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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 Z' emerges as the most viable candidate. However, getting such couplings for a light Z' gauge
boson is a highly nontrivial task. In this work, we construct a gauged chiral, flavor specific U(1)y extensions
of the Standard Model where the associated Z' boson acts as the 17 MeV 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 *Be and “He 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
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emission of a real photon y or through internal pair creation
(IPC), where a virtual photon y* 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 6.8c
anomaly in the IPC decays of an isoscalar (18.15 MeV) M1
transition in ®Be [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 6,+,- ~ 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 ®Be [9]. Since then, the ATOMKI Collaboration
has also reported anomalies in the decays of excited “He
[11-13] (f,+,- ~115°) and, more recently, in '’C
(@p+ - ~ 150°—=160°) [14] nuclei, all with significances
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FIG. 1. Schematic representation of the IPC process. An
excited nucleus N, decays to its ground state N, via the emission

of a hypothetical light gauge boson X, which subsequently
decays into an electron positron (e*e™) pair.

X

above 5¢. 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 ~1.5¢ 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 ~ 20 deviation from the null hypothesis was observed at
/s 2 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 '°C 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 ®Be anomaly, while a pure
pseudoscalar cannot account for the '°C 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
(zt — eTv,eTe™) 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 ®Be,
“He, and '"C anomalies. In such a case, typical axial
coupling to quarks in the range ~107*-1073 is required
to reproduce the observed excess that simultaneously
explains ®Be and “He anomalies. However, the axial-vector
interpretation for the '°C case is subject to more significant
uncertainties, largely due to the lack of available data on the
I2C transition matrix elements. Recently, Ref. [27] computed
the nuclear matrix elements for the 17.23 MeV excited state
in °C, assuming it is fully described by a 2s;/,1 pg/lz
particle-hole excitation relative to the ground state. They
found that explaining the 'C anomaly at the 1o level
requires at least one nucleon coupling of order O(1072).
Such large couplings are strongly constrained by other
experiments [27,28]. However, at significance levels 220,
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 ® U(1)y
model that simultaneously generates axial-vector (or mixed)
couplings of the Z' to SM fermions while correctly
reproducing all SM fermion masses, mixings, and couplings
to the SM bosons is nontrivial. A chiral U(1)y 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 U(1)y
charges of fermions. First, the fermion U(1), 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 under U(1)y to
allow for gauge invariant Yukawa interactions that generate
the SM fermion masses. Together, these requirements
impose stringent constraints on the allowed U(1)y 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 U(1), charges. This
approach is particularly advantageous, as it automatically
avoids 7' mediated flavor changing neutral currents
(FCNCs) at the tree level. However, in such constructions,
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TABLE L

Summary of ATOMKI experimental results for the IPC transitions N, — N, + e¢*e™. The table lists the spin parity

assignments (J*), the opening angle 6,+,- of the observed excess, the reconstructed mass of X boson My, 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.

ATOMKI measurements

N, IS Jg" Excess at 6,+,- My (MeV) Decay rates

Be (18.15) 1T =0t ~140° 16.7 £ 0.35 +0.50 By = (6+1) x 107° [8,10]
8Be (17.64) 1T -0t ~150° 17.0 £0.50 £ 0.50 By = (2+£2)x 107 [9]
“He (20.21), “He (21.01) 0%,0" - 0F ~115° 16.98 +0.16 £ 0.20 6x/0opy = 0.2 [11-13]
12C (17.23) 1~ - 0* ~(150° — 160°) 17.03 £ 0.11 £0.20 Bx = (3.6 £0.3) x 107 [14]

the axial-vector couplings for a light Z’ 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 U(1)y extension of
the SM featuring a single Higgs doublet whose Yukawa
couplings respect the U(1)y gauge symmetry [34,49]. This
suppression of axial-vector couplings is effectively avoided
in two Higgs doublet models with flavor specific U(1)y
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 U(1)y extension of
the SM. The associated neutral gauge boson Z’ serves as the
hypothesized ~17 MeV X particle. Given the ongoing
uncertainty in the nuclear matrix elements for the '*C
anomaly, we focus on models that accommodate the signals
in ®Be (18.15), ®Be (17.64), and “He, 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
Z' 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 U(1)y
charges are chosen to yield axial-vector couplings of the
order 10~*=1073. 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 NV,

via the process p +A — N.. The IPC decay of N, back to
the ground state, N, — Ny + ete™, is then analyzed. In the
past decade, the ATOMKI Collaboration has studied IPC
decays in excited nuclear states *Be (18.15), 3Be (17.64),
“He (20.21-21.01), and '*C (17.23), having reported
anomalies in all these decays, each with a local significance
exceeding 5. 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 8,+ -, 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, — NyX,
which subsequently decays into an electron-positron pair,
X — eTe™. Kinematically, the observed bumps in the 0, -
and eTe” 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,

BXZMXBR(X—>6+E_), (1)

I(N. = N+7)
required to explain the ®Be and '’C 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 “He 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 “He transition is the total cross section, defined as
the sum of the contributions from both states, oy, nor-
malized by the SM EO transition in “He (20.21).!

The spin parity quantum numbers of the excited nuclear
state N, and the ground state N, denoted by JY and JOP",
respectively, are shown in Table I for the several studied

'For 4He(21.01), the EO transition is forbidden due to parity
conservation in electromagnetic interactions.
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FIG. 2. Schematic representation of the on shell emission
of a hypothesized X boson during the nuclear transition
N, — Ny + X. The variables JE, JOPO, and J?‘ denote the spin
parity assignments of the excited state, ground state, and the new
boson, respectively.

transitions. As for the new boson X, the possible spin and
parity assignments are J?‘ = 07 (scalar), J§X =0~ (pseu-
doscalar), J?‘ = 1~ (vector), or J?X = 1" (axial-vector);
see Fig. 2. Assuming parity conservation in the transition
N, — Ny + X, provides a useful constraint on the spin
parity assignment of the hypothetical X boson. Specifically,
since Jf* and JOP0 are well established, the allowed assign-

ments for J;X are strictly governed by conservation laws.
Namely, angular momentum and parity conservation yields

J*:L®JX’ P*:(_I)LPX’ (2)

where L is the relative angular momentum between N, and
X. Since J%* differs among the excited states, the allowed
J)I;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 ®Be
anomaly.
(2) A pure pseudoscalar can account for the ®Be
anomaly and also the “He one, provided that in
the latter case the transitions are dominated by the

TABLE 1L

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

(3) A vector or axial-vector X boson can possibly
explain all three anomalies, but only one of the
two “He 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 ®Be anomaly,
while a pure pseudoscalar cannot account for the '*C
anomaly.

(2) In principle, a mixed scalar-pseudoscalar scenario
could explain all anomalies simultaneously. As
discussed in Ref. [25], if only the ®Be (18.15),
“He, and '°C 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 S5Be
(17.64) state is included alongside the ®Be (18.15)
resonance, a combined explanation of the 8Be and
“He anomalies is not possible.

(3) For the pure vector case, a combined explanation of
the ®Be, “He, and '’C signals is in conflict with
protophobic constraints derived from neutral pion
decays (7° — yX) [25]. Additionally, Ref. [26]
derived constraints on the couplings of light vector
particles using charged pion decays (z* — e*v,X)

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 state N, necessary to satisfy the conservation laws in Eq. (2). Cross marks (x)
indicate assignments that are forbidden by parity and angular momentum conservation for the given transition.

Possibilities for X

N, g Jg(‘ Scalar Pseudoscalar Vector Axial-Vector
8Be (18.15), °Be (17.64) 17— 0* X L=1 L=1 L=0,2
“He (20.21) 0t -0t L=0 X L=1 x

“He (21.01) 0~ -0 x L=0 x L=1
12C (17.23) 1~ - 0°F L=1 X L=0,2 L=
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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 ®Be and “He anomalies.
Consequently, the pure vector boson scenario is
disfavored by current pion decay constraints.

(4) A pure axial-vector scenario can explain *Be (18.15),
8Be (17.64) and “He 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 O(1072) at the lo
level. Such large couplings are strongly constrained
by other experiments [27,28]. Furthermore, at the
=20 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 ®Be and “He
anomalies.” In this case, typical axial coupling to quarks in
the range ~107#~1073 is required to reproduce the observed
excess while satisfying other experimental bounds.
Regarding the '’C 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 U(1), MODELS

In this work, we build a flavor specific U(1)y model that
can generate sizable axial couplings of the new boson Z’
with SM fermions. The present section is devoted to
discussing how to construct an axial vector coupling
between Z' and SM fermions in U(1)y gauged models.’
The interaction between gauge bosons and fermions
originates from the kinetic term of the fermion fields in
the Lagrangian,

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

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

> iy Dy, (3)

7

‘Ckinetic =

where the summation runs over all fermion fields. For the
SM ® U(1)y gauge extension, the full covariant derivative
is defined as

Y
D, =0, +ig,T{Gy + igT*W; + ig’EBﬂ +iXg,C,. (4)

In this context, g, g, ¢, and g, denote the gauge couplings
associated with SU(3),., SU(2),, U(1l)y, and U(1)y,
respectively. The U(1)y y charges will be denoted by Y
and X, and the generators of SU(3), and SU(2), are T and
T4, respectively, with 7% = ¢%/2, where ¢“ 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 U(1), and U(1)y
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 U(1), and an additional U(1)y gauge sym-
metry. The relevant part of the Lagrangian, before field
redefinitions, is given as

1 1 K
:—ZBﬂ BIW_ZCﬂ C/'”’_EBﬂ C/“,, (5)

L:Kinetic
where B, and C,, are the U(1)y and U(1)y field strength
tensors, respectively. The parameter x characterizes the
kinetic mixing between U(1), and U(1)y. Requiring
positive definite kinetic energy imposes the condition
|| < 1. One can diagonalize the kinetic mixing term as

follows:
Bll _ - 1—«? BNM (6)
Cll 0 l]—KZ Cy

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

. . .Y - o
D, =0, +ig,T{Gy + igT* Wy, + lg’EBM +iXg,C,. (7)

where gy represents the effective U(1)y gauge coupling. In
the limit of small kinetic mixing, this effective gauge
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coupling is given by

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, ® and ¢, and an
arbitrary number of SM singlet scalars y;. A second Higgs
doublet is required when the U(1)y charges are flavor
specific to generate masses for all SM fermions (see
Sec. V). Meanwhile, the singlet scalars y; allow the Z'’
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 U(1)y charges of
fermions as free parameters.* 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 and U(1)y symmetries. The kinetic
terms of the scalars are written as

(D,®@)'D'® + (D,g)' D¢ + (Dyy;) ' Diy;. (9)

Both the Higgs doublets, ® and ¢, and the SM singlet
scalars, y;, acquire VEVs, thereby breaking the electroweak
and U(1)y symmetries. The corresponding VEVs are given
by

@ =Ts] . | <fp>=%[f¢], =25 (10

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 the W boson mass
is identical to the SM expression, M3, = g*v?/4, where

v = /v + v, ~ 246.22 GeV. The neutral gauge bosons,

however, mix with one another, and the corresponding
mass matrix in the basis (Eﬂ, Wﬁ, C,) takes the form

‘We initially also treat the scalar U(1)y charges as free
parameters. However, constraints on their charges arising from
Yukawa interactions are discussed later in this section.

2 9> -99 2499,
My =1 | -9 ¢ —2qg99, |. (1)
2999, —2q99, 4ug?
where
v* = v} + vl & (24622 GeV)?,
g, v
q:X<I>+g_+F(X(p_X<D)’ (12)
X

~\ 2 2 2 ~
2 _ g W Vplyr 2 g

u —(Xq)+g> +112+1)2|:X¢_X(D+2(X¢_X®) s
X X

w,= > (X203). (13)

1

Here, X, denotes the U(1)y charge of the singlet scalar y;.
Similarly, X4 and X, denote the U(1)y charges of the
Higgs doublets @ and ¢, respectively. Notice that, in the
limit vg, < v}, these parameters can be approximated as
follows:

T gy
Gx

Q‘i\) | >§|\>

q~Xep + (14)

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 matrix O(«), where « is the Z—Z' mixing angle.
The gauge eigenstates (B*, W, C*) and the mass eigen-
states (A#, ZF,Z™) are related by

AH B
Z¢ | =0(a) | W5 |. (15)
VAL CH

The resulting diagonal mass matrix is

M3 = O(a) M3, O (a), (16)

diag

and the rotation matrix is defined as

cos Oy sin Oy, 0
O(a) = | —cosasin@y, cosacosb —sina |, (17
w W
—sinasinfy sinacosfy  cosa

with @y, 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
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2 v? 2 2
My = (A - /B3 +C3).
2 v? 2 2
M = g Ag+1\/Bi+C§ |, (18)

where
Ay=g +g*+4lg.  By=4q9.\/g + "
Co = ¢* + ¢* — 4u*g2. (19)

The u, parameter defined in Eq. (12) can be expressed as a
function of M, and g,,

LMy \/[(M%M)Zﬂzgﬁxé]—Mé 20)

N e

Here, M%M is the mass of the Z boson in SM at tree level,
defined as M3M = v\/¢* + ¢*/2, while

/

4 MSM 2
a6y =7 . a9 _(M7")
g

VP +gPMy - M5,

From Eq. (18), it can be seen that in the limit u, — 0, the 7'
mass M is of order O(v,,g, ). Therefore, the presence of at
least one scalar singlet is required to allow the mass of Z’ to
vary independently of the electroweak scale.

In the gauge-boson physical basis, the relevant part of the
covariant derivative can be written as

sin2a =

(21)

D, =0, +ig[T*W, +T-W;] +ieQA,

0
+ icosgé’ {(T3 - Qsin&%v)cosa—XCOS W, sina} Z,
w
+i [cofe (T3 - Qsind%) sina + X7, cosa} Z,. (22)
w

In this expression, 7% and Q denote the third component of
the weak isospin and the electric charge of the fermion,
respectively, while X represents its U(1)y 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 (A, Wff, Z,) and BSM (Z;l) 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 Z’ bosons is given by

wr'(gy,. Pu + g5, PR)WZ,

—Lin C
T cos Oy

+wr* (g5, Pu+ g5, Pr)y Z,,. (23)

Here, Py x) = (1 ¥ 7°)/2 are the left- and right-handed
chirality projection operators. The couplings g, and gﬁﬁL -
in the fermion gauge basis are given by

X
5, = (T}, = 0ysin0y) cosa~—"-Tsina cosy,  (24a)

XWRgx

G, = —0,,5in* Gy cosa — sina cos Oy, (24b)
g
G =—9 (T3 —Q,sin%0y)sina+X,, g cosa, (24c)
" cosf v "
G = g (-Q,sin* Oy ) sina + X, 7, cosa.  (24d)

cos Oy

Equation (24a) and (24b) represent the physical Z cou-
plings with left- and right-handed SM fermions, respec-
tively, while Eqgs. (24¢) and (24d) correspond to the Z’
ones. Tg,L and Q,, denote the third component of the weak
isospin and the electric charge of the fermion y, while
Xy, . are the respective U (1)y 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 U(1), gauge coupling g,
and to sin @. The mixing angle a could be constrained by
the precisely measured electroweak parameter p =
M3,/ (M2 cos? 0y) [58-60], which equals 1 at tree level
in the SM. The deviations from unity in SM ® U(1)y
theories can be expressed as [59]

p—1= [(?\Z)Z_ 1} sin’a. (25)

Using the 30 allowed range of the p parameter, p =
1.00038 4 0.00060 [61], obtained from the most recent
global fit to electroweak precision data, implies gg, <
5.5 x 1073 for sufficiently light Z’ (M%, /M%< 1) [49,62].
Under this limit, Egs. (20), (21), and (25) can be approxi-
mated as

M, 2 cos Oy
u, =~ , o~
9x g

q9»,  p=1-a’.  (26)

Notably, @ becomes independent of M, in this limit. Using
the above approximations, the couplings in Eq. (24) can be
simplified. By taking cosa ~ 1, the BSM contribution to
the Z boson couplings becomes proportional to ¢g,g,,
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

015042-7



BATRA, JOAQUIM, PRAJAPATI, and SRIVASTAVA

PHYS. REV. D 114, 015042 (2026)

to the Z’' boson are expressed as

G = [2Xo (T3, — Q,sin?Oy) + X, 19, +20,,§cos? Oy,
(27a)

G = [2X(—0Q,sin’0y) + X, ]g, +20,Gcos’ Oy (27b)
From Eq. (23), the vector and axial vector couplings of the
fermion y with the Z’ boson in the fermion gauge basis are
defined as

7 _ 7
cr =% " n . I (28)

o + 95

C‘// _ J¥r Y ,
v 2

which, using Eq. (27), reduce to

Cl\I; = [XCD(TS/L - 2Q1//Sin2 GW) + Cl{;(o)}gx + ZQI//.?]COSZQW’
Y = [XoT}, + CY s (29)

Here, C"‘j(o) JAQ) = (X,, =X, )/2 denote the vector and

axial-vector charges of the Z’ to the fermion y in the limit
where the Higgs U(1)y charge and kinetic mixing is zero.
At this point, it is worth emphasizing some key proper-
ties of these couplings:
(1) The Higgs doublet ®, having the larger VEV,
effectively induces Z — Z' mixing. Consequently,
a factor proportional to its charge Xgq appears in
Eq. (29). However, its charge X¢ 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=YJLHe,+Y{ Q' Hul,+ Y] Q' Hd} +H.c.,
(30)

where, in a two Higgs doublet scenario, H represents
® or ¢. Requiring the corresponding Yukawa cou-
plings to be gauge invariant imposes the following
constraints on the U(1)y charges of H:

Xy, — X,
Xy = WZTiS,LW (31)
(2) Itis clear from Eq. (31) that, if the Higgs doublet ®,

which acquires the larger VEV, also generates the
mass of a fermion y through Yukawa interactions,
then its U(1)y charge is Xg = CK(O) /T3, . Inserting
this into Eq. (29), one finds that the corresponding
axial-vector coupling of the Z’' to the fermion yw
vanishes, rendering the interaction purely vector.
Therefore, within this setup, to obtain a nonzero Z’
axial-vector coupling to SM fermion y, its mass

must be generated by the Higgs doublet with
the smaller VEV (¢). This condition demands
generation-specific U(1)y charge assignments for
SM fermions, ensuring that only ¢ couples to the
corresponding fermion through Yukawa inter-
actions.

(3) As discussed in Sec. IV, for light Z' (M, ~
17 MeV), strong constraints comes from neutrino-
electron and neutrino-nucleus scattering. These can
be alleviated if the Z’' couplings to electrons or
neutrinos are sufficiently suppressed or vanish. From
Eq. (27), one can see that in the present framework
the neutrino-Z’ vanishes for X4 = —X;.

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
fermionic U(1)y 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 Z’ couplings required to
explain the ATOMKI anomaly.

D. Z' couplings with the neutron and proton

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

—L =CyNy*NZ,+ ayNy*y’ N Z,. (32)

For the proton (N = p) and neutron (N = n) the vector
couplings are [25]
C,=2Cy + c¢, C, = C% +2C%, (33)

while the axial-vector ones are given by the sum over quark
axial couplings C4, weighted by the fraction of the nucleon
spin carried by each quark Ag™"), namely [63,64],

a=3ANcy,  N=np (4
q

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

AL = AL =0897(27),  Ah = Al =-0.367(27),
AL = A7 = -0.026(4). (35)

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
a, ,~107-1072. 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 U(1)y
parameter space.

IV. EXPERIMENTAL CONSTRAINTS
ON A LIGHT SPIN-1 BOSON

For our U(1)y gauge extension of the SM, the interaction
between Z' and a fermion y given in Eq. (23) can be
rewritten as

—Lh =y (CY+ P COWZ,,  C )y = (g5, £ 65.)/2,

(36)

where we assume a diagonal coupling in the mass basis of
fermions. From the fundamental fermion couplings to the
Z' boson, the effective vector (C ».n) and axial-vector (a,, ,)
nucleon couplings can be computed using Egs. (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 Z’' boson must decay within the
ATOMKI detector. The requirement of a prompt
decay inside the detector imposes the following
constraints:

(C9)? +(C4)* 23 x 1077 x \/Br(Z — ete).

(37)

(2) Atomic parity violation: A light Z' 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]

1 _ _
~L = [CYCH ) @, e)
Z/

+ RO (A u) @re) + (o D). (38)

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
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effective weak charge in '33Cs [67], combined with
precise SM predictions, yield the following stringent
bounds [25,68,69]:

188 211
Cal| 399 CF + 399 CH| S 18X 1072 (39)

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

|CC4| <1078, (40)

Magnetic moment of electron and muon: Light
vector or axial vector mediator coupling to elec-
tron/muon gives a contribution to a,/, =
(9=2),./,/2. The theoretically predicted value of
a, using the measurements of the fine-structure
constant from 8’Rb [71] and 37Cs [72] is 1.66 lower
and —2.4¢ higher, respectively than the direct ex-
perimental measurement of a, [73],

Aa,(Rb) = ag® —ah = (4.8 43.0) x 10713,
Aa,(Cs) =ag® —a" = (-8.8+£3.6) x 10713, (41)

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

Aa, = a® — alP205 = 38(6.3) x 10710, (42)

!

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

AaBSM(Rb) ~7.63 x 1076(C%)?
—3.85x1073(C4)*€[0-7.8x 10713],

(43a)
AaBSM(Cs) ~7.63 x 107°(C¢))?
—3.85 x 107°(C4)?
€[-12.4 x 10713 -0, (43b)
AaB™M ~2.51 x 1074(C},)* = 0.66 x (C4)?
€[0—-10.1 x 10717]. (43c)
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Electron positron annihilation into Z’ and a photon
(eTe™ — Z'y): The KLOE experiment searches for
the process ete™ — Z'y followed by Z' — ete™
[76]. Neglecting kinematic differences with respect
to the pure dark photon case, Ref. [25] recasts these
limits as

6.1 x 1074

VBR(Z = ete)’

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 Z’ production via brems-
strahlung from electrons scattering off target nuclei
[84-86]. These experiments constrain the electron
coupling with Z' in two complementary regimes:
either the coupling is sufficiently weak to avoid
significant Z' production, or it is sufficiently strong
that the Z' decays inside the dump, with its decay
products absorbed before reaching the detector. This
leads to the following two limits [23,25]:

\/(CH)?+(C4)? <11 x 1078

or /(€Y + (C9)? 2 3.6 x 107
X /BR(Z' — eTe™).

Pion decay constraints (SINDRUM-I): The SIN-
DRUM-I experiment employed a spectrometer
originally designed to search for the lepton-num-
ber-violating process u* — eTete™ [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 zt —
etv,ete [88]. For a light scalar BSM particle in
the mass range 10 MeV < My < 110 MeV, the
SINDRUM-I experiment constrains the branching
ratio BR(X — e*e™) to below O(107%) — O(1071)
[88]. Since such a light scalar exhibits kinematics
similar to the longitudinal mode of a light Z’ boson,
Ref. [26] recasts these limits as constraints on the
net effective charge with which the Z' couples,

(C9)*+(Cir s (44)

(45)

8.5x 1073

AQy| <
i BR(Z — ¢’ e )

at 90% C.L., (46)

with AQy = (Cy+CY) = (Cy+C§) = (Ch = Cy )+
(Cy—C3).

Protophobic nature of vector coupling (7 — yZ/):
In the purely vector case, the strongest bounds arise
from the NA48 experiment’s searches for z° —
y(Z' — ete™) decays, in dark photon searches

[89]. These constraints require the Z' to exhibit

protophobic vector couplings to quarks [22,23,25],
|Cp| X /BR(Z' — eTe™) $2.5x 1074, (47)

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

126 82
~—C,+-—C,[$3.6x107,

Gl 208 " 208

(48)

(10) Neutrino electron (nucleus) scattering: One of the
most stringent limits comes from the neutrino-
electron (v —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 ,/|C}, ,CY 4| for electron scattering
and ,/|CY, ,C} 4| for nuclear scattering. Given the

~17 MeV mass of the Z', these constraints are
particularly robust, typically yielding upper bounds
in the range of SO(1075) — O(1074).

As previously noted, addressing the ATOMKI anomalies
requires axial-vector couplings to the proton and neutron of
the order a,, ~107*~1073. 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. U(1)y 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 Z’ boson as detailed in Sec. I'V. For
this purpose, we first need to fix the U(1)y charges of
fermions and scalars. As noted earlier, the U(1)y 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 ®
U(1)y generates additional triangle anomalies associated
with the U(1)y current. The corresponding conditions are
summarized below:

3

[SUG)PIU(M)x] =) (2Xpi =X,y = Xg) = 0. (492)
i=1
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[SUQ@)PU)x] =

3

[GRU()x] = {2XL,- +6X,

i=1

In the above expressions, X,, corresponds to the U(1)y
charge of the fermion yw. The generation indices are
denoted by i, j =1, 2, 3. The SU(2), lepton and quark
doublets are given by L = (vy,er)" and Q = (uy,dy)7,
whereas the corresponding SU(2), singlets are [ = ey and
q = (ug,dy). 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, vk
(i =1, 2, 3), each assigned a U(1)y charge X,;.

Within this setup, to realize both vector and axial-vector
couplings of the Z' to SM fermions, we introduce gen-
eration specific U(1)y charge assignments, as discussed in
Sec. III C. Furthermore, we solve the anomaly cancellation
conditions while taking into account the constraints on a
light Z’' boson with mass ~17 MeV. These experimental
constraints are discussed in Sec. I'V. Very stringent bounds
on the electron-Z' coupling arise from atomic parity
violation, and Mgller scattering [25,34,68,69]. To evade
these bounds, we impose C4 =0, implying that the

TABLE III.

3
=1
(49c¢)
(49d)
(49¢)
i=1
3
~ X, —3(X, + Xd;)} -> X, =0. (49f)
i=1

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
U(1)y charges to the lepton doublet and the Higgs doublet
with the larger VEV, i.e., X}, = —X¢ = X . As aresult, the
neutrino Z’' coupling vanishes; see the discussion after
Eq. (31) in Sec. [II C. In addition, to evade the stringent
bounds from charged pion decays z" — efv,ee”
reported by the SINDRUM-I experiment [26,88], we
impose AQ, = 0; see Sec. IV for details. The resulting
U(1)y charge assignments are summarized in Table III,
where X; and X, are free parameters.

The U(1)y charges of the lepton and quark SU(2),
doublets are flavor universal. In contrast, the quark and
lepton singlets carry generation specific U(1)y charges,
with two generations sharing identical charges and the
remaining generation assigned a distinct U(1)y charge.
Since the U(1)y assignments for the SM fermions are
chiral, the Higgs sector must also be charged under U(1)y
to allow for gauge-invariant Yukawa interactions that

Charge assignments of SM and BSM fields under the U(1)y symmetry. Both scalar ® and ¢

participate in generating the masses for SM fermions via Yukawa interactions. The singlet y allows the Z' mass to
vary freely, and its U(1)y charge is chosen such that no massless Goldstone bosons appear in the model. X; and X,

are free parameters.

Fields U(l)y Fields U(l)y

0'. 0% 0 -% L', 12 L} X,

U, Uz, U3 (—“T",XD—MT’-,—%—L) el ek el (2X;,2X;,2X; - X,)
d, di, di (B, —x, 4 e 2y vk R} (0.0.X,)

@ —XL X -X,

@ X, - X
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generate fermion masses. In this model, we employ two
Higgs doublets, ® and ¢, with U(1)y charges —X; and
X, — X, respectively. Additionally, a complex scalar
singlet y is introduced to ensure that the Z’' mass remains
independent of the electroweak scale; see the discussion in
Sec. III after Eq. (21). The scalar singlet y 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, @ and
@, and one SM singlet scalar, y. 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

-LyD Yil (Q)E(De}lf) + Yfﬁq)e% + Yi,l (3)553 ullf)
Y20 pud + Y20 pd2 + ViV 0iodY 1 Hee.
(50)

Here, ®(p) = ic,®*(p*), where o, is the second Pauli
matrix, and i = 1, 2, 3. The neutral components of both
scalar doublets acquire VEVs as defined in Eq. (10). After
U(1)y and electroweak symmetry breaking, Dirac mass
matrices are generated. Fermion masses are obtained after a
biunitary diagonalization of those matrices through the
field rotations: wi' = U?;,LI//L,I//Q = V;,Rl,//R. We consider
the charged-lepton mass matrix to be diagonal, thereby
avoiding Z’' 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

9 [=m + — T
~LYycc == [dfl}’” Vexmut Wy + utv"Vexkmds Wﬂ .

V2
(51)

Here, d7" = (d,s,b)", u? = (u,c,t)T, and Vegy =
UZL U, . We work in standard parametrization where we
take the basis where the up quark mass matrix is diagonal,
U, =V, = 1. Furthermore, the flavor-universal U(1)y
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 V; = 1. Hence,
no Z' mediated FCNCs arise in the charged lepton or quark
sectors. Consequently, the Z’ 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

s > — ~ M
—Ly =YL ok +YPVL Y +

p3

+ TM (LR)viy + H.c. (52)
After symmetry breaking, we can write mass terms as
e l—
_EML = ULMDUR + EDRMRUR + H.C. (53)

With this, the Majorana mass matrix can be written as

1 _ 0 MY [ 1f
Ly == (77 15 H.c.
m =3 (% ”R)<<M3>T MR><VR>+ ¢
(54)

After diagonalization of the above mass matrix, one
can easily recover the seesaw mass formula, m, ~
— MU MRHMY)T and mp ~ My, in the seesaw limit
of MY, <« Mg.

B. Fermions coupling with Z/

As discussed above, there are no Z’-induced FCNCs due
to our choice of fermion U(1)y charges and rotation
matrices. This makes the Z’ 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 Egs. (33) and (34). The resulting couplings
are given by

a, =a, =0.013X,g,,
C,= 2<£ - XL>cos2 Ow gy = 2X7,, C,=0, (55)

X

where for convenience, to parametrize the vector coupling
of the Z’ to the proton C »» we have defined the parameter x,

x = <£ - XL> cos? Oy . (56)

X

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 Z’ neutrino coupling
vanishes, the Z’ decays only into an electron-positron pair,
leading to Br(Z' — eTe™) = 1. Other features and con-
straints on these couplings are
(1) Since C§ = 0, the model evades the constraints from
atomic parity violation observables presented in
Egs. (39) and (40).
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TABLE IV. Vector (C%) and axial-vector (C%) couplings of
various fermions (y = u, d, e, s, u) to the Z' boson, as relevant
for the phenomenological analysis in this work.

Fields () cy cY

u ;-‘xgx 0

d — %xgx 0

e —2xg, 0

§ _é(3XV +4x)gx _%Xugx
H —2xgy 0

(2) The vector couplings of the electron (CY,) and the
proton (C),) to the Z' are both proportional to xg,.
Consequently, experimental constraints on these
interactions can be translated into bounds on
|xg,|. The most stringent upper limit arises from
protophobic constraints derived from NA48, as
discussed in Eq. (47), which yield |xg,|=<
1.25 x 10~*. Additional constraints from the elec-
tron sector originate from the anomalous magnetic
moments of the electron and muon—see Eq. (43)—
implying Aa®M: [xg,| <1.59 x 107* and AaBSM:
|xg,| < 1073. 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 |xg,],
although these are less restrictive than those from
NA48 and (g —2),. A lower bound on this product
arises from the requirement that the Z' decay
products be absorbed in the dump, corresponding

0.0004

Q
©

-0.0002

He

-0.0004 ——
-0.0004

-0.0002

0.0000

0.0002 0.0004

an

to the strong coupling regime of electron beam
dump experiments [see Eq. (45)], which demands
|xg,| = 1.8 x 1073, Therefore, the allowed range of
this parameter is

1.8 x 107 < |xg,| S 1.25x 107, (57)

(3) Given that both AQ, and C, vanish, the model
evades the constraints from SINDRUM-I and neu-
tron lead scattering presented in Egs. (46) and (48),
respectively. Furthermore, with the Z'-neutrino
coupling also vanishing, there are no constraints
from neutrino scattering experiments.

Vector coupling of the strange quark is proportional
to (3X, + 4x)g,, for which limits can be obtained
from the KLOE-2 experiment search for ¢ —
n(Z' - ete”). However, it only constrains M,
above 30 MeV [100]. Hence, the parameter “X,”
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 Z' 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
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FIG. 3. The parameter space in the space in the (a, — a,) plane for two scenarios. Left: fit including only the 8Be (18.15 MeV) excited
state. Right: simultaneous fit to both ®Be (18.15 MeV) and ®*Be (17.64 MeV) excited states. Dark (light) shaded regions represent the 1o
(20) allowed ranges accommodating the combined ®Be (green) and “He (blue) anomalies. The orange points show the model predictions,

which satisfy all experimental constraints discussed in Sec. IV.
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[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 (a,, a,) plane for two
different scenarios. The left panel corresponds to the fit
including only the ®Be(18.15) excited state, whereas the
right panel shows the case where both the ®Be(18.15) and
8Be(17.64) excited states are taken into account. The darker
(lighter) shaded regions correspond to the 1o (20) ranges
within which the ®Be (green) and “He (blue) anomalies can
be accommodated. The orange curve represents the model
prediction obtained by varying X, g, in the range [0, 1072].
In both cases, the model satisfies the ®Be and “He anomaly
within 20 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 U(1)y charges of fermions
belonging to the same SM representation, such as the
lepton doublets L', L?, and L3, or the quark singlets di, d2,
and d3, 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 ®Be, “He, and '°C 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 U(1)y 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 Z' regime. This
suppression can be naturally avoided in a two Higgs doublet
framework with flavor specific chiral U(1)y charge
assignments.

Given the significant theoretical uncertainties associated
with the nuclear matrix elements in the '*C transition, we
focused primarily on the ®Be and “He 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 ®Be and “He 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 U(1)y
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 U(1)y 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
U(1l)y 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 ®Be and “He anomalies, the
allowed parameter space is in tension with limits from the
SINDRUM-I experiment at the 90% confidence level.
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TABLE V. Charges of the SM and BSM particles under the U(1)y gauge group for model L

Fields U(l)y Fields U(l)y

o', 0 0’ -X L', L% 13 X,

uh, ud, ud (—%,XU—%,—%) el e e (2X;,2X..,2X; — X,)
dy, di, &3, (-X, + 2 2 2 ViR 03 (0,0,X,)

() .9 X =X,

% X, - XL

TABLE VL. Vector (C%) and axial-vector (C%) couplings of
various fermions (y = u, d, e, s, u) to the Z’ boson for model 1.

Fields (y) c c
u 2xg, 0
d _é(3xv +2x)gx _%ngx
e —XGy 0
s —1xg, 0
H —XGx 0
1. Model I

The U(1)y 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 = 2(7/g, — X ) cos? . From

0.0006

0.0004
0.0002

@ 0.0000

-0.0002|

-0.0004

008 Lt
~0.0006-0.0004-0.0002 0.0000 0.0002 0.0004 0.0006
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these couplings, the effective proton and neutron couplings
can be obtained using Eq. (33) and Eq. (34) as

a, = 0.18X, gy, a, =-0.45X,9,,

C, =-0.5(X, - 2x)g,. C, =—-X,9,.

(A1)

Note that in this case, a,, and a,, differ from each other and,
consequently, the slope of the line in the (a,, a,) 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 xg,, and its allowed range is
bounded from above by the (g —2), constraint and from
below by beam-dump experiments: 3.6 x 107 < |xg,| <
3.2 x 107*. The proton vector coupling is proportional to
X, —2x, and protophobic constraints impose the limit:
|X, — 2x|g, <5 x 107*. Since AQ, # 0 in this case, a
very strong additional constraint arises from the
SINDRUM-I experiment: |AQ,| = |X,g,] <8.5x 107.
In Fig. 4, we display the allowed parameter space in the
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FIG. 4. Parameter space in the (a,,a,) plane for model I. Color coding is the same as in Fig. 3. The allowed regions that
simultaneously accommodate both the “He and 3Be anomalies are in tension with the SINDRUM-I limits at the 90% confidence level.

See text for details.
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TABLE VII. Charges of the SM and BSM particles under the U(1), gauge group for model IL

Fields U(l)y Fields U(l)y

0!, 02, 03 .G L', 12 L3 XL
uleu%»u% (Xy _4%:_4%7_4%) elR’e%’e% (ZXL’ZXL72XL _XIJ)
db. . ds &, x, + 2 2% v Rvd 0.0.X,)

@ _XL X _Xu

@ Xy - XL

TABLE VIIL.  Vector (CY) and axial-vector (CY) couplings of
various fermions (y = u,d, e, s, i) to the Z’ boson for Model II.

Fields () cy o
u ¢ (3X, +4x)g, 1X,9x
d — %xgx 0
e —Xg, 0
§ _%(3XU + Q’x)gx _%XQX
H —X0x 0

(a,, a,) plane. The left panel corresponds to the case where
only the ®Be(18.15) excited state is included, while the right
panel shows the scenario in which both the ®Be(18.15) and
8Be(17.64) 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 1o (20) allowed range in
which the ®Be (green) and “He (blue) anomalies can be
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accommodated. In both scenarios, simultaneously explain-
ing the ®Be and “He anomalies requires |X,g,| > 1074,
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 U(1)y
charge assignments are shown in Table VIL. In this case, the
U(1)y 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 U(1)y 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 =2(5/g, — X;)
cos? @y. With this charge assignment, the proton and
neutron couplings are given by

a, =0.46X,g,,
Cp = (Xu + x)gx’

a, =-0.17X,4,,

C, = 0.5X,g,. (A2)
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FIG. 5. Parameter space in the (a,.a,) plane for model II. Color coding is the same as in Fig. 3. The allowed regions that
simultaneously accommodate both the “He and 3Be 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 x 107> < |xg,| <
3.2 x 107*. The constraint from the proton vector coupling
is |X, +x|g, <2.5x 10™*. Additionally, in this model
AQz, = X,g,. Consequently, the SINDRUM-I bounds
impose similarly severe constraints as in model I.

In Fig. 5, we illustrate the allowed parameter space in
the (a,.a,) plane for model II. The left panel shows the
results when only the ®Be (18.15 MeV) excited state is
included in the fit, whereas the right panel incorporates
both the %Be (18.15 MeV) and %Be (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 1o (20)
allowed parameter space that simultaneously accommo-
dates the ®Be (green) and “He (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 |X,g,| of order O(107*), which is in
conflict with the SINDRUM-I constraint at the 90% con-
fidence level.
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