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Recent data from the ATOMKI group continues to confirm their claim of the existence of a
new ∼ 17 MeV particle. We review and numerically analyze the data and then put into context
constraints from other experiments, notably neutrino scattering experiments such as the latest
reactor anti-neutrino coherent elastic neutrino nucleus scattering data and unitarity constraints
from solar neutrino observations. We show that minimal scenarios are disfavored and discuss the
model requirements to evade these constraints.

I. INTRODUCTION

Understanding the validity and meaning of any particle
physics anomaly requires a careful understanding of the
data pointing towards the anomaly, studies of the new
physics scenarios compatible with the anomaly, a confir-
mation that any physics scenario is consistent with all
other data, and finally predictions for upcoming experi-
ments all within a statistical framework. In the following,
we will focus on data from the ATOMKI collaboration
which has reported evidence for an anomaly in a suite
of measurements looking at the angular distributions of
the decays of excited light nuclei to e+e−, each of which
is individually preferred over the Standard Model (SM)
at > 5σ [1–4]; for a recent summary of the status see
[5]. In [6, 7] nuclear physics explanations of the anomaly
have been put forward; however, an explanation due to
unknown nuclear physics has been deemed to be unlikely
strengthening the case for a particle physics explanation
of the data. Similarly, explanations within the Standard
Model based on the presence of new exotic QCD states
[8–10] or so far unaccounted for Standard Model effects
[11–13] have up to now also not led to a conclusive ex-
planation of the ATOMKI data. Therefore we turn our
focus to explanations beyond the Standard Model; in-
deed all the data seems to be pointing to a new state
with a mass of about 17 MeV based on a straightforward
examination of the kinematics of the data.

The validity of the anomaly and the nature of the
state is not yet fully understood. Nonetheless, some
facts about it seem to be increasingly clear. After careful
analyses of a variety of scenarios, the data seems to pre-
fer a vector mediator [14–18], although an axial-vector
mediator may also be allowed, depending on the exact
treatment of other data sets and our understanding of
nuclear physics [17, 19–22]. Some analyses found that
the angular distribution did not exactly match the vec-
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tor boson solution [23], although with more data from
ATOMKI the situation becomes more unclear [5, 24]. In
addition, some early analyses found preference for pro-
tophobic structures [14], however this statement will be
reexamined here.

Such an MeV scale boson can be probed in neutrino
scattering experiments, notably via the coherent elastic
neutrino nucleus scattering (CEvNS) process [25]. In
fact, CEvNS experiments provide strong bounds on new
light mediators which couple to neutrinos and neutrons
[26–34]. Crucial constraints on a 17 MeV mediator will
come from reactor CEvNS experiments, at which there
has not yet been a definitive detection. Nonetheless, sev-
eral experiments have limits very close to the expected
signal which are enough to constrain relevant parameter
space. Recently several reactor CEvNS experiments have
reported constraints close enough to the SM prediction
to derive key constraints on the coupling of light medi-
ators to nucleons and neutrinos [35–39]. In the follow-
ing, we will use this new data to constrain explanations
of ATOMKI which we will show provides important re-
quirements on complete descriptions of the anomaly.

We perform a new statistical analysis of parameters
preferred by the latest ATOMKI data in the context of
the vector mediator solution in section II. In particular,
we examine the self-consistency of the data under dif-
ferent assumptions about the nuclear physics. We then
discuss the generic constraints on such a scenario includ-
ing the latest neutrino data from reactor CEvNS experi-
ments in section III. We then turn to model specifics with
an aim of understanding the minimal particle content re-
quired to explain the ATOMKI data beyond a new spin-1
boson at ∼ 17 MeV in section IV. We discuss future tests
of the anomaly and conclude in section V.

II. ATOMKI HINTS FOR NEW PHYSICS

Over the last several years, the ATOMKI collabora-
tion reported several statistically significant excesses in
the opening angle distributions of e+e− pairs produced
in the decays of excited states of Be [1], He [2, 3], and
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FIG. 1. Measured opening angles of the e+e− pairs us-
ing the mass differences between different excited states and
the ground state of He (blue), Be (orange), C (green). We
show contours of different mX using the relation θmin

e+e− ≈
2 arcsin(mx/(mN∗ −mN )) [17].

C [4] with multiple individual significances of > 5σ each.
These results have been interpreted as a hint for a new
boson coupling to nucleons and electrons with a mass of
mX ≈ 17 MeV. Previous studies of the anomaly in Be
and He showed that it is difficult to simultaneously ex-
plain these results with a scalar or pseudoscalar boson
[17]. An axial vector solution benefits from avoiding the
strong constraint on its coupling to protons from π0 de-
cays, but struggles due to large theory uncertainties [17],
although see also [22]. In any case, we show that these
constraints, when considered numerically along with the
ATOMKI data, are not as limiting as previously thought.
Therefore we will focus in the following on a vector bo-
son solution. We consider a model with several free pa-
rameters, some to be constrained by the details of the
production of X and others from the necessary decay re-
quirements. Constraints and preferred values on these
parameters from other experiments will be considered in
the next section.

The Lagrangian of the model reads

L ⊃ iXµeεif iγ
µfi , (1)

where Xµ is a new vector field which couples with cou-
pling strength εi to fermions i, i = n, p, e, νe as min-
imally required by the ATOMKI data and e is the ele-
mentary charge.

We now turning to our numerical analysis. The
ATOMKI data is compelling because there is a fairly
self-consistent picture of new physics at ∼ 17 MeV cou-
pling to protons and/or neutrons and electrons from

data from different angular distributions, widths, and el-
ements. The ATOMKI data comes in two dimensions:
the angle at which the e+e− excess over the background
begins, and the rate leading to the excess. These can be
parameterized in the quantities θmin

e+e− and ΓX/Γγ where
the second parameter is the ratio of partial widths to the
new X boson and to a photon which is both experimen-
tally and theoretically convenient ratio to take1. We use
the calculations of the kinematics for the angle and the
widths in the vector case from [17] to compare with the
data.

For the angular data we use the data from [3, 4, 24] as
extracted in [40] including three measurements with He,
four measurements with Be, and four measurements with
C, see fig. 1. For the width data we use [41] for the Be
data, [4] for the C data, and [3] for the He data. For the
He data we also include the theory uncertainty on ΓE0

[42], the width normalization used for He coming from
the 0+ → 0+ transition.

We perform a simple statistical χ2 test of all the data
from multiple experimental runs of each of the three ele-
ments including width and angular information to com-
pute the preferred parameters and the internal goodness-
of-fit of the model using the procedure outlined in [17].
We do not perform a model comparison test between new
physics and the Standard Model as this requires more in-
timate knowledge of the experimental details and since
new physics is preferred over no new physics at very high
significance � 5σ.

An analysis with the angular data alone of 11 differ-
ent measurements finds that the data is well described
by a new particle of mass mX = 16.85± 0.04 MeV with
an internal goodness-of-fit of 1.8σ calculated from Wilks’
theorem at χ2/dof = 17.3/10. We use only the best fit
and uncertainty of the maximum of the angular distribu-
tion; a more complete angular distribution might slightly
modify the results due to fluctuations in the data. The
data is compatible with the expected signature from a
∼ 17 MeV mediator, so we find it unlikely that this will
significantly shift the results. The angular distributions
are only sensitive to the mass of the particle which makes
it a useful starting point in analyzing the ATOMKI mea-
surements.

Next, we add in to the analysis the latest width in-
formation from each element and include a prior on εp
since X needs to couple to protons and/or neutrons
on the production size. There is a stronger constraint
on the coupling of X to protons from measurements of
π0 decays than the constraint on the coupling to neu-
trons. We will include a prior on the coupling to protons
|εp| <∼ 1.2 × 10−3/

√
Br(X → e+e−) at 90% [14, 43]; see

the next section for more information.

1 Note that this ratio is often confusingly referred to as a “branch-
ing ratio.” Since Γγ � 1 for all three elements, this ratio is quite
different from the branching ratio to X.
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FIG. 2. The parameter estimation at 1, 2, 3σ of mX , εn, and εp using 11 separate angular measurements and the three latest
width measurements from ATOMKI in addition to a prior on εp from π0 → γX constraints for three separate treatments of the
Be nuclear physics: no isospin effects (top left), isospin mixing (top right), and both isosopin mixing and breaking (bottom).
The not shown parameter is minimized over in each panel. The colors correspond to the preferred parameters from individual
ATOMKI measurements and the black curves are the result of the combined fit. We assume that BR(X → e+e−) = 1.

TABLE I. The preferred values for the three different treat-
ments of isospin in the Be scattering as well as the inter-
nal goodness-of-fits using all ATOMKI data and the π0 con-
straint. The signs of the couplings are correlated.

mX (MeV) εn εp Nσ

No isospin effects 16.84 ±0.0053 ±0.0019 3.7
Isospin mixing 16.85 ±0.0043 ±0.0008 4.6
Isospin mixing

16.85 ±0.0041 ±0.0007 5.0
and breaking

For the Be scattering, it is possible that one of the
states has isospin breaking effects which complicates the
picture [14, 17]. As such, we present our results for three
different possible interpretations of the nuclear physics:
that without any modifications due to isosopin (top left
of fig. 2), that with isospin mixing (top right), and that
with both isospin mixing and breaking (bottom).

For the scenario with no isospin effects in the Be sys-

tem, we find that there is modest internal tension in
the data and if the isospin effects are important than
the internal goodness-of-fit of the scenario is poor, as
shown in fig. 2 and table I. We note that the signs of
εn and εp must be the same due to the non-trivial de-
generacy structure shown clearly in the εn – εp plots in
all three panels of of fig. 2. We have confirmed that the
mass constraint is dominated by the angular data and
is only weakly affected by the width data. The inter-
nal goodness-of-fits range from 3.7σ (no isospin effects)
to 5.0σ (both isospin mixing and breaking) indicating
somewhere between modest and significant tension in the
data within the explanation using a vector boson. Thus
if this new physics exists, it might suggest that in reality
there are none or fewer isospin effects in the Be system,
although such a conclusion would require confirming the
new physics scenario in other environments as well as
independent tests of the nuclear physics. Alternatively,
it could be that there is an issue with either the Be or
C data sets, as these are the two data sets driving the
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internal tension.
We see that the preferred value of |εp| ∈ {0.7, 1.9} ×

10−3 may be pulled somewhat above the existing 90%
limit of 1.2× 10−3 in some cases. Nevertheless, this con-
tributes no more than 7 units of χ2 to the goodness-of-fit
while the biggest part comes from the disagreement be-
tween the preferred values from the Be and C data. The
data prefers this somewhat larger value of |εp| in the sce-
nario without isospin effects because the rate measured
by ATOMKI with carbon is lower than would be expected
from the Be and He measurements if εp = 0. This differ-
ence can be partially accommodated because the widths
for Be and He are proportional to (εn + εp)

2 while the
width for C is proportional to (εn − εp)2 and thus the
inclusion of non-zero εp leads to a partial cancellation re-
ducing the C rate, while it enhances the rates for Be and
He. When including isospin effects, however, the width
of Be is dominantly proportional to (εp−εn)2 and there-
fore the Be and C preferred regions are relatively parallel
to each other and do not significantly overlap.

To summarize our analysis of the ATOMKI data, we
find that the data is in excellent agreement on the mass
of the mediator which is dominated by the angular data.
The rate measurements which provide the information
about the couplings εp and εn are not in agreement,
although the size of the tension depends on uncertain
isospin effects and is smaller than the overall evidence
for new physics.

III. CONSTRAINTS

The interactions of a new mediator with O(MeV) mass
scale can be probed with low-energy experiments. Be-
low we summarize the dominant constraints on the cou-
plings of a vector boson X; appendix A contains further
sub-dominant constraints coming from electron-neutrino
scattering, invisible decays of X, and the lifetime of X.

As briefly mentioned in the previous section, con-
straints on the couplings of X to quarks come from
the search for rare pion decays π0 → γX, X → e+e−

where NA48/2 provides currently the strongest bound
[43]. We follow [14] to translate the bound to obtain
the bound on the coupling to protons |2εu + εd| = |εp| <
((0.8−1.2)×10−3)/

√
BR(X → e+e−) at 90% C.L. where

the range in the constraint comes from the fast oscillating
nature of the bounds around mX = 17 MeV. We some-
what optimistically take the 1.2 × 10−3 number as the
ATOMKI data may prefer |εp| on the larger side. We
note that the coupling to protons is really a combination
of the couplings to up and down quarks which will be
discussed in further detail below.

Since X must decay to e+e−, it must also couple to
electrons. A new light mediator coupling to electrons
leads to a contribution to the electron ge − 2 [44]. Re-
cently a new measurement of this quantity has been re-
ported [45] which deviates from the SM expectation using
the measured value of the electromagnetic fine structure

constant by ∼ 3σ [46, 47]2. Using the SM prediction
from [46], this discrepancy leads to a mild preference for
a new mediator with εe = (7.0± 1.5)× 10−4 at mX = 17
MeV but also disfavors εe > 1.2× 10−3 at 90% C.L.

A lower limit on the coupling of X to electrons
comes from searches using the bremsstrahlung reaction
e−Z → e−ZX and the subsequent decay of X into
an electron-positron pair. From the null results of this
search at the NA64 experiment [48] we get |εe| > (6.3×
10−4)/

√
BR(X → e+e−) for mX = 17 MeV at 90% C.L.

Combined with the ge − 2 constraint this leads to an
allowed range of εe ∈ [0.63, 1.2] × 10−3 for BR(X →
e+e−) = 1. For smaller electron couplings X escapes
the detector and no bounds can be derived at terrestrial
experiments (|εe| < 10−7/

√
BR(X → e+e−) [49]). How-

ever from the absence of electromagnetic signals from
the decay of a dark photon near the surface of a super-
nova progenitor star3 we get the very strong constraint
|εe| < 10−12/

√
BR(X → e+e−) [54] leading to second

allowed region for small electron couplings of X.
Depending on the details of the model, the mediator

may well couple to neutrinos in addition to electrons.
Note that a vector mediator which couples to charged
leptons automatically also couples to neutrinos. A new
light mediator which couples to neutrinos and neutrons
is constrained by CEvNS with reactor neutrinos [31, 33,
36, 55]4. From Dresden-II data, we obtain as constraints

at mX = 17 MeV,
√
|εnενe | < 13.6 × 10−5 for εnενe >

0,
√
|εnενe | < 8.0 × 10−5 for εnενe < 0 at 90% C.L.

Similar constraints exist from COHERENT and CONUS
[31, 34, 38, 55, 57]. Since the ATOMKI data is equally
explained for nucleon couplings of either sign, we take
the more conservative of the two constraints: the positive
product constraint. This then sets the constraint on the
neutrino coupling that must be avoided.

To summarize this section, a model with a vector me-
diator explaining the ATOMKI anomaly at a minimum
needs to fulfill the following requirements:

• feature a vector mediator with massmX ≈ 17 MeV,

• X needs to couple to neutrons with strength
|εn| ∼ (4.1− 5.3)× 10−3,

• X needs to couple to protons with strength
|εp| ∼ (0.7− 1.9)× 10−3,

2 Note that there are two independent measurements of the fine
structure constant which disagree at 5.4σ [46, 47].

3 Other analyses [50–53] do not include this effect and find con-
straints weaker by two orders of magnitude at 17 MeV. Even if
this effect is not included, neither our discussion here nor the
unitarity issue presented later change.

4 Note that the constraints from reactor experiments only apply
to the coupling with electron neutrinos. Nevertheless, the con-
straints on coupling to muon neutrinos are only slightly less strin-
gent while the coupling to tau neutrinos is about an order of
magnitude less constrained [56].
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TABLE II. The same as table I in terms of couplings to
quarks. The signs of the couplings are correlated.

εd εu

No isospin effects ±0.0029 ∓0.0005
Isospin mixing ±0.0026 ∓0.0009
Isospin mixing ±0.0025 ∓0.0009
and breaking

• the product of neutron and proton couplings of X
need to fulfill εnεp > 0,

• the coupling of X to electrons needs to be either
|εe| ∈ [0.63, 1.2]× 10−3 or |εe| < 10−12

for BR(X → e+e−) = 1, and

• the coupling of X to electron neutrinos needs to be
smaller than |ενe | < (3.5− 4.5)× 10−6.

The ranges in several of the bullet points covers the
spread in the preferred values of the data depending on
the proper treatment of the isospin effects in Be.

While we have considered the constraints in terms of
εn and εp, we can recast the constraints in terms of up
and down quarks as shown in table II. From these con-
straints we see that any model to explain the anomaly
needs to violate SU(2)L invariance as the required cou-
plings to electrons and neutrinos do not follow the ex-
pectation 2ενe = εe. Similarly the couplings to up and
down quarks need to be unequal. In fact, an “upphobic”
(εu = 0) scenario, where the coupling of X to up quarks
is suppressed, fits the data about as well as the general
scenario.

Finally, a new mediator that explains the ATOMKI
anomaly is only required to couple to first generation
fermions; if it also couples to the other generation poten-
tially more constraints need to be taken into account, see
e.g. [58].

The scenario with εe = 10−3 and ενe = 4 × 10−6 also
leads to non-standard neutrino interactions (NSI) that
affect neutrino oscillation experiments [59, 60]. Given
ενe ≈ 4 × 10−6 at the limit from CEvNS, we find that
at mX = 16.8 MeV, the relevant NSI parameter is εdee =
±0.1 which is currently allowed by fits to oscillation data
[61]. As the least constrained NSI parameter, improving
constraints on εee is a top priority for oscillation experi-
ments. Future probes of NSIs by comparing [33] measure-
ments of ∆m2

21 from JUNO [62] and with solar neutrinos
at DUNE [63, 64] will be sensitive to εdee = 0.019 at 1σ
and thus provides a >∼ 5σ means of probing this scenario.
While COHERENT and other π-DAR CEvNS experi-
ments lose sensitivity in this mediator mass range [65],
improved measurements of CEvNS with reactor neutri-
nos will improve upon these constraints as well [66].

Future probes of the parameter space will narrow it
substantially down as shown in fig. 3 increasing the chal-
lenges of building a viable model. Therefore the exper-
imental progress should also be accompanied by model

CEvNS: current

NSI: future

ge-2

NA64

SN

ge-2 preferred

FIG. 3. Constraints on ενe and |εe| for mX = 17 MeV. The
dark cyan regions shows the current constraint from CEvNS
setting εn = 0.0053, the lighter cyan regions shows the future
constraints from NSI at upcoming oscillation experiments.
The red and pink regions show the excluded regions from
NA64 and ge − 2, the lighter pink region to the left shows
the constraint from SN. The purple hatched region shows the
preferred region for εe from ge − 2. The currently allowed
region of parameter space is shown in white. The allowed re-
gion for εe can be probed with future collider and beam dump
experiments [67–70].

building advances to find a viable model to explain the
anomaly.

IV. SCENARIOS

Following the general requirements on models to ex-
plain ATOMKI, we face potential model building chal-
lenges to realize small neutrino and up quark couplings
while allowing for sizable electron and down quark cou-
plings. Additional model building complications could
appear in the scenario without isospin effects of Be where
the best fit value of the proton coupling slightly exceeds
the bounds from pion decays. Bringing the proton cou-
pling in agreement with the constraint at 90% leads to
a mild decrease in the goodness-of-fit from 3.7σ to 4.0σ.
While the constrain on the proton coupling can be evaded
(and when including isospin effects for Be the best fit
values of the proton couplings satisfy the bound) the re-
quirement of a small neutrino coupling is independent5 of
the treatment of isospin effects of Be but merely comes
from the strong bounds from neutrino data and there-
fore it needs to be satisfied in all models which aim to
explain the ATOMKI data. Thus, in the following we fo-
cus on model scenarios which achieve this feat. We split

5 The upper bound on the neutrino coupling is affected by the
isospin treatment but nevertheless, the neutrino coupling always
needs to be much smaller than the neutron or electron coupling.
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the scenarios into two main categories: those with large
εe ∼ 10−3 and those with small εe <∼ 10−7.

A. Large εe Scenarios

We set εe = 10−3 in between the ge − 2 and NA64
constraints. In fact, this region may be slightly preferred
by the ge − 2 measurements and thus a discovery could
be imminent by both ge−2 measurements and NA64-like
experiments. This leads to BR(X → e+e−) = 1. The BR
to e+e− is independent of the coupling to neutrons since
we have |εn| ∼ (4.1−5.3)×10−3 and thus the upper limit
on |ενe | is (3.5− 4.5)× 10−6 from CEvNS at 90% C.L.

1. Flavor non-universal U(1)X or anomalous U(1)B

We are aware of two possible ways to proceed. The
first is to set εν = 0 for example via a flavor non-universal
U(1)X model [16], where the charge of the first and sec-
ond quark generations are identical and different from
the ones of the third generation quarks while the lepton
charges are universal. A charge assignment can be found
which allows one to cancel all anomalies within the SM
particle content and no new fermions need to be intro-
duced. In this model the new gauge boson mixes with
the hypercharge gauge boson which leads to ενe = 0.

Alternatively, a U(1)B model could be introduced
which is however anomalous [14]. In this scenario the
new boson (which will become the 17 MeVX state) mixes
with the photon allowing for different εp and εn. There
is a body of literature on the additional particle content
required to cancel anomalies; any such method can be
applied [71–79].

2. Anomaly Free U(1)B−L

If one chooses to avoid an anomalous model but wants
to make use of an accidental global symmetry of the SM
like baryon number or B − L, we quantitatively present
here an anomaly free model that allows for different εp
and εn in the same way as in the U(1)B model. To be con-
crete, we focus on a broken U(1)B−L model as described
in [14] which immediately leads to εp 6= εn = −ενe via
a kinetic mixing between the new boson (which will be-
come the 17 MeV X state) and the photon as in the
U(1)B model above. We update this model to comply
with additional neutrino constraints which leads to two
possible ways of proceeding. Mass in the dark sector is
generated via a new B−L Higgs boson with a vev of 3.4
GeV that gives mass to X.

Since we need |εν | much smaller than εn, we again
follow [14] with the suggested extension of including an
additional vectorlike leptonic SU(2)L doublet. After di-
agonalizing the mass matrix of the various neutrinos, we

find that the remaining contribution to the neutrino cou-
pling to X is

εν = −εn cos 2θ , (2)

where θ is the mixing between the active neutrino and the
new vectorlike neutrino ν4. Thus we require |1− tan θ| <
(7, 11) × 10−4 to be consistent with neutrino scattering
data which implies a fairly specific relation between seem-
ingly unrelated parameters in the model. The mixing
angle depends on the number of new fermions and their
masses. For N new neutrinos their masses must be given
by this expression:

√
tan θ =

(
70 GeV

mν4

)(
0.005

|εn|

)(√
Nλ

4π

)
' 1 , (3)

where the coupling λ between the active neutrino and the
ν4 state mediated by the new Higgs boson can be as large
as 4π. Smaller values of λ lead to smaller physical masses
mν4 . This implies that we must have a new neutrino with
a mass <∼ (70− 90) GeV.

This new state cannot be lighter than mZ/2 [80], it
must be heavier than ∼ 50 GeV, otherwise it would con-
tribute to the well measured Z width. In addition, since
the mixing angle with the light neutrino needs to be very
close to 45◦, this predicts very large unitary violation
of the νe row of the measurable 3 × 3 PMNS matrix.
This can be constrained by comparing theoretical pre-
dictions for the reactor, solar, or radioactive source neu-
trino fluxes. The measurement of 7Be neutrinos is in
good agreement on the flux which, combined with shape
information from KamLAND [81] provides a fairly direct
constraint on the unitarity of the νe row at the few %
level. Reactor neutrinos had a hint of a ∼ 10% deviation
between the theoretical prediction and the measurement
[82], although careful measurements of the relative fluxes
from different isotopes indicate that a nuclear physics
issue may explain this tension [83, 84]. Finally, there
exists an unresolved tension in the comparison of the ex-
pected rate of neutrinos from 37Ar and 51Cr decays and
the measurements [85–91] which seems to predict quite
large mixing at the ∼ 40% level, although in tension with
solar results.

The strongest solar neutrino bound that directly con-
tains the electron neutrino row normalization is the 7Be
measurement which is in the low energy vacuum regime.
It is measured at the 8% level at 90% C.L. and is con-
sistent with the expectation at < 1σ [81]. Since the 7Be
is mostly the vacuum dominated regime, the probability,
without assuming unitarity, is

Pee,D,vac = (|Ue1|2+|Ue2|2+|Ue3|2)2−2|Ue1|2|Ue2|2 , (4)

up to small |Ue3|2 corrections. Using the measurement
from KamLAND and the theory prediction of the flux,
this implies an uncertainty on the electron row normal-
ization of 4% at 90% C.L., strongly disfavoring a maximal



7

active-sterile mixing angle. That is, at 90% C.L. the de-
viation is constrained to be δe ≡ 1 − (|Ue1|2 + |Ue2|2 +
|Ue3|2) < 0.04 from solar neutrino measurements6.

Following the gallium anomaly: If we take the gal-
lium anomaly’s > 5σ hint of large unitarity violation in
the νe row seriously, then the above model is valid and
we are already seeing the large predicted unitarity vio-
lation. The model also predicts a Majorana mass term
for the SM singlet, right handed neutrinos which explains
the mass of the active neutrinos through a seesaw via the
same B − L Higgs boson. This Majorana mass needs to
be mM

<∼ 10 GeV at the largest allowed coupling from
unitarity to get the known active neutrino masses. Thus
we need a Dirac mass contribution of

mD = 14 keV

√
mM

10 GeV
, (5)

which gives a mass for the active neutrino of mνL = 0.01
eV, and an additional neutrino exists at mνR = mM

<∼
10 GeV. Thus the active neutrino mixes with the right
handed sterile neutrino at the level

ψ2 = 1.4× 10−6
√

10 GeV

mM
. (6)

At the maximum value of mM , this mixing angle is al-
lowed but will be tested by LHCb, ATLAS, and CMS
[95]. For 2 MeV < mνR < 2 GeV existing data from
CHARM, T2K, PIENU, and Borexino already rule this
out [96–100]. Sterile neutrinos with mνR below 2 MeV
are allowed. The entire region below 1 GeV is in (model
dependent) tension with cosmological results from BBN
as well as combined CMB and BAO results [101, 102].

Following the neutrino unitarity constraints:
While the gallium result could be the first hint of the
very large mixing this scenario predicts, we now continue
as if it is disfavored, as suggested by solar neutrino data7.
This constraint cannot be evaded by increasing the num-
ber of new neutrinos, e.g. increasing N in eq. 3, either
as eq. 9 for N steriles with identical charge B − L = 1
always reads

εν = −εn(1− 2δe) (7)

independent of the number of steriles.
However one way to circumvent the unitarity viola-

tion constraints is to change the charge assignments of

6 Constraints from fits to a large number of oscillation observables
also exist [92–94], however these analyses are not truly global as
they do not include all available data neither anomalous results.
In addition, some of the analyses assume that other experiments
measured exactly the standard prediction, even when they did
not. Nonetheless, a more comprehensive analysis may well lead
to stronger constraints on δe than that quoted here.

7 See e.g. [103, 104] for scenarios with a sterile neutrino compat-
ible with the gallium measurements that also evades the solar
neutrino constraints.

10−7 10−6 10−5 10−4 10−3

εν

10−2

10−1

100

δ e

9
0
%

C
E

v
N

S

90% Solar Unitarity

0

18

36

54

72

90

108

M
in

im
u

m
z ν

4

FIG. 4. The minimum required charge in the anomaly free
U(1)B−L scenario on the new Dirac neutrino, zν4 , to suffi-
ciently neutralize the active neutrino charge below the limit
from CEvNS (shaded region is due to the uncertainty in the
Be isospin effects) shown as the vertical shaded region, while
remaining consistent unitarity probes shown as the horizontal
dotted line. See eq. 9. The regions above and to the right of
the dotted lines are disfavored.

the new particles. Since we need to cancel the neutrino
charge which has B−L = −1, instead of adding in a new
vectorlike neutrino with B − L = 1, we assign the new
neutrino charge zν4 > 1, which modifies eq. 2 to

εν = −εn(cos2 θ − zν4 sin2 θ) . (8)

Since the new fermions are all vectorlike, the anomalies
are automatically cancelled. In this scenario we have that
the new Higgs scalar has charge zν4 +1. We also see that,
while this new Higgs scalar in the previous case automati-
cally provided a Majorana mass term to the right handed
neutrino mixing with the active neutrinos to give a tra-
ditional seesaw mass to those neutrinos, with the larger
charge assignments zν4 > 1, this is no longer possible.
The active neutrinos can still get their masses from any
number of scenarios including Dirac masses only, or via
a seesaw with a third Higgs boson.

Given a maximum deviation on the unitarity of the νe
row of δe, the charge of ν4 must be greater than

zν4 ≥
|εν |
|εn| + (1− δe)

δe
≈ 1

δe
, (9)

where the approximation applies when |εν | � |εn| and
δe � 1. Thus we need zν4

>∼ 24 which allows one to
evade the unitarity constraints on δe and neutralize the
neutrino charge to below the CEvNS limit on εν . The
behavior of eq. 9 is shown in fig. 48. The small mixing

8 The vertical CEvNS line assumes the no-isospin effects interpre-
tation of the ATOMKI data, but changes to it clearly do not
affect the minimum zν4 required.
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angle required by the unitarity constraint can be easily
achieved by pushing mν4 up to ∼ 135 GeV in eq. 3 which
is safe from constraints.

Future solar neutrino measurements from DUNE and
HK as well as reactor measurements from JUNO will im-
prove this unitarity constraint and either detect a devia-
tion or further constrain νe row normalization unitarity
thus increasing the required charge. On the other hand,
improvements to the constraint on εν from e.g. CEvNS
will not increase the required charge since it is already
known that |εν | � |εn|.

There may be additional ways to suppress the εν mix-
ing in a U(1)B−L scenario without the addition of new
neutrinos, however these scenarios tend to be even more
baroque. Alternatively, one could study a different gauge
symmetry instead of U(1)B−L however also in this case
the neutrino couplings need to be suppressed via the in-
troduction of additional fermions [105] as a vector boson
which couples directly to charged leptons automatically
also couples to neutrinos.

B. Small εe Scenarios

One could attempt to set |εe| much lower, below the
limit from E137 [49] and from supernova [54]. This
would automatically ensure that the neutrino bounds are
evaded in e.g. a U(1)B−L model, as typically the neutrino
coupling is similar to the electron coupling, without re-
lying on the specifics of any additional model building.
Such scenarios experience other problems, however.

If we consider the strongest constraints on εe in this
region, we find that the largest εe can be is 10−12, at the
limit from supernova [54]. In this case X would not decay
in time for the ATOMKI experiments, which require that
the dominant ε contributing to its decay width to be
>∼ 10−5. Thus we must introduce a new dark fermion ψ
that couples to X at εψ = 10−5. While this satisfies the
lifetime constraint, a new problem arises. Since

BR(X → e+e−) =
ε2e
ε2ψ

= 10−14 , (10)

we must increase εn and εp by a factor of 107 to get
the correct widths to explain ATOMKI shown in fig. 2,
at which point the couplings are well past the unitarity
limit.

If the strong supernova constraints are ignored, as may
be the case in the presence of additional new physics, at
the limit from E137, εe = 10−7 [49]. In this case we would
require increasing εn and εp by only a factor of 102 which
remains below the unitarity limit. Nonetheless, εn and
εp are now too large. The constraint on εp from π0 de-

cays is no longer relevant due to the 1/
√

BR(X → e+e−)
factor and we require εp ∼ (0.1− 0.2). Then, we require
εn ∼ (0.4−0.5) which is in considerable tension with the
constraint from neutron-lead scattering [14, 106] which
is εn < 0.02 for a mediator at 17 MeV.

To summarize this section we show that, while it is
possible to realize a moderately “upphobic” scenario by,
for example gauging baryon number or B − L and in-
voke kinetic mixing with the photon which allows dif-
ferent couplings of a mediator of neutrons and protons,
these models face severe constraints largely from the neu-
trino sector and the fact that X must decay within the
detector. In addition, we confirm previous results that
small εe scenarios cannot lead to viable models given ex-
isting constraints. We find that one should consider one
of the following three scenarios to achieve a viable model:

1. A flavor non-universal U(1)X model without the in-
troduction of new fermions or an anomalous U(1)B
scenario which requires additional quarks to cancel
the anomalies.

2. A U(1)B−L scenario that explains neutrino masses
with an additional heavy neutrino at 50 GeV <∼
mν4

<∼ (70 − 90) GeV and large mixing consistent
with the gallium anomaly, but in tension with solar
neutrinos. Additionally a Majorana neutrino with
MeV-GeV mass is predicted which can be tested
with upcoming experiments.

3. A U(1)B−L scenario with an additional heavy neu-
trino at mν4

>∼ 135 GeV and large B − L charges.

Additional more involved models are likely possible as
well, see e.g. [107, 108].

V. CONCLUSIONS

ATOMKI has reported several measurements that in-
dicate new physics at high significance. While their re-
sults have not been directly tested elsewhere, they are
compelling due to their agreement in the implied mass
of the particle from the measurements of the opening an-
gles. While it is unambiguous that they seem to point to
a new particle with a mass just below 17 MeV, the nature
of that particle is unclear, as well as any new dark sector
it may provide a window into.

We provide an up-to-date statistical test of the data.
We include angular and width data from measurements
of three separate targets and separately constrain the
coupling to protons and neutrons as well as the new parti-
cle’s mass. We find that there are some non-trivial degen-
eracies. We also find that, while the different measure-
ments do not perfectly agree with each other, the internal
tension ranges from moderate to significant depending on
the assumptions on the nuclear physics treatment of Be,
but is smaller than the large preference for new physics
over the Standard Model. Additionally, we find that in
the scenario without isospin effects the best fit value of
the mediator coupling to protons slightly exceeds the 90%
C.L. bounds from π0 decays. If this anomaly is real, this
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could be an indication of the nature of the isospin cor-
rections to Be or an indication that perhaps one of either
the Be or C data sets has issues.

Reviewing other constraints on MeV scale physics
makes it clear that the model building space is fairly
constrained. Notably the latest reactor neutrino mea-
surements and the unitarity of the neutrino mixing ma-
trix place key constraints. We find that it is not possi-
ble to consistently explain the ATOMKI data with just
one new particle and outline a set of relatively minimal
scenarios in several different directions to generally illus-
trate the minimal model building requirements to explain
the anomaly. In addition, since the parameter space is
somewhat tightly constrained, we anticipate that a con-
firmation could happen elsewhere soon, or the constraints
will require even more complicated models to explain the
ATOMKI data. In fact, measurements of ge − 2 show a
slight anomaly in the relevant region of parameter space.

In the future constraints from LHCb [67], DarkQuest
[68], FASER [69], NA64 [109], Mu3E phase II [70], BE-
SIII [110], and experiments using rare pion or kaon de-
cays [111] will further test the couplings of X to quarks
and electrons, potentially even closing the entire allowed
parameter space in a model independent fashion. Also
upcoming neutrino oscillation experiments as well as
CEvNS experiments will improve the constraints on light
mediators coupling to neutrinos and improving bounds
on neutrino unitarity making it more and more challeng-
ing to develop self-consistent anomaly free models that
explain the ATOMKI anomalies.

Furthermore, several experiments are planned to di-
rectly test the ATOMKI anomaly like DarkLight at the
TRIUMF ARIEL e-linac [112, 113], a recently approved
electron scattering experiment at Jefferson Lab [114] as
well as the PADME experiment [115, 116], see [5] for a
discussion of ongoing and upcoming efforts to test this
anomaly.

While the model building to explain ATOMKI is some-
what involved, given the relatively compelling nature
of the anomalies we anticipate an interesting story will
evolve in the coming years, regardless of the outcome.
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Appendix A: Further constraints on X

In sec. III we collected the dominant constraints on
X. Here we mention sub-dominant constraints which are
nevertheless important for the validity of the model.

A constraint on the coupling of the X boson to elec-
trons comes from the required lifetime of X in the
ATOMKI experiment. Following [14] we use that the
distance between the target where the excited nuclear
state is formed and the detector is O(cm). We then re-
quire that X propagates no more than 1 cm from its
production point before it decays into electrons which
leads to a constraint on its coupling to electrons as
εe > 1.3× 10−5 ×

√
BR(X → e+e−).

NA64 conducted also a search for X using its invisible
decays in the process e−Z → e−ZX, X → invisible [117].

The constraint is εe < (5.2 × 10−5)/
√

BR(X → inv) for
mX = 17 MeV at 90% C.L.

A constraint from neutrino-electron scattering experi-
ments bounds the product of εeενe . The TEXONO ex-
periment provides the strongest constraints for mX ≈ 17
MeV [118] of

√
|εeενe | < 7 × 10−5 for εeενe > 0,√

|εeενe | < 3× 10−4 for εeενe < 0 at 90% C.L.

A weak constraint on X coupling directly to protons
exists by constraints on the temperature of the Sun which
is determined by measuring the high energy 8B neutrino
flux and combining with KamLAND measurements of the
solar oscillation parameters [119].

These constraints are not dominant in the context of
ATOMKI, but are orthogonal and depend on a different
combination of parameters than the leading constraints.
As these constraints improve in the future, the dominant
constraints may change in nontrivial ways. Additional
model-dependent constraints may also exist.
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