of the contributions from both states, σX, nor-
malized by the SM E0 transition in 4He (20.21).1

The spin parity quantum numbers of the excited nuclear
state N� and the ground state N0, denoted by JP�� and JP0

0 ,
respectively, are shown in Table I for the several studied

TABLE I. Summary of ATOMKI experimental results for the IPC transitions N� → N0 þ eþe−. The table lists the spin parity
assignments (JP), the opening angle θeþe− of the observed excess, the reconstructed mass of X boson MX, and the ratio of the partial
decay width of X to that of the photon or cross section ratios for each anomaly. See text for more details.

N� JP�� → JP0

0

ATOMKI measurements

Excess at θeþe− MX (MeV) Decay rates

8Be (18.15) 1þ → 0þ ∼140° 16.7� 0.35� 0.50 BX ¼ ð6� 1Þ × 10−6 [8,10]
8Be (17.64) 1þ → 0þ ∼150° 17.0� 0.50� 0.50 BX ¼ ð2� 2Þ × 10−6 [9]
4He (20.21), 4He (21.01) 0þ; 0− → 0þ ∼115° 16.98� 0.16� 0.20 σX=σE0 ¼ 0.2 [11–13]
12C (17.23) 1− → 0þ ∼ð150° − 160°Þ 17.03� 0.11� 0.20 BX ¼ ð3.6� 0.3Þ × 10−6 [14]

1For 4Heð21.01Þ, the E0 transition is forbidden due to parity
conservation in electromagnetic interactions.
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transitions. As for the new boson X, the possible spin and
parity assignments are JPX

X ¼ 0þ (scalar), JPX
X ¼ 0− (pseu-

doscalar), JPX
X ¼ 1− (vector), or JPX

X ¼ 1þ (axial-vector);
see Fig. 2. Assuming parity conservation in the transition
N� → N0 þ X, provides a useful constraint on the spin
parity assignment of the hypothetical X boson. Specifically,
since JP�� and JP0

0 are well established, the allowed assign-
ments for JPX

X are strictly governed by conservation laws.
Namely, angular momentum and parity conservation yields

J� ¼ L ⊕ JX; P� ¼ ð−1ÞLPX; ð2Þ

where L is the relative angular momentum between N0 and
X. Since JP�� differs among the excited states, the allowed
JPX
X assignments, inferred from Eq. (2), will depend on the

specific state under consideration. This is apparent from
Table II where we present the various spin parity assign-
ments for the X boson that are permitted by angular
momentum and parity conservation for different N�.
Several conclusions can be inferred from Table II, namely,
(1) A pure scalar mediator cannot explain the 8Be

anomaly.
(2) A pure pseudoscalar can account for the 8Be

anomaly and also the 4He one, provided that in
the latter case the transitions are dominated by the

4He (21.01) excited state. However, pure pseudo-
scalar fails to explain the anomaly observed in 12C.

(3) A vector or axial-vector X boson can possibly
explain all three anomalies, but only one of the
two 4He resonant states can contribute to the
anomalous signal.

Hence, the spin parity assignments suggest that a vector
or axial-vector mediator can explain all the anomalies
simultaneously. However, any viable new physics explan-
ation must also reproduce the observed decay rates listed in
Table I for all anomalous channels with a consistent set of X
couplings to quarks. Obviously, these couplings must
remain compatible with various experimental constraints,
including atomic parity violation, beam dump experiments,
anomalous magnetic moments, meson decays, neutrino
scattering, and collider searches. A comprehensive dis-
cussion on these constraints and their implications is
provided in Sec. IV.
At this point, the following conclusions can be drawn

from the existing literature:
(1) Based on spin parity considerations alone, a pure

scalar mediator cannot explain the 8Be anomaly,
while a pure pseudoscalar cannot account for the 12C
anomaly.

(2) In principle, a mixed scalar-pseudoscalar scenario
could explain all anomalies simultaneously. As
discussed in Ref. [25], if only the 8Be (18.15),
4He, and 12C excited states are considered, a con-
sistent interpretation is possible, although the al-
lowed parameter space is severely restricted by the
SINDRUM-I bounds. However, once the 8Be
(17.64) state is included alongside the 8Be (18.15)
resonance, a combined explanation of the 8Be and
4He anomalies is not possible.

(3) For the pure vector case, a combined explanation of
the 8Be, 4He, and 12C signals is in conflict with
protophobic constraints derived from neutral pion
decays (π0 → γX) [25]. Additionally, Ref. [26]
derived constraints on the couplings of light vector
particles using charged pion decays (πþ → eþνeX)

FIG. 2. Schematic representation of the on shell emission
of a hypothesized X boson during the nuclear transition
N� → N0 þ X. The variables JP�� , JP0

0 , and JPX
X denote the spin

parity assignments of the excited state, ground state, and the new
boson, respectively.

TABLE II. Permissible spin parity assignments (scalar, pseudoscalar, vector, and axial-vector) for the
hypothesized X boson across various nuclear transitions. The entries denote the required orbital angular momentum
L between the X boson and the ground stateN0 necessary to satisfy the conservation laws in Eq. (2). Cross marks (×)
indicate assignments that are forbidden by parity and angular momentum conservation for the given transition.

Possibilities for X

N� JP�� → JP0

0 Scalar Pseudoscalar Vector Axial-Vector

8Be (18.15), 8Be (17.64) 1þ → 0þ × L ¼ 1 L ¼ 1 L ¼ 0, 2
4He (20.21) 0þ → 0þ L ¼ 0 × L ¼ 1 ×
4He (21.01) 0− → 0þ × L ¼ 0 × L ¼ 1
12C (17.23) 1− → 0þ L ¼ 1 × L ¼ 0, 2 L ¼ 1
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from the SINDRUM-I experiment. These results
demonstrate that, for a pure vector mediator, the
charged pion decay limits impose significant ten-
sion even between the initial 8Be and 4He anomalies.
Consequently, the pure vector boson scenario is
disfavored by current pion decay constraints.

(4) A pure axial-vector scenario can explain 8Be (18.15),
8Be (17.64) and 4He anomalies [25]. Regarding the
12C anomaly, the axial vector case is subject to more
significant uncertainties, and the lack of data on the
12C transition matrix elements. As mentioned earlier,
the only available computation [27] requires at least
one nucleon coupling of order Oð10−2Þ at the 1σ
level. Such large couplings are strongly constrained
by other experiments [27,28]. Furthermore, at the
≳2σ level, the theoretical and experimental uncer-
tainties are sufficiently large that no definitive
conclusion can be drawn. Moreover, this calculation
predicts a photon decay width of 251 eV, substan-
tially larger than the experimentally measured value
of 44 eV, indicating the limitations of this simple
shell model approximation. Nevertheless, new ex-
perimental measurements of the transition and/or
improved nuclear modeling could clarify the sit-
uation.

In conclusion, the axial-vector (or mixed vector–axial-
vector) mediator emerges as the most promising candidate
for a simultaneous explanation of at least the 8Be and 4He
anomalies.2 In this case, typical axial coupling to quarks in
the range ∼10−4–10−3 is required to reproduce the observed
excess while satisfying other experimental bounds.
Regarding the 12C signal, we emphasize that a definitive
interpretation requires a more comprehensive nuclear matrix
calculation. Given that such calculations are currently
unavailable, further definitive comments on this channel
cannot be made at this time.

III. GENERATING AN AXIAL VECTOR
COUPLING IN Uð1ÞX MODELS

In this work, we build a flavor specific Uð1ÞX model that
can generate sizable axial couplings of the new boson Z0
with SM fermions. The present section is devoted to
discussing how to construct an axial vector coupling
between Z0 and SM fermions in Uð1ÞX gauged models.3

The interaction between gauge bosons and fermions
originates from the kinetic term of the fermion fields in
the Lagrangian,

Lkinetic ¼
X
ψ

iψ̄γμDμψ ; ð3Þ

where the summation runs over all fermion fields. For the
SM ⊗ Uð1ÞX gauge extension, the full covariant derivative
is defined as

Dμ ¼ ∂μ þ igsTa
sGa

μ þ igTaWa
μ þ ig0

Y
2
Bμ þ iXgxCμ: ð4Þ

In this context, gs, g, g0, and gx denote the gauge couplings
associated with SUð3Þc, SUð2ÞL, Uð1ÞY , and Uð1ÞX,
respectively. The Uð1ÞY;X charges will be denoted by Y
and X, and the generators of SUð3Þc and SUð2ÞL are Ta

g and
Ta, respectively, with Ta ¼ σa=2, where σa are the Pauli
matrices. The gauge fields defined in Eq. (4) do not
correspond to physical mass eigenstates. These are
obtained through a transformation that accounts for mixing
between the gauge bosons. This mixing can arise from two
distinct sources: kinetic mixing, which originates from the
mixing between the kinetic terms of the Uð1ÞY and Uð1ÞX
gauge bosons, or mass mixing, which occurs when the
vacuum expectation values (VEVs) of the scalar sector
generate nondiagonal terms in the gauge boson mass
matrix.

A. Kinetic mixing

We begin with the kinetic mixing between the SM
hypercharge Uð1ÞY and an additional Uð1ÞX gauge sym-
metry. The relevant part of the Lagrangian, before field
redefinitions, is given as

LKinetic ¼ −
1

4
BμνBμν −

1

4
CμνCμν −

κ

2
BμνCμν; ð5Þ

where Bμν and Cμν are the Uð1ÞY and Uð1ÞX field strength
tensors, respectively. The parameter κ characterizes the
kinetic mixing between Uð1ÞY and Uð1ÞX. Requiring
positive definite kinetic energy imposes the condition
jκj < 1. One can diagonalize the kinetic mixing term as
follows:  

Bμ

Cμ

!
¼
 
1 − κffiffiffiffiffiffiffi

1−κ2
p

0 1ffiffiffiffiffiffiffi
1−κ2

p

! 
B̃μ

C̃μ

!
: ð6Þ

With these definitions, the covariant derivative in Eq. (4)
can be expressed as

Dμ ¼ ∂μ þ igsTa
sGa

μ þ igTaWa
μ þ ig0

Y
2
B̃μ þ iXg̃xC̃μ; ð7Þ

where g̃X represents the effective Uð1ÞX gauge coupling. In
the limit of small kinetic mixing, this effective gauge

2In scenarios where both vector and axial-vector couplings are
of comparable magnitude, the axial-vector contribution typically
dominates the transition rates [25].

3An explicit model realizing this and evading all experimental
constraints is presented in Sec. V.
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coupling is given by

g̃x ¼ gx þ
Y
X
g̃; g̃ ¼ −

κg0

2
: ð8Þ

B. Mass mixing

Mass mixing typically arises following spontaneous
symmetry breaking (SSB), where the VEVs of the scalar
fields generate off diagonal terms in the gauge boson mass
matrix. Since the gauge boson spectrum depends solely on
the scalar sector, we adopt a general framework discussed
in Ref. [49] to ensure our results are widely applicable. This
framework consists of two Higgs doublets,Φ and φ, and an
arbitrary number of SM singlet scalars χi. A second Higgs
doublet is required when the Uð1ÞX charges are flavor
specific to generate masses for all SM fermions (see
Sec. V). Meanwhile, the singlet scalars χi allow the Z0
mass to vary independently of the electroweak scale and
may also contribute to neutrino mass generation and
mixing. To keep the discussion as model independent as
possible, in this section we also consider Uð1ÞX charges of
fermions as free parameters.4 Constraints on these charge
assignments arising from gauge anomaly cancellation are
presented in Sec. V.
The mass spectrum of gauge bosons arises from the

expansion of the kinetic terms of the scalar fields after SSB
of both the electroweak andUð1ÞX symmetries. The kinetic
terms of the scalars are written as

ðDμΦÞ†DμΦþ ðDμφÞ†Dμφþ ðDμχiÞ†Dμχi: ð9Þ

Both the Higgs doublets, Φ and φ, and the SM singlet
scalars, χi, acquire VEVs, thereby breaking the electroweak
andUð1ÞX symmetries. The corresponding VEVs are given
by

hΦi¼ 1ffiffiffi
2

p
�

0

vΦ

�
; hφi¼ 1ffiffiffi

2
p
�
0

vφ

�
; hχii¼

viffiffiffi
2

p : ð10Þ

Substituting the covariant derivative and the scalar
fields, as defined in Eqs. (7) and (10), into Eq. (9), we
obtain the gauge boson mass matrices. The absence of
mixing in the charged sector implies that theW boson mass
is identical to the SM expression, M2

W ¼ g2v2=4, where

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2Φ þ v2φ

q
≈ 246.22 GeV. The neutral gauge bosons,

however, mix with one another, and the corresponding
mass matrix in the basis ðB̃μ;W3

μ; C̃μÞ takes the form

M2
V ¼ v2

4

0B@ g02 −gg0 2qg0gx
−gg0 g2 −2qggx
2qg0gx −2qggx 4u2g2x

1CA; ð11Þ

where

v2 ¼ v2Φ þ v2φ ≈ ð246.22 GeVÞ2;

q ¼ XΦ þ g̃
gx

þ v2φ
v2

ðXφ − XΦÞ; ð12Þ

u2 ¼
�
XΦþ g̃

gx

�
2

þu2χ
v2

þ v2φ
v2

�
X2
φ−X2

Φþ 2
g̃
gx
ðXφ−XΦÞ

�
;

uχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

ðX2
χiv

2
i Þ

r
: ð13Þ

Here, Xχi denotes the Uð1ÞX charge of the singlet scalar χi.
Similarly, XΦ and Xφ denote the Uð1ÞX charges of the
Higgs doublets Φ and φ, respectively. Notice that, in the
limit v2φ ≪ v2Φ, these parameters can be approximated as
follows:

q ≃ XΦ þ g̃
gx

; u2 ≃ q2 þ u2χ
v2

: ð14Þ

For the remainder of this work, we restrict our analysis to
this limit, corresponding effectively to the alignment
regime [57]. This limit ensures that the lightest CP-even
scalar has SM-like couplings to the gauge bosons [57].
The mass matrix in Eq. (11) can be diagonalized with

orthogonal matrixOðαÞ, where α is the Z–Z0 mixing angle.
The gauge eigenstates ðB̃μ;Wμ

3; C̃
μÞ and the mass eigen-

states ðAμ; Zμ; Z0μÞ are related by264 Aμ

Zμ

Z0μ

375 ¼ OðαÞ

264 B̃μ

Wμ
3

C̃μ

375: ð15Þ

The resulting diagonal mass matrix is

M2
diag ¼ OðαÞM2

V O
†ðαÞ; ð16Þ

and the rotation matrix is defined as

OðαÞ ¼

264 cos θW sin θW 0

− cos α sin θW cos α cos θW − sin α

− sin α sin θW sin α cos θW cos α

375; ð17Þ

with θW denoting the weak mixing angle. Following this
rotation, the massless eigenstate is identified as the photon,
while the remaining two neutral gauge boson masses
read as

4We initially also treat the scalar Uð1ÞX charges as free
parameters. However, constraints on their charges arising from
Yukawa interactions are discussed later in this section.
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M2
Z0 ¼ v2

8

�
A0 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
0 þ C2

0

q �
;

M2
Z ¼ v2

8

�
A0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
0 þ C2

0

q �
; ð18Þ

where

A0 ¼ g2 þ g02 þ 4u2g2x; B0 ¼ 4qgx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

q
;

C0 ¼ g2 þ g02 − 4u2g2x: ð19Þ

The uχ parameter defined in Eq. (12) can be expressed as a
function of MZ0 and gx,

uχ ¼
MZ0

gx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðMSM

Z Þ2 þ v2g2xX2
Φ� −M2

Z0

ðMSM
Z Þ2 −M2

Z0

s
: ð20Þ

Here, MSM
Z is the mass of the Z boson in SM at tree level,

defined as MSM
Z ¼ v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
=2, while

tan θW ¼ g0

g
; sin 2α ¼ 4qgxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ g02
p ðMSM

Z Þ2
M2

Z −M2
Z0
: ð21Þ

From Eq. (18), it can be seen that in the limit uχ → 0, the Z0

massMZ0 is of orderOðvφgxÞ. Therefore, the presence of at
least one scalar singlet is required to allow the mass of Z0 to
vary independently of the electroweak scale.
In the gauge-boson physical basis, the relevant part of the

covariant derivative can be written as

Dμ ¼ ∂μþ ig½TþWþ
μ þT−W−

μ �þ ieQAμ

þ i
g

cosθW

�
ðT3−Qsinθ2WÞcosα−X

cosθW
g

g̃x sinα

�
Zμ

þ i

�
g

cosθW
ðT3−Qsinθ2WÞsinαþXg̃x cosα

�
Z0
μ: ð22Þ

In this expression, T3 and Q denote the third component of
the weak isospin and the electric charge of the fermion,
respectively, while X represents its Uð1ÞX charge. The
interaction vertices between these bosons and fermions in
the fermion gauge basis can be obtained from Eq. (3), using
the definition of the covariant derivative in Eq. (22).

C. Vector and axial vector couplings

We now discuss the structure of vector and axial-vector
couplings for SM (Aμ;W�

μ ; Zμ) and BSM (Z0
μ) vector

bosons. As evident from Eq. (22), the couplings of the
W� boson and the photon remain unchanged from their SM
values. In the neutral sector, however, gauge-boson mixing
modifies the weak neutral currents. The Lagrangian cor-
responding to the neutral current interactions mediated by
the Z and Z0 bosons is given by

−Lint ⊂
g

cos θW
ψγμðgzψL

PL þ gzψR
PRÞψZμ

þ ψ̄γμðgz0ψL
PL þ gz

0
ψR

PRÞψ Z0
μ: ð23Þ

Here, PLðRÞ ¼ ð1 ∓ γ5Þ=2 are the left- and right-handed
chirality projection operators. The couplings gzψL=R

and gz
0
ψL=R

in the fermion gauge basis are given by

gzψL
¼ ðT3

ψL
−Qψsin2θWÞcosα−

XψL
g̃x

g
sinα cosθW; ð24aÞ

gzψR
¼ −Qψsin2θW cos α −

XψR
g̃x

g
sin α cos θW; ð24bÞ

gz
0
ψL

¼ g
cosθW

ðT3
ψL
−Qψ sin2θWÞsinαþXψL

g̃x cosα; ð24cÞ

gz
0
ψR

¼ g
cos θW

ð−Qψ sin2 θWÞ sin αþ XψR
g̃x cos α: ð24dÞ

Equation (24a) and (24b) represent the physical Z cou-
plings with left- and right-handed SM fermions, respec-
tively, while Eqs. (24c) and (24d) correspond to the Z0

ones. T3
ψL

and Qψ denote the third component of the weak
isospin and the electric charge of the fermion ψ , while
XψL=R

are the respective Uð1ÞX charges. Notably, the Z
boson couplings to SM fermions acquire BSM contribu-
tions due to gauge-boson mixing. These additional terms
are proportional to the effective Uð1ÞX gauge coupling egx
and to sin α. The mixing angle α could be constrained by
the precisely measured electroweak parameter ρ ¼
M2

W=ðM2
Z cos

2 θWÞ [58–60], which equals 1 at tree level
in the SM. The deviations from unity in SM ⊗ Uð1ÞX
theories can be expressed as [59]

ρ − 1 ¼
��

MZ0

MZ

�
2

− 1

�
sin2α: ð25Þ

Using the 3σ allowed range of the ρ parameter, ρ ¼
1.00038� 0.00060 [61], obtained from the most recent
global fit to electroweak precision data, implies qgx ≲
5.5 × 10−3 for sufficiently light Z0 (M2

Z0=M2
Z ≪ 1) [49,62].

Under this limit, Eqs. (20), (21), and (25) can be approxi-
mated as

uχ ≃
MZ0

gx
; α ≃

2 cos θW
g

qgx; ρ ≃ 1 − α2: ð26Þ

Notably, α becomes independent ofMZ0 in this limit. Using
the above approximations, the couplings in Eq. (24) can be
simplified. By taking cos α ≃ 1, the BSM contribution to
the Z boson couplings becomes proportional to qgxg̃x,
which can be safely neglected with respect to the SM
contribution. Consequently, Z couplings remain identical
to those in the SM. In this limit, the couplings of fermions
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to the Z0 boson are expressed as

gz
0
ψL

≃ ½2XΦðT3
ψL

−Qψ sin2 θWÞ þXψL
�gx þ 2Qψ g̃ cos2 θW;

ð27aÞ

gz
0
ψR

≃ ½2XΦð−Qψsin2θWÞþXψR
�gxþ 2Qψ g̃cos2θW: ð27bÞ

From Eq. (23), the vector and axial vector couplings of the
fermion ψ with the Z0 boson in the fermion gauge basis are
defined as

Cψ
V ¼ gz

0
ψR

þ gz
0
ψL

2
; Cψ

A ¼ gz
0
ψR

− gz
0
ψL

2
; ð28Þ

which, using Eq. (27), reduce to

Cψ
V ≃ ½XΦðT3

ψL
− 2Qψsin2 θWÞ þ Cψ

Vð0Þ�gx þ 2Qψ g̃cos2θW;

Cψ
A ≃ ½−XΦT3

ψL
þ Cψ

Að0Þ�gx: ð29Þ

Here, Cψ
Vð0Þ=Að0Þ ¼ ðXψR

� XψL
Þ=2 denote the vector and

axial-vector charges of the Z0 to the fermion ψ in the limit
where the Higgs Uð1ÞX charge and kinetic mixing is zero.
At this point, it is worth emphasizing some key proper-

ties of these couplings:
(1) The Higgs doublet Φ, having the larger VEV,

effectively induces Z − Z0 mixing. Consequently,
a factor proportional to its charge XΦ appears in
Eq. (29). However, its charge XΦ is not a free
parameter, since it is constrained by the mass
generation mechanism of the SM fermions. The
Yukawa sector responsible for generating SM fer-
mion masses can be expressed as

−LY ¼Yij
e LiHejRþYij

u Qi H̃ujRþYij
d Q

iHdjRþH:c:;

ð30Þ

where, in a two Higgs doublet scenario,H represents
Φ or φ. Requiring the corresponding Yukawa cou-
plings to be gauge invariant imposes the following
constraints on the Uð1ÞX charges of H:

XH ¼ Xj
ψR − Xi

ψL

2T3
ψL

: ð31Þ

(2) It is clear from Eq. (31) that, if the Higgs doublet Φ,
which acquires the larger VEV, also generates the
mass of a fermion ψ through Yukawa interactions,
then its Uð1ÞX charge is XΦ ¼ Cψ

Að0Þ=T
3
ψL
. Inserting

this into Eq. (29), one finds that the corresponding
axial-vector coupling of the Z0 to the fermion ψ
vanishes, rendering the interaction purely vector.
Therefore, within this setup, to obtain a nonzero Z0
axial-vector coupling to SM fermion ψ , its mass

must be generated by the Higgs doublet with
the smaller VEV (φ). This condition demands
generation-specific Uð1ÞX charge assignments for
SM fermions, ensuring that only φ couples to the
corresponding fermion through Yukawa inter-
actions.

(3) As discussed in Sec. IV, for light Z0 (MZ0 ∼
17 MeV), strong constraints comes from neutrino-
electron and neutrino-nucleus scattering. These can
be alleviated if the Z0 couplings to electrons or
neutrinos are sufficiently suppressed or vanish. From
Eq. (27), one can see that in the present framework
the neutrino-Z0 vanishes for XΦ ¼ −XL.

It should be noted that the couplings discussed above are
expressed in the fermion weak basis. In the case of
generation specific SM fermion charges, the rotation to
the mass basis may modify these couplings or/and even
generate FCNCs. Nonetheless, appropriate choices of the
fermionicUð1ÞX charges and rotation matrices can be made
such that the couplings remain identical to those given in
Eq. (29)—see Sec. V. Consequently, in a two Higgs doublet
framework where first-generation SM fermions couple
exclusively to the Higgs doublet with the smaller VEV,
one can generate the axial-vector Z0 couplings required to
explain the ATOMKI anomaly.

D. Z0 couplings with the neutron and proton

Having discussed the Z0 couplings to elementary fer-
mions, we now focus on the definition of the effective Z0
couplings with neutrons and protons. The vector and axial-
vector coupling of the nucleon N with Z0 (CN and aN ,
respectively) can be written as [25]

−L ¼ CN Nγμ N Z0
μ þ aNN̄γμγ5N Z0

μ: ð32Þ

For the proton (N ≡ p) and neutron (N ≡ n) the vector
couplings are [25]

Cp ¼ 2Cu
V þ Cd

V; Cn ¼ Cu
V þ 2Cd

V; ð33Þ

while the axial-vector ones are given by the sum over quark
axial couplings Cq

A, weighted by the fraction of the nucleon
spin carried by each quark ΔqðNÞ, namely [63,64],

aN ¼
X
q

ΔðNÞ
q Cq

A; N ≡ n; p; ð34Þ

with spin-fraction values [25,63,64],

Δp
u ¼ Δn

d ¼ 0.897ð27Þ; Δp
d ¼ Δn

u ¼ −0.367ð27Þ;
Δp

s ¼ Δn
s ¼ −0.026ð4Þ: ð35Þ

As for the contributions from heavy quarks, these are small
and can be safely neglected.
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To explain the ATOMKI anomaly, the axial-vector
couplings of the proton and neutron are required to be
an;p ≈ 10−4–10−3. Furthermore, these couplings must
remain compatible with several experimental constraints,
including atomic parity violation, beam-dump experiments,
anomalous magnetic moments (g − 2), meson decays,
neutrino-electron scattering, and LHC collider searches.
In the following section, we provide a detailed discussion
of these constraints and their implications for the Uð1ÞX
parameter space.

IV. EXPERIMENTAL CONSTRAINTS
ON A LIGHT SPIN-1 BOSON

For ourUð1ÞX gauge extension of the SM, the interaction
between Z0 and a fermion ψ given in Eq. (23) can be
rewritten as

−Lψ
int¼ ψ̄γμðCψ

V þ γ5Cψ
AÞψZ0

μ; Cψ
V=A¼ðgz0ψR

�gz
0
ψL
Þ=2;

ð36Þ

where we assume a diagonal coupling in the mass basis of
fermions. From the fundamental fermion couplings to the
Z0 boson, the effective vector (Cp;n) and axial-vector (ap;n)
nucleon couplings can be computed using Eqs. (33) and
(34). Many of the experimental constraints on the various
couplings involved have been previously discussed in the
literature [22,23,25]. For completeness, we summarize
them here.
(1) Prompt decay in the ATOMKI detector: To produce

the IPC signal, the Z0 boson must decay within the
ATOMKI detector. The requirement of a prompt
decay inside the detector imposes the following
constraints:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCe

VÞ2 þ ðCe
AÞ2

q
≳ 3 × 10−7 ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðZ0 → eþe−Þ

p
:

ð37Þ

(2) Atomic parity violation: A light Z0 that couples to
both electrons and nucleons can contribute to parity
violation in atomic transitions. The effective low-
energy operators mediating such processes can be
written as [25]

−L ¼ 1

M2
Z0
½Cu

VC
e
AðūγμuÞðēγμγ5eÞ

þ Cu
AC

e
Vðūγμγ5uÞðēγμeÞ þ ðu ↔ dÞ�; ð38Þ

where the last term denotes the analogous contri-
butions from down quarks. Among these effective
interactions, only the terms which couple axial-
vector electron current to the vector quark currents
add coherently and contribute to the total weak
charge of the nucleus [65,66]. Measurements of the

effective weak charge in 133Cs [67], combined with
precise SM predictions, yield the following stringent
bounds [25,68,69]:

jCe
Aj
���� 188399

Cu
V þ 211

399
Cd
V

����≲ 1.8 × 10−12: ð39Þ

(3) Parity violation in Møller scattering: Precision mea-
surements of parity violation in fixed-target electron-
electron (Møller) scattering from the SLAC E158
experiment provide one of the most sensitive probes
at low momentum transfer, Q2 ¼ 0.0026 GeV2 [70].
Recasting these bounds on the product of the electron
vector and axial-vector couplings, we get [34]

jCe
VC

e
Aj≲ 10−8: ð40Þ

(4) Magnetic moment of electron and muon: Light
vector or axial vector mediator coupling to elec-
tron/muon gives a contribution to ae=μ ¼
ðg − 2Þe=μ=2. The theoretically predicted value of
ae using the measurements of the fine-structure
constant from 87Rb [71] and 137Cs [72] is 1.6σ lower
and −2.4σ higher, respectively than the direct ex-
perimental measurement of ae [73],

ΔaeðRbÞ ¼ aexpe −athe ¼ ð4.8� 3.0Þ× 10−13;

ΔaeðCsÞ ¼ aexpe −athe ¼ ð−8.8� 3.6Þ× 10−13: ð41Þ

Similarly, following the 2025 white paper [74],
which updated the theoretical SM prediction, the
deviation between the experimental world average
and the SM value is

Δaμ ¼ aexpμ − aWP2025
μ ¼ 3.8ð6.3Þ × 10−10: ð42Þ

Imposing that the BSM contribution from the Z0
remains within the experimental uncertainty yields
the following constraints [75]:

ΔaBSMe ðRbÞ≃7.63×10−6ðCe
VÞ2

−3.85×10−5ðCe
AÞ2∈ ½0−7.8×10−13�;

ð43aÞ

ΔaBSMe ðCsÞ ≃ 7.63 × 10−6ðCe
VÞ2

− 3.85 × 10−5ðCe
AÞ2

∈ ½−12.4 × 10−13 − 0�; ð43bÞ

ΔaBSMμ ≃ 2.51 × 10−4ðCμ
VÞ2 − 0.66 × ðCμ

AÞ2
∈ ½0 − 10.1 × 10−10�: ð43cÞ
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(5) Electron positron annihilation into Z0 and a photon
(eþe− → Z0γ): The KLOE experiment searches for
the process eþe− → Z0γ followed by Z0 → eþe−
[76]. Neglecting kinematic differences with respect
to the pure dark photon case, Ref. [25] recasts these
limits as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCe

VÞ2 þ ðCe
AÞ2

q
≲ 6.1 × 10−4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BRðZ0 → eþe−Þp : ð44Þ

(6) Beam dump experiments: Electron beam dump
experiments, such as SLAC E141 [77], SLAC
E137 [78], Fermilab E774 [79], KEK [80], and
NA64 [81–83], search for Z0 production via brems-
strahlung from electrons scattering off target nuclei
[84–86]. These experiments constrain the electron
coupling with Z0 in two complementary regimes:
either the coupling is sufficiently weak to avoid
significant Z0 production, or it is sufficiently strong
that the Z0 decays inside the dump, with its decay
products absorbed before reaching the detector. This
leads to the following two limits [23,25]:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðCe
VÞ2 þ ðCe

AÞ2
q

≲ 1.1 × 10−8

or
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCe

VÞ2 þ ðCe
AÞ2

q
≳ 3.6 × 10−5

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BRðZ0 → eþe−Þ

p
: ð45Þ

(7) Pion decay constraints (SINDRUM-I): The SIN-
DRUM-I experiment employed a spectrometer
originally designed to search for the lepton-num-
ber-violating process μþ → eþeþe− [87]. It also
studied a variety of other processes with high
precision, including the most accurate measurement
to date of the rare charged pion decay πþ →
eþνeeþe− [88]. For a light scalar BSM particle in
the mass range 10 MeV < MX < 110 MeV, the
SINDRUM-I experiment constrains the branching
ratio BRðX → eþe−Þ to below Oð10−9Þ −Oð10−11Þ
[88]. Since such a light scalar exhibits kinematics
similar to the longitudinal mode of a light Z0 boson,
Ref. [26] recasts these limits as constraints on the
net effective charge with which the Z0 couples,

jΔQZ0 j≲ 8.5 × 10−5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BRðZ0 → eþe−Þp at 90% C:L:; ð46Þ

with ΔQZ0 ¼ ðCu
V þCu

AÞ− ðCd
V þCd

AÞ− ðCν
V −Cν

AÞþ
ðCe

V −Ce
AÞ.

(8) Protophobic nature of vector coupling ðπ0 → γZ0Þ:
In the purely vector case, the strongest bounds arise
from the NA48 experiment’s searches for π0 →
γðZ0 → eþe−Þ decays, in dark photon searches

[89]. These constraints require the Z0 to exhibit
protophobic vector couplings to quarks [22,23,25],

jCpj ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BRðZ0 → eþe−Þ

p ≲ 2.5 × 10−4: ð47Þ

(9) Neutron lead scattering: The angular distribution in
neutron lead scattering provides bounds on new light
mediators, expressed as [23,25,90]

jCnj
���� 126208

Cn þ
82

208
Cpj≲ 3.6 × 10−5: ð48Þ

(10) Neutrino electron (nucleus) scattering: One of the
most stringent limits comes from the neutrino-
electron (ν − e) elastic scattering and coherent
elastic neutrino-nucleus scattering [62,91–99].
These experiments constrain the product of the
neutrino and target fermion couplings, typically

expressed as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCν

V;AC
e
V;Aj

q
for electron scattering

and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCν

V;AC
q
V;Aj

q
for nuclear scattering. Given the

∼17 MeV mass of the Z0, these constraints are
particularly robust, typically yielding upper bounds
in the range of ≲Oð10−5Þ −Oð10−4Þ.

As previously noted, addressing the ATOMKI anomalies
requires axial-vector couplings to the proton and neutron of
the order an;p ∼ 10−4–10−3. Satisfying this requirement
while simultaneously evading the stringent experimental
constraints discussed above presents a nontrivial challenge
for any UV complete framework. In the following, we
present a fully consistent, anomaly-free model that success-
fully accommodates the ATOMKI signals while remaining
compatible with all existing experimental bounds.

V. Uð1ÞX MODEL FOR ATOMKI ANOMALIES

In this section, we construct an explicit model that
realizes the fermion coupling structure derived in
Sec. III C, while remaining consistent with the stringent
constraints on a light Z0 boson as detailed in Sec. IV. For
this purpose, we first need to fix the Uð1ÞX charges of
fermions and scalars. As noted earlier, theUð1ÞX charges of
the fermions are not arbitrary; they must satisfy gauge
anomaly cancellation conditions to ensure the theory
remains unitary and renormalizable [50–55]. Apart from
the anomaly-cancellation conditions related to the SM
gauge groups, the extended gauge symmetry SM ⊗
Uð1ÞX generates additional triangle anomalies associated
with the Uð1ÞX current. The corresponding conditions are
summarized below:

½SUð3ÞC�2½Uð1ÞX� ¼
X3
i¼1

ð2XQi − XuiR
− XdiR

Þ ¼ 0; ð49aÞ
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½SUð2ÞL�2½Uð1ÞX� ¼
X3
i¼1

ðXLi þ 3XQiÞ ¼ 0; ð49bÞ

½Uð1ÞY �2½Uð1ÞX� ¼
X3
i¼1

 
XLi þ 1

3
XQi − 2XeiR

−
8

3
XuiR

−
2

3
XdiR

!
¼ 0; ð49cÞ

½Uð1ÞY �½Uð1ÞX�2 ¼
X3
i¼1

�
ðXQiÞ2 − 	XLi



2 þ 	XeiR



2 − 2

	
XuiR



2 þ 	XdiR



2

�
¼ 0; ð49dÞ

½Uð1ÞX�3 ¼
X3
i¼1

�
2
	
XLi



3 þ 6

	
XQi



3 −
	
XeiR



3 − 3

�	
XuiR



3 þ 	XdiR



3

��
−
X3
i¼1

ðXνiR
Þ3 ¼ 0; ð49eÞ

½G�2½Uð1ÞX� ¼
X3
i¼1

�
2XLi þ 6XQi − XeiR

− 3
	
XuiR

þ XdiR


�
−
X3
i¼1

XνiR
¼ 0: ð49fÞ

In the above expressions, Xψ corresponds to the Uð1ÞX
charge of the fermion ψ . The generation indices are
denoted by i, j ¼ 1, 2, 3. The SUð2ÞL lepton and quark
doublets are given by L ¼ ðνL; eLÞT and Q ¼ ðuL; dLÞT ,
whereas the corresponding SUð2ÞL singlets are l ¼ eR and
q ¼ ðuR; dRÞ. For the consistency of the theory, all six
conditions in Eq. (49), along with the anomaly cancella-
tion conditions involving purely SM currents, must be
simultaneously satisfied. To satisfy these requirements,
we introduce three SM right-handed neutrino singlets, νiR
(i ¼ 1, 2, 3), each assigned a Uð1ÞX charge XνiR

.
Within this setup, to realize both vector and axial-vector

couplings of the Z0 to SM fermions, we introduce gen-
eration specific Uð1ÞX charge assignments, as discussed in
Sec. III C. Furthermore, we solve the anomaly cancellation
conditions while taking into account the constraints on a
light Z0 boson with mass ≈17 MeV. These experimental
constraints are discussed in Sec. IV. Very stringent bounds
on the electron-Z0 coupling arise from atomic parity
violation, and Møller scattering [25,34,68,69]. To evade
these bounds, we impose Ce

A ¼ 0, implying that the

electron must couple to the Higgs doublet with the larger
VEV through the Yukawa interaction. Furthermore, to
avoid constraints from neutrino electron or neutrino
nucleus scattering [62,92,93,95–98], we assign opposite
Uð1ÞX charges to the lepton doublet and the Higgs doublet
with the larger VEV, i.e., XLi

¼ −XΦ ≡ XL. As a result, the
neutrino Z0 coupling vanishes; see the discussion after
Eq. (31) in Sec. III C. In addition, to evade the stringent
bounds from charged pion decays πþ → eþνeeþe−

reported by the SINDRUM-I experiment [26,88], we
impose ΔQZ0 ¼ 0; see Sec. IV for details. The resulting
Uð1ÞX charge assignments are summarized in Table III,
where XL and Xν are free parameters.
The Uð1ÞX charges of the lepton and quark SUð2ÞL

doublets are flavor universal. In contrast, the quark and
lepton singlets carry generation specific Uð1ÞX charges,
with two generations sharing identical charges and the
remaining generation assigned a distinct Uð1ÞX charge.
Since the Uð1ÞX assignments for the SM fermions are
chiral, the Higgs sector must also be charged under Uð1ÞX
to allow for gauge-invariant Yukawa interactions that

TABLE III. Charge assignments of SM and BSM fields under the Uð1ÞX symmetry. Both scalar Φ and φ
participate in generating the masses for SM fermions via Yukawa interactions. The singlet χ allows the Z0 mass to
vary freely, and its Uð1ÞX charge is chosen such that no massless Goldstone bosons appear in the model. XL and Xν

are free parameters.

Fields Uð1ÞX Fields Uð1ÞX
Q1, Q2, Q3 − XL

3
L1, L2, L3 XL

u1R; u2R; u3R ð− 4XL
3
; Xν −

4XL
3
;− 4XL

3
Þ e1R; e2R; e3R ð2XL; 2XL; 2XL − XνÞ

d1R; d2R; d3R ð2XL
3
;−Xν þ 2XL

3
; 2XL

3
Þ ν1R; ν2R; ν3R ð0; 0; XνÞ

Φ −XL χ −Xν

φ Xν − XL
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generate fermion masses. In this model, we employ two
Higgs doublets, Φ and φ, with Uð1ÞX charges −XL and
Xν − XL, respectively. Additionally, a complex scalar
singlet χ is introduced to ensure that the Z0 mass remains
independent of the electroweak scale; see the discussion in
Sec. III after Eq. (21). The scalar singlet χ also participates
in neutrino mass generation and mixing. In the following
subsection, we provide a detailed discussion of the specific
mechanisms for fermion mass generation and mixing.

A. Fermion masses and mixing

The scalar sector consists of two Higgs doublets, Φ and
φ, and one SM singlet scalar, χ. Both scalar doublets
participate in the generation of SM fermion masses through
Yukawa interactions. The corresponding Lagrangian den-
sity responsible for generating the charged fermion masses
can be written as

−LY ⊃ Yi1ð2Þ
e LiΦe1ð2ÞR þ Yi3

e Liφe3R þ Yi1ð3Þ
u Qi Φ̃u1ð3ÞR

þ Yi2
u Qi φ̃u2R þ Yi2

d Q
iφd2R þ Yi1ð3Þ

d QiΦd1ð3ÞR þH:c:

ð50Þ

Here, Φ̃ðφ̃Þ ¼ iσ2Φ�ðφ�Þ, where σ2 is the second Pauli
matrix, and i ¼ 1, 2, 3. The neutral components of both
scalar doublets acquire VEVs as defined in Eq. (10). After
Uð1ÞX and electroweak symmetry breaking, Dirac mass
matrices are generated. Fermion masses are obtained after a
biunitary diagonalization of those matrices through the
field rotations: ψm

L ¼ U†
ψLψL;ψm

R ¼ V†
ψRψR. We consider

the charged-lepton mass matrix to be diagonal, thereby
avoiding Z0 mediated FCNCs in the charged-lepton sector.
For quarks, there is enough freedom to generate a Cabibbo–
Kobayashi–Maskawa (CKM) matrix of charged current
interaction, defined as

−L q
WCC ¼ gffiffiffi

2
p
h
dmL γμV

†
CKMu

m
LW−

μ þ umL γμVCKMdmLWþ
μ

i
:

ð51Þ

Here, dmL ¼ ðd; s; bÞT , umL ¼ ðu; c; tÞT , and VCKM ¼
U†

uLUdL . We work in standard parametrization where we
take the basis where the up quark mass matrix is diagonal,
UuL ¼ VuR ¼ 1. Furthermore, the flavor-universal Uð1ÞX
charges of the quark doublets ensure that no FCNCs arise
from the left-handed down quarks. To prevent FCNCs from
the right-handed down type quarks, we set VdR ¼ 1. Hence,
no Z0 mediated FCNCs arise in the charged lepton or quark
sectors. Consequently, the Z0 couplings to these fermions
remain unchanged from those given in Eq. (29), even in the
mass basis.
Coming to neutrino masses, the relevant Lagrangian

terms for neutrino mass generation are

−LYν
¼ Yi1

ν Li φ̃ ν1R þ Yi2ð3Þ
ν Li Φ̃ ν2ð3ÞR þMpq

ν

2
ðνpRÞcνqR

þ Yp3
M

2
ðνpRÞcν3Rχ þ H:c: ð52Þ

After symmetry breaking, we can write mass terms as

−LMν
¼ νLMν

DνR þ
1

2
νcRMRνR þ H:c: ð53Þ

With this, the Majorana mass matrix can be written as

−LMν
¼ 1

2

	
νL νcR


� 0 Mν
D

ðMν
DÞT MR

��
νcL

νR

�
þ H:c:

ð54Þ

After diagonalization of the above mass matrix, one
can easily recover the seesaw mass formula, mν ≃
−Mν

DM
−1
R ðMν

DÞT and mR ≃MR, in the seesaw limit
of Mν

D ≪ MR.

B. Fermions coupling with Z0

As discussed above, there are no Z0-induced FCNCs due
to our choice of fermion Uð1ÞX charges and rotation
matrices. This makes the Z0 couplings to fermions identical
to those in the gauge basis, as given in Eq. (29). Using the
charge assignments summarized in Table III, we compute
the vector and axial-vector couplings of the proton and
neutron using Eqs. (33) and (34). The resulting couplings
are given by

ap ¼ an ¼ 0.013Xν gx;

Cp ¼ 2

�
g̃
gx

− XL

�
cos2 θW gx ≡ 2xgx; Cn ¼ 0; ð55Þ

where for convenience, to parametrize the vector coupling
of the Z0 to the proton Cp, we have defined the parameter x,

x ¼
�
g̃
gx

− XL

�
cos2 θW: ð56Þ

Using this parametrization the vector and axial-vector
couplings of the other relevant fermions are presented in
Table IV. From Table IV, one can see that the axial-vector
couplings vanish for first generation quarks and leptons.
Consequently, the axial-vector couplings of the proton and
neutron in Eq. (55), arise solely from the strange quark
contribution. Furthermore, since the Z0 neutrino coupling
vanishes, the Z0 decays only into an electron-positron pair,
leading to BrðZ0 → eþe−Þ ¼ 1. Other features and con-
straints on these couplings are
(1) Since Ce

A ¼ 0, the model evades the constraints from
atomic parity violation observables presented in
Eqs. (39) and (40).
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(2) The vector couplings of the electron (Ce
V) and the

proton (Cp) to the Z0 are both proportional to xgx.
Consequently, experimental constraints on these
interactions can be translated into bounds on
jxgxj. The most stringent upper limit arises from
protophobic constraints derived from NA48, as
discussed in Eq. (47), which yield jxgxj≲
1.25 × 10−4. Additional constraints from the elec-
tron sector originate from the anomalous magnetic
moments of the electron and muon—see Eq. (43)—
implying ΔaBSMe ∶ jxgxj≲ 1.59× 10−4 and ΔaBSMμ ∶
jxgxj≲ 10−3. However, both bounds are weaker
than the one coming from the protophobic require-
ment. Electron-positron annihilation searches at
KLOE [see Eq. (44)] also impose limits on jxgxj,
although these are less restrictive than those from
NA48 and ðg − 2Þe. A lower bound on this product
arises from the requirement that the Z0 decay
products be absorbed in the dump, corresponding

to the strong coupling regime of electron beam
dump experiments [see Eq. (45)], which demands
jxgxj≳ 1.8 × 10−5. Therefore, the allowed range of
this parameter is

1.8 × 10−5 ≲ jxgxj ≲ 1.25 × 10−4: ð57Þ

(3) Given that both ΔQZ0 and Cn vanish, the model
evades the constraints from SINDRUM-I and neu-
tron lead scattering presented in Eqs. (46) and (48),
respectively. Furthermore, with the Z0–neutrino
coupling also vanishing, there are no constraints
from neutrino scattering experiments.

(4) Vector coupling of the strange quark is proportional
to ð3Xν þ 4xÞgx, for which limits can be obtained
from the KLOE-2 experiment search for ϕ →
ηðZ0 → eþe−Þ. However, it only constrains MZ0

above 30 MeV [100]. Hence, the parameter “Xν”
remains unconstrained and can therefore be varied
independently.

VI. RESULTS

Having discussed the allowed range of couplings, we
now examine the parameter space required to accommodate
the ATOMKI anomaly. Our analysis centers on the mixed
vector-axial-vector scenario. In general, when both vector
and axial-vector coupling are present, the decay width for
on shell Z0 emission is the direct sum of the two
contributions. However, in our case, the vector and
axial-vector couplings are of comparable magnitude. In
this case, the axial-vector contribution typically dominates

FIG. 3. The parameter space in the space in the (an − ap) plane for two scenarios. Left: fit including only the 8Be (18.15 MeV) excited
state. Right: simultaneous fit to both 8Be (18.15 MeV) and 8Be (17.64 MeV) excited states. Dark (light) shaded regions represent the 1σ
(2σ) allowed ranges accommodating the combined 8Be (green) and 4He (blue) anomalies. The orange points show the model predictions,
which satisfy all experimental constraints discussed in Sec. IV.

TABLE IV. Vector (Cψ
V ) and axial-vector (Cψ

A) couplings of
various fermions (ψ ¼ u, d, e, s, μ) to the Z0 boson, as relevant
for the phenomenological analysis in this work.

Fields (ψ ) Cψ
V Cψ

A

u 4
3
xgx 0

d − 2
3
xgx 0

e −2xgx 0

s − 1
6
ð3Xν þ 4xÞgx − 1

2
Xνgx

μ −2xgx 0

FLAVOR SPECIFIC CHIRAL Uð1ÞX FRAMEWORK FOR … PHYS. REV. D 114, 015042 (2026)

015042-13



[25]. Therefore, we adopt the fit for the pure axial-vector
scenario presented in Ref. [25]. In Fig. 3, we present the
allowed parameter space in the (an, ap) plane for two
different scenarios. The left panel corresponds to the fit
including only the 8Beð18.15Þ excited state, whereas the
right panel shows the case where both the 8Beð18.15Þ and
8Beð17.64Þ excited states are taken into account. The darker
(lighter) shaded regions correspond to the 1σ (2σ) ranges
within which the 8Be (green) and 4He (blue) anomalies can
be accommodated. The orange curve represents the model
prediction obtained by varying Xνgx in the range ½0; 10−2�.
In both cases, the model satisfies the 8Be and 4He anomaly
within 2σ for a small region of the parameter space, as
shown in Fig. 3.
It is worth noting that the charge assignments for

different generations in Table III are not unique. Since
the gauge anomaly cancellation conditions depend only on
the generation wise sums (and sums of squares or cubes)
of the charges, any permutation of the fermion generation
labels leaves the anomaly cancellation conditions
unchanged. In particular, the Uð1ÞX charges of fermions
belonging to the same SM representation, such as the
lepton doublets L1, L2, and L3, or the quark singlets d1R; d2R,
and d3R, can be interchanged without affecting the anomaly
free nature of the charge assignment. Hence, by rearranging
the charges in Table III, additional solutions can be
obtained. However, it is challenging to simultaneously
accommodate the beryllium and helium anomalies while
satisfying all experimental constraints. Two such models
are presented in the Appendix.

VII. CONCLUSION

The ATOMKI Collaboration has reported persistent
anomalies in the internal pair creation decays of excited
states in 8Be, 4He, and 12C nuclei, consistently pointing
toward the on shell production of a light boson X with mass
around 17 MeV. In this work, we have investigated the
possibility of explaining the ATOMKI anomalies within a
class of gauged flavor specific chiral Uð1ÞX extensions of
the SM. Motivated by existing spin parity analyses and
experimental constraints, we focused on spin-1 mediators
with axial-vector or mixed vector–axial-vector couplings,
which remain the most viable candidates for a simultaneous
explanation of the observed anomalies.
We showed that constructing a consistent framework that

realizes such couplings is highly nontrivial due to the
combined requirements of gauge anomaly cancellation
and fermion mass generation. In particular, we emphasized
that in minimal single Higgs constructions, axial-vector
couplings are suppressed in the light Z0 regime. This
suppression can be naturally avoided in a two Higgs doublet
framework with flavor specific chiral Uð1ÞX charge
assignments.

Given the significant theoretical uncertainties associated
with the nuclear matrix elements in the 12C transition, we
focused primarily on the 8Be and 4He anomalies. Within
this setup, we systematically constructed anomaly-free
charge assignments and demonstrated that the resulting
models can generate the required axial-vector couplings to
SM fermions. We identified viable regions of parameter
space where 8Be and 4He anomalies can be simultaneously
explained, while satisfying constraints from atomic parity
violation, beam dump experiments, anomalous magnetic
moments, meson decays, neutrino scattering, and collider
searches.
Our results highlight that flavor specific chiral Uð1ÞX

models with two Higgs doublets provide a consistent and
predictive framework for realizing light axial-vector medi-
ators. These models offer a promising avenue for explain-
ing the ATOMKI anomalies and can be further tested in
upcoming low-energy experiments. Future progress, par-
ticularly in improving nuclear matrix element calculations
for 12C and independent experimental confirmation, will be
crucial in clarifying the origin of these anomalies.
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APPENDIX: ADDITIONAL MODELS SATISFYING
ATOMKI ANOMALY AND OTHER

EXPERIMENTAL CONSTRAINTS BUT
IN CONFLICT WITH SINDRUM-I

In this Appendix, we present alternative anomaly-free
solutions obtained by permuting the Uð1ÞX charge assign-
ments introduced in Table III. The primary solution
discussed in the main text is flavor universal within the
quark and lepton doublet sectors. Since the gauge-anomaly
cancellation conditions depend on the generation wise
sums and the sums of the squares and cubes of the
Uð1ÞX charges, the right-handed quark singlet charges
can be permuted to generate additional anomaly free
solutions. Two such configurations, denoted as model I
and model II, are discussed below. While both models can
accommodate the observed 8Be and 4He anomalies, the
allowed parameter space is in tension with limits from the
SINDRUM-I experiment at the 90% confidence level.
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1. Model I

The Uð1ÞX charge assignments of the particles in this
model are presented in Table V. In this case, the right-
handed down quark charges of the first and second
generations are interchanged relative to those given in
Table III. The corresponding vector and axial-vector
couplings with fermions can be computed from these
charges using Eq. (29), as listed in Table VI. Here the
parameter x is defined as x ¼ 2ðg̃=gx − XLÞ cos2 θW . From

these couplings, the effective proton and neutron couplings
can be obtained using Eq. (33) and Eq. (34) as

ap ¼ 0.18Xνgx; an ¼ −0.45Xνgx;

Cp ¼ −0.5ðXν − 2xÞgx; Cn ¼ −Xνgx: ðA1Þ

Note that in this case, ap and an differ from each other and,
consequently, the slope of the line in the (an, ap) plane
deviates from that given in Eq. (55). The electron axial-
vector coupling is again zero, since the lepton charges
remain identical to those in Table III. Consequently, there
are no constraints from parity violation observables. The
electron vector coupling is xgx, and its allowed range is
bounded from above by the ðg − 2Þe constraint and from
below by beam-dump experiments: 3.6 × 10−5 ≲ jxgxj≲
3.2 × 10−4. The proton vector coupling is proportional to
Xν − 2x, and protophobic constraints impose the limit:
jXν − 2xjgx ≲ 5 × 10−4. Since ΔQZ0 ≠ 0 in this case, a
very strong additional constraint arises from the
SINDRUM-I experiment: jΔQZ0 j ¼ jXνgxj≲ 8.5 × 10−5.
In Fig. 4, we display the allowed parameter space in the

TABLE V. Charges of the SM and BSM particles under the Uð1ÞX gauge group for model I.

Fields Uð1ÞX Fields Uð1ÞX
Q1, Q2, Q3 − XL

3
L1, L2, L3 XL

u1R; u2R; u3R ð− 4XL
3
; Xν − 4XL

3
;− 4XL

3
Þ e1R; e2R; e3R ð2XL; 2XL; 2XL − XνÞ

d1R; d2R; d3R ð−Xν þ 2XL
3
; 2XL

3
; 2XL

3
Þ ν1R; ν2R; ν3R ð0; 0; XνÞ

Φ −XL χ −Xν

φ Xν − XL

FIG. 4. Parameter space in the ðan; apÞ plane for model I. Color coding is the same as in Fig. 3. The allowed regions that
simultaneously accommodate both the 4He and 8Be anomalies are in tension with the SINDRUM-I limits at the 90% confidence level.
See text for details.

TABLE VI. Vector (Cψ
V ) and axial-vector (Cψ

A) couplings of
various fermions (ψ ¼ u, d, e, s, μ) to the Z0 boson for model I.

Fields (ψ ) Cψ
V Cψ

A

u 2
3
xgx 0

d − 1
6
ð3Xν þ 2xÞgx − 1

2
Xνgx

e −xgx 0

s − 1
3
xgx 0

μ −xgx 0

FLAVOR SPECIFIC CHIRAL Uð1ÞX FRAMEWORK FOR … PHYS. REV. D 114, 015042 (2026)

015042-15



(an, ap) plane. The left panel corresponds to the case where
only the 8Beð18.15Þ excited state is included, while the right
panel shows the scenario in which both the 8Beð18.15Þ and
8Beð17.64Þ excited states are taken into account. The model
prediction is indicated by the orange points. In generating
these points, we impose all experimental constraints except
those from the SINDRUM-I experiment. The dark (light)
shaded region corresponds to the 1σ (2σ) allowed range in
which the 8Be (green) and 4He (blue) anomalies can be

accommodated. In both scenarios, simultaneously explain-
ing the 8Be and 4He anomalies requires jXνgxj≳ 10−4,
which is in tension with the SINDRUM-I bound at 90% CL.

2. Model II

Here we present another model obtained by rearranging
the charges of the quark singlets. The corresponding Uð1ÞX
charge assignments are shown in Table VII. In this case, the
Uð1ÞX charges assigned to the right-handed up quarks of the
first and second generations are interchanged with respect to
the assignments in Table III. Using the Uð1ÞX charges
given in Table III, the vector and axial-vector couplings
can be computed from Eq. (29). The resulting couplings
are presented in Table VIII, where x ¼ 2ðg̃=gx − XLÞ
cos2 θW . With this charge assignment, the proton and
neutron couplings are given by

ap ¼ 0.46Xνgx; an ¼ −0.17Xνgx;

Cp ¼ ðXν þ xÞgx; Cn ¼ 0.5Xνgx: ðA2Þ

TABLE VII. Charges of the SM and BSM particles under the Uð1ÞX gauge group for model II.

Fields Uð1ÞX Fields Uð1ÞX
Q1, Q2, Q3 − XL

3
L1, L2, L3 XL

u1R; u2R; u3R ðXν − 4XL
3
;− 4XL

3
;− 4XL

3
Þ e1R; e2R; e3R ð2XL; 2XL; 2XL − XνÞ

d1R; d2R; d3R ð2XL
3
;−Xν þ 2XL

3
; 2XL

3
Þ ν1R; ν2R; ν3R ð0; 0; XνÞ

Φ −XL χ −Xν

φ Xν − XL

TABLE VIII. Vector (Cψ
V) and axial-vector (Cψ

A) couplings of
various fermions (ψ ¼ u; d; e; s; μ) to the Z0 boson for Model II.

Fields (ψ ) Cψ
V Cψ

A

u 1
6
ð3Xν þ 4xÞgx 1

2
Xνgx

d − 1
3
xgx 0

e −xgx 0

s − 1
6
ð3Xν þ 2xÞgx − 1

2
xgx

μ −xgx 0

FIG. 5. Parameter space in the ðan; apÞ plane for model II. Color coding is the same as in Fig. 3. The allowed regions that
simultaneously accommodate both the 4He and 8Be anomalies are in tension with the SINDRUM-I limits at the 90% confidence level.
See text for details.
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The magnitude of the electron vector coupling remains the
same as in model I. Consequently, the allowed range for this
coupling is identical to that in model I: 3.6 × 10−5 ≲ jxgxj≲
3.2 × 10−4. The constraint from the proton vector coupling
is jXν þ xjgx ≲ 2.5 × 10−4. Additionally, in this model
ΔQZ0 ¼ Xνgx. Consequently, the SINDRUM-I bounds
impose similarly severe constraints as in model I.
In Fig. 5, we illustrate the allowed parameter space in

the ðan; apÞ plane for model II. The left panel shows the
results when only the 8Be (18.15 MeV) excited state is
included in the fit, whereas the right panel incorporates
both the 8Be (18.15 MeV) and 8Be (17.64 MeV) excited

states. The orange points represent the model predictions.
These points are obtained by applying all experimental
constraints except the SINDRUM-I bound. The dark-
shaded (light-shaded) regions indicate the 1σ (2σ)
allowed parameter space that simultaneously accommo-
dates the 8Be (green) and 4He (blue) anomalies. Both
anomalies can be satisfied only in a very small region of
parameter space, as illustrated in Fig. 5 for both scenar-
ios. Furthermore, accommodating both anomalies simul-
taneously requires jXνgxj of order Oð10−4Þ, which is in
conflict with the SINDRUM-I constraint at the 90% con-
fidence level.
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