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We derive constraints on the couplings of light vector particles to all first-generation Standard Model
fermions using leptonic decays of the charged pion, z* — e*v,X,. In models where the net charge to
which X, couples to is not conserved, no lepton helicity flip is required for the decay to happen, enhancing

the decay rate by factors of O(m%/m2m%). A past search at the SINDRUM-I spectrometer severely
constrains this possibility. In the context of the hypothesized 17 MeV particle proposed to explain
anomalous ®Be, “He, and '’C nuclear transitions claimed by the ATOMKI experiment, this limit rules out
vector-boson explanations and poses strong limits on axial-vector ones.
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I. INTRODUCTION

The discovery of a new vector particle would provide a
strong indication that the Standard Model (SM) gauge
group is incomplete. The most minimal interpretation for
such a new particle would be that of a mediator of a new
local U(1),, gauge symmetry, associated with some set of
SM or dark sector quantum numbers Qy. Numerous
examples of such theories have been studied in the
literature, with particular emphasis on the cases of a
secluded gauge boson [i.e., an additional U(1) coupled
to the hypercharge] [1-4] and the gauging of conserved
vector currents, such as Qg = Qp_1, where B and L stand
for baryon and lepton numbers, respectively.1 While these
options present a minimal path to a renormalizable and
gauge-invariant theory, one can still entertain the possibility
of gauging a current that is not conserved as long as the
model is seen as a low-energy effective field theory (EFT)
[5,6]. The scale A of the EFT is then set by the mass of the
new particles that restore gauge invariance. This is the case
in theories where one gauges Osv € {Qp. 0. 01, 1,....}»
where, for instance, the gauging of Qp and Q; is anoma-
lous, while Oy is known to be violated at the classical
level by small effects from neutrino masses and mixing. In
these scenarios, the mass of the vector boson is necessarily

lStrictly speaking, B — L is only conserved if neutrinos are
Dirac particles.
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nonzero, with a lower bound set by the couplings and scale
of the EFT [7]. The longitudinal mode of the mediator,
then, participates in processes of energies below A,
enhancing it by factors of O(E?/m%), where E is the
typical energy of the process [8,9]. Therefore, when
considering gauge extensions of the SM, a departure from
current conservation is usually accompanied by strong
experimental limits from longitudinal mode emission. In
the case of anomalous currents, such as those coupled to
Q; or Qp, the problematic amplitudes will be induced at a
loop level. On the other hand, currents that are broken by
tree-level effects will manifest similar enhancement already
at tree level [9,10].

In the MeV scale, the new vector boson, X,, can be
produced in rare or otherwise-forbidden particle decays,
mediate long-range interactions, and contribute to precision
observables like the (g — 2) of leptons. In particular, the
emission of X, in nuclear deexcitations has recently gained
significant attention due to an apparent excess of e*e™ pairs
in several nuclear transitions in the ATOMKI experiment.
The Collaboration first reported the observation of a > 50-
statistically-significant excess of ete™ pairs with large
opening angles in magnetic transitions of ®Be(17.6) and
8Be(18.15) [11,12]. The results are inconsistent with
electromagnetic (EM) internal pair creation from virtual
photons, which predicts a smooth and rapidly falling
distribution of opening angles. They concluded that the
feature could be explained by the decays of a slowly
moving vector boson of mass my ~ 17 MeV, mimicking
the signal via the decay chain Be* — ®BeX — ®Beete™.
Since the excess was first observed in a J* =117 - 07
nuclear transition, the new boson was compatible with
either a pseudoscalar (07), vector (17), or axial-vector (1)
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particle. Subsequent excesses in the deexcitation of two
overlapping “He resonances (07(~) — 0%) [13,14] and in
12C (1~ = 07) [15] indicate that the spin and parity of the
hypothetical X(17) boson must be either of a vector or
axial-vector nature [16]. While this article is about new
physics explanations for these anomalous decays, we note
that the most pressing issue currently is whether the
ATOMKI results can be independently reproduced in other
experiments.

The candidate models for 17 MeV vector or axial-
vector boson have been discussed at length in the
literature [17-19]. Note that the possibility of a pseudo-
scalar is incompatible with the anomaly claimed in '*C
transition [15]. This includes the theoretically-motivated
case of a MeV-scale QCD axion [20,21], which we
previously pointed out as an ideal target for multilepton
searches in meson decays [22].2 The vector explanation
also predicted a proton-energy-independent excess coming
from continuum emission of X, [24]. While this excess was
not present in the original measurements, the Collaboration
later reported it after a revised background evaluation [25].
In addition, a vector particle is only viable if the “He excess
is exclusively from the Ot — 0T transition. While the
vector couplings needed to explain the Be and He tran-
sitions are compatible [16], they are in a 240 tension with
those preferred by the excess in carbon. In the case of axial
vectors, the nuclear uncertainties are much more signifi-
cant, and the tension has not been quantified [26]. Contrary
to the vector case, the uncertainty in the axial-vector
transition matrix elements does not cancel in the relevant
ratios, such as (®Be* — ®BeX)/(®Be* — ®Bey). Similarly
to the pseudoscalar scenario, an axial-vector particle
has also been invoked to explain the discrepancy in
7% — eTe™ [27], where the theoretical predictions [28-32]
are in a 2-30 tension with the KTEV measurement [33].

In this article, we confront the existence of X(17) with
leptonic decays of the charged pion. In the SM, all the
dominant decay modes of the charged pion are suppressed
by the lepton mass due to the pseudoscalar nature of the
pion, and, in the case of radiative decays, due to gauge
invariance (for reviews, see [34,35]). Specifically, in the
limit m,/m, — 0, the amplitude for any electron decay
mode, T = eTv,, eTv,y, etv,eT e, will be suppressed by
small value of m,. However, in beyond-the-SM scenarios,
the emission of X can be enhanced if it is allowed to couple
to nonconserved currents. This lifts the lepton-mass sup-
pression and enhances the rate, potentially by a factor as
large as mi/(m2m%), allowing to set strong limits on
models of light particles [9,22,36,37].

Our main result is that vector (17) explanations of the
ATOMKI results are excluded by the existing experimental
limits on leptonic-pion decays, 7" — e*v,X. The diagrams

*A recent NAG62 search for K™ — za(17)a(17) has, in fact,
ruled out the QCD axion interpretation [23].
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FIG. 1. The four internal X bremsstrahlung amplitudes (left)
and the vector and axial structure-dependent amplitudes (right).
The mixing mediates the latter two between X and the vector
mesons and is subdominant.

responsible for such a decay are shown in Fig. 1. Some
axial-vector explanations (17) remain compatible [18,26]
but are strongly constrained. In particular, we show that
the vector-boson model proposed to evade limits from
7° — Xy and e*e” — Xy, usually referred to as a proto-
phobic vector boson, is robustly excluded. The z* decay
branching ratio predicted for the best-fit point of the ®Be
anomaly explanation [17] is excluded by over three orders
of magnitude, as shown in Fig. 2.
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FIG. 2. The 90% CL limits on " — ¢*v,X decays from
SINDRUM, valid for B(X — e*e™) =1, and PIENU, valid
for B(X — inv) = 1. Also shown are the total branching ratio
predictions for a protophobic vector boson (QZ =0V =0)anda
dark photon, both for e = 1072
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II. VECTOR AND AXTAL-VECTOR X(17)

We focus on a light vector boson coupled to SM fermions.
We start from a generic Stiieckelberg theory for X,

1 m3
LD =X, X" + TXX”X” + eeX, Jk. (1)
where the current involves only SM fermions and has the
form,

Th= Y, Fr(Q}+ow)f. (2)
f={eu.dyv}

with Q}/ and Q? the vector and axial-vector charges of the
fermions f under the new force. We will treat these
interactions in the low-energy limit, where the theoretical
consistency of these models is not fully apparent. The
requirements for the corresponding currents to be conserved
impose very strong constraints on admissible terms in (2).
The conservation of 7% will constrain the charge assign-
ment to be vectorial and, in particular, a linear combination
of the conserved currents in the SM, J gy and J p_; . These
correspond to the two well-known cases of a kinetically-
mixed dark photon and the mediator of a local U(1)g_
gauge symmetry. The purely baryonic current, 7y, is broken
by the chiral anomaly at the loop level and will require the
entire “anomalon” sector above the electroweak scale to
make these anomalies cancel (see e.g. [38]). Apart from such
flavor-universal assignments, leptonic assignments like
L, — Lgarealso conserved, up to small effects from neutrino
masses (see, e.g., Ref. [36]). If all Q}/ correspond to the EM
charges of the SM particles, and all Qj} = 0, then & can be
identified with the so-called kinetic mixing parameter of a
dark photon model. Axial-vector currents are explicitly not
conserved in the presence of fermion masses, which implies
serious problems for a model if couplings to heavier
fermions are on the same order of magnitude as to lighter
ones. Since our main motivation is the ongoing experimental
anomaly, our approach in this paper is to ignore these higher-
level problems of theoretical consistency and address low-
energy phenomenology (pion/nuclear physics) using (2) as
input. In the same vein, we allow either vector or axial-vector
coupling to electrons and quarks to avoid an excessive
amount of parity violation mediated by light particles [39],
noting that QXQ;‘( 4 combination is less constrained than

Q? QX(d) and Q? QZ

The couplings in Eq. (2) can be used to find the coupling
of X to nucleons, N = {p, n}, and to the charged pion, z™.
In the case of vector couplings, they are given by the
charges Q) =20y + 0}, Oy = 0, +20), and Q) =
Q) -0V =0y —0y. In the case of the axial-vector,
the couplings to nucleons can be obtained using the
individual up- and down-quark axial-vector matrix

elements. The couplings kyNy*y°N is then given by k, =
¢10% + ¢40% and k, = ¢4 04 + ¢4 Q4. From the neutron
p-decay and the latest lattice QCD results [40,41],
g4 =0.817 and ¢g¢ = —0.450. In the case of the pion,
there is no spin for the axial-vector to couple to, but as we
show in Appendix A, there is still a coupling between the
pion, the W= boson, and the axial-vector X -

While most experimental limits on light vector bosons
are usually presented on the parameter space of a kineti-
cally-mixed dark photon or U(1),_, gauge boson, they can
easily reinterpret them as constraints on the charge
assignment in Eq. (2). As recognized in Ref. [17], the
combination of constraints below requires X(17) to be
protophobic, —6.7% < Q,/Q, < 7.8%, and implies the
coupling to neutrons dominates the anomalous nuclear
transitions. We briefly review existing limits on the new
couplings below.

(a) Limits on Qg‘n: NA48looked for new visible resonances
in neutral pion decays [42], 7° — y(X — e*e™), con-
straining the anomaly factor (¢, Q) — q,Q) ), requiring
|0y €| < 8 x 107 [17] (several other limits exist, albeit
formy = 17 MeV [43-46]). Since no axial-axial-vector
anomalies exist, axial-vector bosons do not contribute to
7’ — Xy decays at an appreciable level. The vector
coupling to neutrons is independently constrained by the
limits on new long-range interactions between neutrons
and large nuclei [47], |Q,€| < 0.025 [17].

(b) Limits on Q?‘V: KLOE-2 constrained the production of
X associated with initial-state radiation in e*e”
collisions, ete™ — y(X — e'e™), providing an upper
limit of /(QY)?+ (Q%)%¢ <2 x 1073/\/B,, [48].
Lower limits can be obtained from direct searches
for the decays-in-flight of X(17). The NA64 fixed-
target experiment constrains |Q,.¢| > 6.8 x 107
[49,50] and the EI41 beam-dump experiment
[51,52] result gives |Q,e| > 2 x 107%, where both
limits assume B(X — e*e”) = 1. In both cases, the
new particle would be produced by bremsstrahlung in
the interactions of an electron beam with target nuclei,
e Z - (X — ete™)e Z. Because these searches take
place in higher-energy beams (E, ~ 100 GeV for
NA64 and E, ~9 GeV for El141), these limits are
typically more stringent than the lifetime requirements
of the ATOMKI anomaly, where X is produced with
velocity fy ~ 0.1-0.6.

(¢) Limits on Q)**: Precision measurements of the elastic
scattering of reactor antineutrino on electrons at
the TEXONO experiment [53], D, — e, constrain
-3x107* < Q0,0Ve* <7 x 107 [54]. In addition,
the observation of coherent elastic neutrino-nucleus
scattering (CEVNS) at reactors constrains |Q,Q) ¢| <
1.4 x 1075 [54]. For a discussion of the constraints
from neutrino experiments, see Ref. [54]. In summary,
the stronger-than-weak interactions required to explain
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the ATOMKI results cannot be present in the
neutrino sector. Therefore, the branching ratio B,, =
B(X — eTe™) will be unity as long as a Q, =0,
provided X, has no additional dark sector decay
modes.

Note that protophobic vectors are incompatible with a
B — L charge assignment (Q) = Q) = -0} =-0Q,) as
well as with a kinetically mixed dark photon (Q), = -QY
and Q) = Q, =0). Linear combinations of conserved
currents, like Jz_; — kJgm, Where k controls the mixing
between the two currents, also do not work as in that case
Q, =-0/ = (1 —«)and Q) = —Q, = 1, in conflict with
the constraints from the neutrino sector. In addition, it is
also easy to see that no combination of conserved currents
can accommodate the ATOMKI result without violating at
least one of the electron, neutrino, or z° limits. As already
identified by the literature on the topic [17,18,26], we must
consider nonconserved currents instead, which, as we
show next (Sec. III), are strongly constrained by helicity-
unsuppressed charged pion decays.

III. CHARGED PION DECAYS

In this section, we discuss the rate of X emission in
leptonic meson decays, 7z (k;) — e™ (ky)v,(k3)X(ks). The
pion interaction Lagrangian is given by

Lo ieeX”(QgﬂJ“()//r_ + gVMdF”Q§W;n—) tHe, (3)

where Q% = (Q!, — Q))/2 is the isovector quark charge
under the U(1)y, F, is the pion-decay constant, V,, the
CKM matrix element, and g the weak coupling. The right-
handed coupling is defined as QF = QY + Q%. The second
term is the contact interaction between X, the pion, and the
Wf‘f bosons. For the SM photon, this term is guaranteed by
gauge invariance and is responsible for the exact cancella-
tion of helicity-unsuppressed amplitudes in radiative pion
decay. Equations (2) and (3) uniquely determine the
internal bremsstrahlung (IB) contribution to the decays
of the point-like pion. The interactions of X, with pions in
chiral perturbation theory are given in Appendix A and the
full pion-decay IB amplitude is given in Appendix B.
Away from the pointlike limit, photons can be emitted
from strongly interacting states inside the pion through the
structure-dependent (SD) emission. Under the vector-
meson dominance framework, this contribution takes place
by the emission of a virtual pair of vector mesons, such as p
and w or p and a;. In this case, a vector meson converts to
the photon and the other vector or axial-vector meson then
mediates the leptonic interaction. As such, this contribution
is not suppressed by a helicity flip but by the masses of the
vector mesons. The SD component in QED can only be
observed at large et — y angles, where the IB amplitude is
small. For the X boson, the SD diagrams will depend on the

couplings of X to quarks and its mixing with the lightest
vector and axial-vector mesons (see Appendix B). Since
SD terms do not dominate the rate even for conserved
currents or in QED, they can be safely neglected in our
discussion.

The contribution of vertex (3) should be combined with
the emission of X from the external legs of the underlying
zt = etv, decay. By explicit calculation, the helicity-
unsuppressed amplitude for pion decay to a X, boson of
polarization s is

M, (&) = AQX\/EVZdGanﬁ(ka)hPLU(kz)(ffsl)*- (4)

As expected, when the Qy charge is conserved,
AQx =Q0F - Of — QL + QL =0, this amplitude van-
ishes. Away from that limit, the emission of transverse
and longitudinal modes of X, takes place. Note that helicity
suppression is necessarily present for X, coupled exclu-
sively to right-handed leptonic currents. A similar con-
clusion was reached for axion-like particles in Ref. [37].
The amplitude is still helicity suppressed at the classical
level for B and L gauge bosons. Neither of these two
options, however, are suitable for explaining the ATOMKI
anomalies.

To shed more light on the underlying enhancement of the
decay rate, we decompose the differential pion-decay rate
in transverse and longitudinal mode emission. In the rest
frame of the pion, the angles of the two leptons with respect
to the vector boson, 6,y and 6,y, are given by

Ae = sin*(0ex/2) = (1= 2) /xy, (5)
A, = sin?(0,¢/2) = (1 —y)/xz. (6)

where  x =2(k; - ky)/m2 =2Ex/m,, y=2(k;-ky)/
m2 =2E,/m,, and z=2(k -k3)/m:=2E,/m, =
2 — x —y are the usual kinematic variables. We neglected
higher-order terms in m,/m, and my/m,.

The differential rates for the emission of left-handed
(LH), right-handed (RH), and longitudinal (L) X, bosons
are then given by

1 drg ) A(1=2,), if RH
——P = qe(AQyx)%yz X 7
Todvdy ~ %€ A2V g ) em 7
1 drk ) m2 A
— = AQx)? L xPyz =22, 8
Gam3, f? . . .
where I'y = =25 Longitudinal modes are preferentially

emitted in the opposite direction of both leptons, while
transverse modes are preferentially emitted along the
direction of one of the leptons. Helicity suppression is
absent in all cases, showing that the nonconservation of Qy
charge has significant consequences for longitudinal as
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well as transverse-mode emission. The E%/m% enhance-
ment factor is a consequence of the absence of a Ward
identity, M”kﬁ # 0, signaling the breakdown of gauge
invariance.

One advantage of considering pion decays is that they
are independent of the couplings of X, to the second or
third generation, providing a more direct probe of the
ATOMKI results. Theoretically and experimentally, the
internal bremsstrahlung part of the amplitude is well-
understood, so small deviations from the SM can be easily
identified, especially when searching for a visible reso-
nance. In principle, K™, D*, and B™ mesons may also
provide useful constraints [55-60], although in those cases,
the experimental activity is largely focused on the structure-
dependent rates, and searches for new resonances are not
available at such low-invariant masses. In what follows, we
only discuss the experimental limits on exotic pion decays.

A. SINDRUM-I limits

SINDRUM-I was a spectrometer with 4z coverage
originally designed to search for u™ — eTete™ at the
Paul Scherrer Institute (PSI) [61]. Because of its tracking
capabilities, it was also able to perform the most precise
measurements of 7+ — e*v,ete” and " = D .etete”
to date and provides the best limits on exotic three-track
decays of charged pions, 7 — ety X, with X — eTe™.
With a total of 4 x 10'> pion decays, SINDRUM-I con-
strained the branching ratio to light scalar particles in the
interval of 10 MeV <my < 110 MeV to be below
O(107%) and O(107!'") [62]. The signal was simulated
using the differential decay rate to a light Higgs particle,
which has similar kinematics to the emission of the
longitudinal mode of X,. We have checked that this
difference in the kinematics is not substantial and that a
light Higgs would display very similar properties to the
pink histograms shown in Fig. 3.

The resulting limit for a 17 MeV boson is
Bzt = etv,X,.|my =17 MeV) < 6.0 x 10719 at 90%
confidence level (CL). Considering only the helicity-
unsuppressed longitudinal emission of X, the SINDRUM-I
constraints can be translated into a limit on Qy charge
conservation as

8.5% 107
V BCC

The analysis also required a time coincidence between
the electron and positron, requiring (61)* = [(f] —_)* +
(1] = 13)%]/2 < (600 ps)?. In principle, since the electron
is produced from the decay of X, it may be delayed with
respect to the primary positron. We consider this when
drawing our limits, although it does not impose a signifi-
cant constraint on the parameter space of interest. For the
protophobic vector with 9, = 0, the typical lifetime of X is

ee| AQy| < at 90% CL. (9)

0.03
(a) 3 (®
= 0.02 5
2 22
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FIG. 3. The normalized event distributions of z* — ¢v,X in

the pion rest frame for both conserved (dark photon) and
nonconserved currents (e.g., protophobic vector). We show
(a) the energy of the primary positron, (b) the cosine of its angle
with X, (c) the total X energy, and (d) the cosine of the opening
angle of the secondary e*e™.

(10)

(Qfe)* + (Q?6)2> B
1074 '

Ty = 0.2 fS <
much below the experimental timing resolution.

B. PIENU limits

If X, possesses an invisible branching ratio, a
complementary limit can be derived from a search for
zt = etvX;,, at PIENU [63]. The PIENU detector studied
pion decays at TRIUME, using a calorimeter to measure the
positron energy from pion- and secondary-muon decays.
Based on the energy spectrum of the positrons observed
from a total of 1.3 x 10® 7+ — e*w, events, the search in
Ref. [63] set a limit on the branching ratio of the three-
body decay mode of B(zt — etv, Xy |my = 17 MeV) <
4.7 x 1077 at 90% CL The kinematics of the decay, in
particular the positron energy distribution, is again very
similar to the signal considered by the Collaboration. In
terms of the couplings of the 17 MeV boson and its
invisible branching ratio, the PIENU limit is

2.5x1073

ee| AQy| < at 90% CL.  (11)

inv

As expected, this limit is much weaker than the visible one.
In addition, if the invisible branching ratio is dominated by
the decay into neutrinos, much stronger limits from
neutrino scattering will apply.
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IV. DISCUSSION

This section discusses the impact of the charged pion
decay limits on the vector and axial-vector interpretations
of the ATOMKI results. A phenomenological fit to the
ATOMKI results in these models was recently performed
in Ref. [26], and we will base our discussion around their
results. We use the latest fits from [64]. For the ®Be
decays, we neglect isospin-breaking effects ({6 =0 in
Ref. [26]), although the resulting exclusion of the prefer-
red regions remains strong when including them. The
typical values required to explain the anomaly are e~
O(1073-1072) for the vector case and & ~ O(107*-1073)
for the axial-vector one. The latter are subject to more
significant uncertainties, and the lack of data on the '*C
transition matrix element prevented the authors of [26]
from drawing a region of preference for this case. The
uncertainty in the nuclear transition elements is signifi-
cant for axial vectors and does not cancel in the ratios to
the measured electromagnetic matrix elements. Simplified
fits in the parameter space of X(17) exist in the literature,
but to our knowledge, a detailed nuclear physics study
has only been performed for “He [65]. The latter study
agrees with the vector boson results in [16,17,19].

First, we discuss the protophobic vector proposed
in [17]. Working in the limit where 2Q) = -QY
(Q, =0) and Q, =0, we show the current constraints
and regions of preference for the ATOMKI results in Fig. 4,
as a function of the electron coupling QY. The ATOMKI
results are ruled out by SINDRUM-I, except in the region
where AQy = —QY + QY — 0. Where that happens,

mx =17 MeV  (Q),Qy,Q,) = (0,1,0)
1071 E e SINDRUM-1
] ‘He
1072 : —
o 1 KLog
10*3'5
—4 1
10 g :.:: =
- = =
= ‘
L S
1075 - —
—2 -1 0 1 2

FIG. 4. Constraints on the X coupling to SM fermions as a
function of the electron charge, QV, for the limit of a protophobic
vector boson, O = 20, + Q) = 0. In blue, we show the region
excluded by the SINDRUM-I measurement of e*e™ pairs in
leptonic pion decay. The colorful horizontal bands show the 1o
and 20 preference regions for the ATOMKI results.

however, the constraints on the electron coupling coming
from KLOE-2 cover the entire ®Be and “He regions of
preference.

We now discuss the vector and axial-vector models
away from the protophobic limit. The allowed regions in
the parameter space of X, are shown in Fig. 5 following
the fit in Ref. [26]. In the vector case, we fix the
coupling to electrons to the smallest allowed value from
the NA64 limits. The region allowed by pion-decay
constraints is smaller than the thickness of our lines and
strongly contradicts the ATOMKI results. Choosing the
largest value of Q) compatible with the KLOE-2
constraints does not qualitatively change this. No over-
lap with the '°C region of preference is seen for any
allowed value of QX. In the axial-vector case, we fix the
electron coupling according to [26], motivated by a
measured electron (g —2) discrepancy. The latter also
fixes the region preferred by the z° — e*e~ anomaly,
denoted by KTEV in the figure. While we do not
attempt to precisely quantify the tension between all
the different results in Fig. 5, we note that the in the
vector model, it is beyond the 4c level with the
simplified fits of Ref. [26]. This is driven by two main
factors: the incompatibility between the '’C results and
the ®Be and “He anomalies, and the incompatibility of
all the ATOMKI anomalies with both neutral and
charged pion decays. A more precise estimate of the
internal tension of the model requires a more detailed
description of the nuclear physics involved and more
information on the experimental systematic uncertainties
at ATOMKI, both currently lacking.

At this point, we can conclude that the following
observations cannot be simultaneously satisfied:

(1) evidence for X(17) in ®Be, “He, and '*C nuclear

transitions [11-15];

(2) limits on #* - e*v,X,, at SINDRUM-I [62];

(3) limits on #* — e*v,Xj,, at PIENU [63];

(4) limits on 7° — yX,, at NA48 [42];

(5) limits on ete™ - yX,, at KLOE-2 [48];

(6) limits on e Z — X,,e”Z at NA64 and beam

dumps [49-52].
If one further imposes the constraint that the theory is
renormalizable and gauge-invariant (X coupled to a con-
served current such as J z_;, JgMm, and linear combinations
thereof), then the internal tension is even more severe as at
least two of the aforementioned limits will be in direct
contradiction with the X(17) hypothesis. We are then
forced to relax the theoretical constraint instead to include
effective theories, where X couples to nonconserved
currents at low energies. In that case, the protophobic
vector, with 2QY = —QZ, has been more successful at
evading experimental limits [17]. Nevertheless, given the
hierarchy of charges required by Items 4 to 6, the model
does not escape pion-decay constraints, specifically Items 2
and 3 (cf. Fig. 2). This adds to the internal tension in the
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model stemming from the three separate results in Item 1,
namely the different couplings preferred by the Be, He, and
C results. If X(17) possesses an invisible branching ratio,
the internal tension becomes even more severe, as the
required couplings to explain the ATOMKI results are
larger and constraints from neutrino-electron and neutrino-
nucleus scattering become prohibitively strong. Pion
decays, therefore, provide an independent and robust
exclusion of the protophobic scenario.

While this work does not fully exclude the small
couplings behind an axial-vector explanation of
ATOMK]I, it poses the strongest constraints in the param-
eter space. The allowed regions are constrained to four
islands in Fig. 5. We emphasize that nuclear uncertainties
are the most significant in this case and that no ATOMKI fit
has been performed. In addition, axial-vector bosons with
the couplings allowed by our constraints can only be seen
as an effective theory as the axial-vector current is not
conserved. Such explanations would necessarily have to
involve quark flavor nonuniversality. Otherwise, O(107%)
coupling to top quarks would result in a very large loop-
induced X, 5y*b interaction and be strongly constrained by,
e.g, B— K*X, decays [9]. It is unclear whether such
models would have any reasonable UV completion that
restores current conservation.

V. CONCLUSIONS

We find that vector- and axial-vector-boson explana-
tions for the excess of ete™ events at the ATOMKI
experiment are significantly constrained by radiative pion
decays. By explicitly calculating the emission of X, in
charged pion decays, we showed that searches for a visible

resonance in three-track pion decays at SINDRUM-I
exclude the vector-boson interpretation of ATOMKI
and significantly constrain the parameter space allowed
in an axial-vector one. In the vector case, this limit adds to
the internal tension between the initial 3Be and “He results
and the more recent claim of an anomaly in '°C. For axial
vectors, with the current fits found in the literature and
keeping in mind the more significant uncertainties, we
find that there are still regions of parameter space
compatible with pion decays. Given that scalar particles
cannot mediate the ATOMKI transitions and that pseu-
doscalar particles are not compatible with the latest results
in 12C, we are led to conclude that, as far as new-physics
explanations of the anomaly go, these axial-vector sol-
utions are the only possibility that is still allowed by data.
If this explanation stands, it must also be interpreted as a
low-energy effective theory, and additional constraints
from flavor-changing neutral currents would need to be
evaluated.

If the evidence for X(17) persists in the data and shows
up also in other experimental setups, such as at the
Montreal X17 [66] and new JEDI [67] projects, it would
be worthwhile to reconsider a z© — e*v,X,, search in
modern experimental setups. To that end, a search at the
PIONEER experiment at PSI could be performed, albeit
with limited tracking capabilities [68]. An alternative
would be to consider kaon factories as a secondary source
of pions. The modern photon vetoes and tracking capabil-
ities of NA62 could help reject backgrounds and extend
these types of searches to low X,, masses. We note that
with the hadronic beam at NA62, the number of pion and
kaon decays are comparable. Even with a down-scaled
trigger, NA62 may be well poised to perform such a
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search alongside other exotic channels like K™ — e*vX,,. A
persistent X(17) anomaly would also motivate a new set
of z~ capture experiments that would move the suggested
anomaly to smaller angles (~16 degrees) and be free
from nuclear uncertainties [69]. Finally, muon decays
could also provide further insight. Previous studies show that
the Mu3e experiment at PSI can be sensitive to QY e couplings
as low as 10™* by searching for resonances in u* —
et (X = etem) [70].
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APPENDIX A: X17 IN CHIRAL
PERTURBATION THEORY

To calculate the rate for z+ — £*v,X, we add the gauge
boson X, as an external gauge field to the SU(2) chiral
perturbation theory (ChPT). We include X, with both
vector and axial-vector couplings to quarks and the
electroweak bosons. As usual, the gauge bosons are split
into left-chiral and right-chiral gauge fields in the covariant
derivative,

DU =9,U +iU¢, — ir,U, (A1)

where U = ¢!®/F, with the usual SU(2) representation for
the Goldstone fields ¢ = (¢y, ¢y, ¢3),

=g -7=V2n"r, +77 )+,  (A2)

where 7 = (71, 17,,73) is the vector of Pauli matrices and
7, = (1) £ ity)/2. Here, F=F,~93MeV and we
expand U ~1+i®/F + O(®*/F?). The left-chiral,
¢, =wv, —a,, and right-chiral gauge field, r, = v, + a,,
are given by

b, =05+ 00+, ry=ry+r"

Il o

(A3)

with

ty = —ee(10f +130%)X,,
rff = —ee(108 + ;08X

g [s
ff—zcw<w1] CWT3>Z
=9

Sw
g ZCW( H+WTS)Z

oV = -9 (v, Wit, +He)

L2

where V,,; is the first element of the quark-mixing matrix.
We define the isoscalar and isovector quark charges under
the U(1)y,

(A4)

) i + 2 ) lu _ Nl
AP Al /R
and QF = QY — 0% and QF = QY + Q. The photon, of
course, also fits into this scheme and can be recovered from
the general X, interactions by setting setting all axial-vector
couplings to zero and Q(‘)/ - 1/6, Qé/ - 1/2,e-> 1.

From the O(p?) ChPT Lagrangian, we collect the
relevant interaction terms as

F2
L2 = T (D, U(D*U)T)

=Lyy + Lav + Logy + Layy + ... (A6)
The first term contains the masses for the gauge bosons
generated by the quark condensate,

Lyy = F?|(ee)((Qu)* + (29)*) X, X"

2

2 \% 2
_CiegQéxﬂZM _|_89_zzﬂzﬂ +M
4 Cw

W wee |
(A7)

The mass mixing between X, and the Z* is negligible for
our purposes. Next, the derivative interactions of the gauge
bosons with the pion fields,

F
Ly =—=|9VuaW,iodn + 0z’ iZﬂ —ec04X,
2 2CW

+ H.c., (A8)

and the vector-current interaction,

Loy =n%i0,n” {ZegQ_%/X +-9 cos ZHWZ”} . (A9)

Cwy
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The first term above is responsible for the bremsstrahlung
of X, off the pion line in 1B, in Fig. 1. It is a purely
vectorial interaction. The contact terms responsible for the
seagull diagrams in meson decay appear in

L.yy = igee [Vung(F + in®)XFW ™

Q-0
2CW H

X”ﬂo} +Hec. (A10)

The first term above is responsible for 1B in Fig. 1 and is

APPENDIX B: PION DECAY AMPLITUDE

From the Lagrangian in the previous section, we com-
pute the IB of X, in pion decays. Following the diagrams in
Fig. 1, the amplitude for

mt (k) = e (ky)ve(k3) X (ky) (BI)

is given by Mjp = M} + M§ + M5 + M and can be
rearranged into the form

Mg = V2V ,GpF geii(ks) Vel (ky)v(ky),  (B2)

proportional to the right-handed isovector quark charge. where
|
2kY Kour”
M = (Qf = O = OF + QU)*Py + Q) 5 (m,Py = m Py) + 5 (m,Qf P — m Qf Py)
k23 — mz k24 - mg
meyﬂ R L 7”%34 R L mvyﬂ L R
_k2 z(muQePR_meQePL)_kz z(mu uPL_meQuPR)_kQ 2(muQuPL_me yPR)~ (B3)
24 — M 34— My 34 — My

In the analogous EM process 77 — e*v,y, the total
amplitude is helicity suppressed due to an exact cancel-
lation between terms in M, and M3, a fact guaranteed
by gauge invariance. The amplitude M, is always
suppressed by m,. This picture is unchanged for the X
boson, provided the current to which X couples is
conserved. In particular, the m,-unsuppressed X emission
terms all cancel in the sum M+ M;+ My, provided

AQy = Qi — Q5 — (07 — Q¢) = 0.

1. Structure dependent term

The additional diagrams in Fig. 1 come from the vector
and axial-vector form factors of the pion, and can be
directly related to z° — yy and the pion electromagnetic
radius in the case of QED. Most notably, the ratio of axial-
vector to vector form factors, y = F,4(0)/Fy(0) was the
subject of several theoretical and experimental efforts,
eventually confirming the approach of chiral symmetry
[35,71,72]. In the case of a new vector or axial-vector
boson, no such data-driven relation exists, and one has to
resort to a microscopic model for the form factors. It is
well-known that the vector and axial-vector SD terms are
dominated by the exchange of vector and axial-vector

|

mesons, in particular, in the framework of vector meson
dominance (VMD), by the emission of p, w, and ¢, and
their subsequent mixing with the photon. Since X(17) is
not a strongly interacting particle, its emission from the SD
terms proceeds exclusively via its mixing with vector and
axial-vector mesons. Switching to the SU(3) version of
ChPT and following the hidden gauge symmetry approach
to VMD [73], the relevant mixing terms are given by

ee
EXV = _M%/g /4<QVV”>

- -2M2V€—;Xﬂ(Q;/pﬂ + QY+ 0Y¢")  (B4)

where g = M, /2F is the hidden symmetry gauge coupling
and V# the SU(3) vector meson matrix. The above allows
the evaluation of the SD diagrams in Fig. 1, and since
My > my, we see no particular enhancement to this rate
with respect to the QED case for a 17 MeV boson. A
similar argument holds for the axial-vector case, where X,
can mix with a;, for instance. Since the SD piece is already
very small for the helicity-suppressed case, we can con-
clude that it can be safely neglected in our discussion.
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