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A recent update from MiniBooNE has strengthened the observed 4.80 excess of e-like events. Motivated
by this and other notable deviations from standard model predictions, such as the muon (g — 2), we
propose a solution to low energy anomalies through a dark neutrino sector. The model is renormalizable
and can also explain light neutrino masses with an anomaly-free and dark U (1)’ gauge symmetry broken
at the GeV scale. Large kinetic mixing leads to s-channel production of heavy neutral leptons at ete~
colliders, where we point out and explain a 2 20 excess observed in the BaBar monophoton data. Our

model is also compatible with anomalous e-like events seen at old accelerator experiments, as well as
with an excess of double vertex signatures observed at CCFR.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The discovery of neutrino oscillations [1-3], and consequently
of neutrino masses and mixing, implies that the Standard Model
(SM) of particle physics is incomplete. Many extensions have been
proposed to explain the origin of neutrino masses, with the Type-
[ seesaw mechanism [4-12] and its variants being the most well
studied. Heavy neutral leptons (HNL) are the hallmark of such
models and carry a lepton number violating (LNV) Majorana mass,
which, barring theoretical prejudice, could take any value from
sub-eV to 10'® GeV. In recent years, renewed attention has been
devoted to the MeV - GeV mass scale, as such states can be
searched for in an expanding program of fixed-target, meson decay,
and collider experiments [13-19], having consequences for cos-
mology and the baryon asymmetry of the Universe [20,21]. Two
approaches are typically adopted: one of minimality, in which only
new neutral fermions are introduced, e.g. [22], and, more recently,
one in which the HNLs are considered part of a richer low energy
dark sector [23-36], all the more compelling in view of the large
abundance of dark matter in our Universe [37-40]. It has been
pointed out that in the second approach the phenomenology can
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have unique features, requiring the reevaluation of existing bounds
and offering new signatures, especially in the presence of multiple
portals to the SM [41]. Such an extension of the SM would leave
imprints, not just in neutrino experiments, but also in e.g. dark
photon and dark scalar searches. Interestingly, some anomalies are
present in these areas.

In this letter, we propose a coherent explanation of several ex-
perimental anomalies, generating the correct scale for the light
neutrino masses. We simultaneously explain the excess of e-like
events observed at MiniBooNE [42] and the muon Aa, = (g —2),
anomaly [43]. We also point out some less-often discussed anoma-
lies in existing data which are compatible with the predictions of
our model. These include a mild excess of monophoton events at
BaBar [44], the anomalous ve-appearance observed by past accel-
erator experiments, such as PS-191 [45] and E-816 [46], and the
double neutral vertex events in CCFR [47,48]. We show how these
results emerge within a coherent picture and that they are, in fact,
highly correlated when interpreted under our hypothesis. This is
achieved within an anomaly-free model of a spontaneously-broken
and secluded U (1)’ gauge symmetry, providing a concrete model
for the phenomenological idea put forward in Ref. [41]. The pres-
ence of sterile and dark vector-like neutrinos leads to light neu-
trino masses via a generalized inverse seesaw [49-51], modified
by the interactions in the dark sector.
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Table 1

Benchmark points used in this study, where mz =1.25 GeV and my = 1.6 GeV always. Here, the Vij = U}, ;Up, j —
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Up,iUpgj are the mixing factors in Z'N;v; vertices, and

op = gf(/47r. Note that Z’ — v3v3 is negligible for the mixings considered. We refer to the MiniBooNE excess as MB, the BaBar excess as BB, and the accelerator experiments

as Acc. The zeroes in BP-A are protected by a left-right symmetry (A; = Ag).

2 2 2 4 . 0
BP MB Agq, BB Acc op my - mg ms me [Vas] |Vs3] [Ves| B(Z' — NjNp) /% ct%/cm
eV |MeV /1078 44 45 46 55 56 66 Na Ns  Ng
AV v v (v) 039 005 35 120 18 0 222 0 0 54 0 0 95 0 16x10% 30 026
B v v v v 032 005 74 146 220 136 26.5 123 015 11 048 16 8 059 1.1x107 22 014
2. Model Ay is the quartic coupling of the Higgs, and a light mostly-dark ¢’.

We extend the SM gauge symmetry with a secluded U(1)/,
accompanied by a dark! complex scalar & with charge Qx that
breaks the symmetry at sub-GeV scales. Generically, our fermionic
sector comprises of d vector-like dark neutrinos, dp = Dp, +
Dpg, also charged under the U(1)" with charge Qx, guaranteeing
anomaly cancellation in each dark neutrino family. A neutrino por-
tal to the SM is then achieved by n completely sterile states, .

The full Lagrangian is given by

sin x

1
LD Lsm — ZXMVXV'U - XuvBHY

(1)
+(Du®)' (DF®) — V(®) — oy [HI? |
AN oA ~ . A -7 A 1A_ A
+ DNidDN + VpilxDp — |:(LH)YV,CV + EUNMNV,CV
+ D (YLD, @ + YrDp, @*) + DpMxp + h.c.] :

where flavor indices are implicit, and we write the kinetic mixing
between hypercharge and the U (1)’ mediator X, as well as scalar
mixing between the Higgs and & explicitly. Here, X,, = 9, X, —
Xy, Px=7—iQxgxX, and Qx[vp,]1= Qx[vpz]=1. The scalars
® and H acquire VEVs, vp >~ O(500) MeV and vy >~ 246 GeV,
respectively. After the electroweak and dark symmetries are spon-
taneously broken, taking vy = (g Df Dh, Do, )T, the neutrino
mass matrix reads

0 Mp O 0
1| ML My AL Agr|.
_ 13¢ D
ﬂv—mass—z‘)f 0 A{ 0 My Vs + hc, (2)
0 AR ML o0

where Mp = YvH/\/i and AL r=YLR V¢/ﬁ. We diagonalize
the mass matrix with a unitary matrix U, defined in terms of
sub-blocks U = (Uy Uy Up, UDR)T, such that Dy = U Dy =

(v N)T contains the light neutrinos v and the (n + 2d) HNLs
N. At tree-level, the mostly-active neutrinos get a mass as in the
inverse [52,53] and extended seesaw [54,55] models. At the one-
loop-level, however, we find an independent finite contribution
proportional to My [56]. This is the same contribution found in
Ref. [31], and is analogous to the minimal radiative inverse see-
saw [49-51]. These independent tree- and loop-level contributions
can have opposite signs, leading to cancellations if Mx < My. We
exploit this fact to achieve neutrino masses compatible with cur-
rent data. We neglect loop corrections to other mass parameters in
the matrix.

The massive dark photon, scalar, and HNLs only couple to the
SM via portal operators. After symmetry breaking, the model has
two CP-even scalars, the SM Higgs h’, which contains a small ®
component with scalar mixing 0 >~ (App/2Ay) X (Vo /vy), where

T In the following, we refer to particles charged under the U(1)’ gauge symmetry
as “dark”.

In the neutral gauge boson mass basis, we have a light Z’ vector
boson that couples predominantly to the dark sector current ( J g),
as well as to the SM electromagnetic (EM), and neutral current
(NC),

2

g my

——mﬁxJﬁCJrng‘;),
zZ

2w 3)

i
£>Z, (ee Jem +

~

where we assume myz >~ gxvy < mz, and define e =cw x.

3. Low energy anomalies

Our aim is to show that the model can explain several low en-
ergy anomalies, while simultaneously generating the correct scale
for light neutrino masses. Since mixing in the light neutrino sec-
tor can be generated by appropriate choices of the Mp matrix,
we work under the simplifying assumption of a single active neu-
trino generation, in our case vy, denoting the lightest non-zero
mass eigenstate by v3. We require that ms >~ 0.05 eV, compatible
with the scale suggested by neutrino oscillation experiments [57].
For concreteness, we pick n = 3 sterile and d =1 vector-like dark
neutrinos, although only the three lightest heavy neutrino mass
eigenstates N;, j =4, 5,6, will be important for the phenomenol-
ogy we discuss. The heaviest states N7 and Ng have masses of
several GeVs, and are mostly-sterile states.

Our proposal is illustrated by two benchmark points (BPs), one
exhibiting a left-right symmetry and one without. Their properties
are shown in Table 1 but a detailed definition is left to Appendix A.
The left-right symmetry in the dark sector of BP-A (v,SL < Vp,) is
achieved by setting Y; = Y, and explains the vanishing entries in
Table 1. This can be shown to be related to CP conservation.

Let us comment on the generic features of our two BPs. We fix
mz =1.25 GeV and &2 = 4.6 x 10~ for the dark photon. The three
lightest HNLs all have O(100) MeV masses, and decay via neutrino
and kinetic mixing as N; — N;_iete™. Specifically, N5 will typi-
cally decay with cté) < 3 cm, leading to displaced eTe™ vertices,
while Ng will decay more promptly, C‘L'GO <3 mm. In the case of
Ny, it can only decay into SM particles, Ny — vete™, making it
much longer-lived, crf <100 km. In addition, N4 is mostly sterile,
which naturally leads to B(Z' — N4N4) < B(Z' — Nya56;N¢5,6)),
and explains why C‘L'g < CTSO. For concreteness, we fix my =1 GeV,
forbidding fast N¢ — N;j¢’ decays and respecting perturbativity
limits on the dark scalar quartic coupling L.

Aay, and BaBar - A discrepancy between the most precise Aay
measurement performed by the Muon (g — 2) collaboration [43]
and theoretical calculations [58-62] stands at more than 3.75.% In
view of the efforts by the Muon (g — 2) collaboration to measure
this quantity four times more precisely at FNAL [67], it is timely
to reconsider the dark photon solution to the Aa, puzzle [40].
Minimal dark photon models are excluded by collider and beam

2 Recent lattice calculations [63] predict values closer to the experiment. How-
ever, this has been pointed out to lead to inconsistencies with ete~ — hadrons
data [64,65]. For the latest consensus in this field, see Ref. [66].
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dump searches for Z’ — ¢7¢~ [68-71]. If a GeV dark photon de-
cays invisibly, then it is subject to strong limits from monophoton
searches at BaBar [44]. This constrains €2 < 1076 for my <3 GeV
by searching for a missing-mass resonance produced alongside
initial-state radiation (ISR), e*e~ — ¥ Z’. In models where the Z’
decays semi-visibly inside the detector, B(Z' —vis+E) ~ 1, this
limit can be relaxed. This was proposed in the context of inelastic
DM models in Ref. [72], and later criticized in a more conservative
analysis [73] (see also [74-76]).

In our model, however, the mechanism put forward in Ref. [72]
is improved, as more visible energy is deposited in the detec-
tor. For the bound to be relaxed above the central value to ex-
plain the Aa,, anomaly, the detection inefficiency for the Z’ decay
products in ISR events ought to be at most 0.22%. Note that in
virtually all ISR monophoton events the produced Z’' promptly de-
cays into N5 and/or Ng states, which subsequently lead to one
or more ete™ + F vertices. Such additional particles are hard to
miss in the barrel-like BaBar detector, which operates with a 1.5
T magnetic field. In fact, after produced, all Ng states decay al-
ready inside the drift chamber, while for BP-(A,B), we find that,
for a typical 2.5 GeV N5 energy, (79, 92)% of N5 states decay be-
fore the electromagnetic calorimeter (ECAL), followed by (11, 5.7)%
inside the ECAL, and (8.0,2.3)% in the muon detection system.
Fully invisible decays are rare and satisfy B(Z' — N4N4) +B(Z' —
N4Ns) x P,e\,s;ape < 2.2 x 1073 for the BPs. Visible decays are also
negligible, B(Z' — ¢7¢) < O(1079).

Pseudo-monophotons at BaBar — The dominant production of dark
particles in eTe~ colliders is s-channel pair production of HNLs
due to the large values of ape?. In particular, the process

ete™ — Z™(or Y(nS)) = N4(N5 — NgeTe ), (4)

could fake monophoton signatures when the N5 decays inside the
BaBar ECAL. These events could contribute to the large missing
mass (M2, . =s— 2\/§E}C,M) monophoton sample at BaBar, where
we point out that a mild excess is observed in the 24 GeV? <
M2, <50 GeV? region.

For an integrated luminosity at BaBar of 15.9 fb~! in /s =
10.02 GeV and 22.3 fb~! in /s = 10.36 GeV, BP-(A,B) predict a

total number of single pseudo-monophoton events of

(3.6, 9.6) x 10* x P}, x &3, (5)

where ¢p is the final detection and selection efficiency of the
monophoton analysis at BaBar, not including the probability Pﬁs
that the N5 states decay inside the ECAL and get reconstructed as a
photon. For the ISR analysis, €;sg >~ 0.2 — 3.5%, depending on Mrzmss.
In our pseudo-photon case, however, it is impossible to estimate &g
without a dedicated detector simulation and the machine learning
algorithm utilized by BaBar. Nevertheless, we fit our model predic-
tion to data, which will give an estimate of the value of P%S £B
required to explain the excess in the model. Since backgrounds
are much larger than our signal above Mﬁms > 50 GeV?, our fit
uses only the data in 24 GeV? < M2 <50 GeV?, where a total of
189 events are observed on top of a prediction of 157 background
events. Floating Pﬁseg for BP-B, we minimize a binned Poisson
likelihood, assigning a 1(5)% normalization uncertainty on the
background model. We find a 2.50 (2.20') preference for 53 signal
events. Our best-fit point in BP-B is shown in Fig. 1, where events
were selected if 6, < 10°, and the boost and azimuthal angle cuts
were implemented as in Ref. [44]. This corresponds to a total num-
ber of 93 pseudo-monophoton events, before any selection cuts.
Finally, since both BPs predict very similar shapes, we can make
use of Eq. (5) to find P}V/SEB ~ (0.26,0.10)%. A dedicated analysis
at BaBar would be able to determine if such numbers are experi-
mentally justified. We also note that our pseudo-monophoton rate
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is compatible with constraints on B(Y(1S) — y + E) < 5.6 x 106
at 90% C.L. at BaBar [77], provided the eTe™ — y mis-ID rate is
less than (100, 77)% for BP-(A,B).

MiniBooNE excess - MiniBooNE is a mineral oil Cherenkov detec-
tor in a predominantly v, beam with (E,) ~ 800 MeV. Recent re-
sults with improved background analysis and larger statistics [78]
report an excess of 560.6 == 119.6 (77.4 &+ 28.5) e-like events in
v (V) mode. Initially designed to search for short-baseline oscilla-
tions reported by the LSND experiment [79], MiniBooNE reports a
much more significant 4.80 excess. The large tensions with global
datasets in oscillation models [80-82] (see also [83-85]) prompts
new scenarios to explain the excess.

We propose that the MiniBooNE excess arises from the decay
products of HNLs produced in v, upscattering inside the detector,

vy +H —> (Ne5—> Ng+et +e7) +H, (6)

where H = {C, p*} is the hadronic target. The ete™ pairs with
small angular aperture or large energy asymmetry mimic a single
EM shower in the Cherenkov detector. This is similar to the upscat-
tering explanation proposed in Ref. [41], but successfully achieves
fast HNL decay without infringing upon any bounds.>

A prediction of our signal on top of MiniBooNE neutrino data
is shown in Fig. 2 for our BP-B. In our single generation ap-
proximation, the upscattering cross section is proportional to
|V3jl2ap(ee)?, where |V3j|? = \Up,3Up,j — U;;R3UDRJ|2 is the
mixing factor in the v3N;Z’ interaction and takes O(1077) values.
The scattering is predominantly electromagnetic via Z’ exchange,
and due to the large values of ape?, no interference with the SM
Z is observed. This, together with the purely vectorial couplings of
the Z’, explains why the signal prefers to be forward with respect
to charge-current quasi-elastic scattering. We note that scattering
on protons is dominant, and that the angular spectrum predic-
tions can improve when nuclear effects and higher Q2 scattering
regimes are included. The produced eTe~ that contributes to the
excess has a small invariant mass, with me, < ms g — mg. If mee is
too large, it contributes to the NC 770 dataset, where an excess is
also observed [95]. We estimate the overall detection and signal
selection efficiency for our BPs to be ~ 5%. Although many up-
scatterings lead to Ng — (N5 — Nsete ™ )ete~, we do not include

3 In Refs. [86-89], a similar idea was proposed in the context of a transition
magnetic moment, which closely resembles the light dark photon models later
studied in Refs. [30,41,90]. Such scenarios predict exclusively forward signatures,
cos® > 0.95. Other models with scalars decaying to e*e~ have been discussed in
Refs. [91-94].
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myg =74 MeV, ms =146 MeV, mg =220 MeV

150

125 A
100 4 -]—

coh N5 — Ny (178 events)
incoh N5 — Ny (334 events)
coh Ng — Ny (26.90 events)
incoh Ng — Ny (53.14 events)

2
g
s 75 ‘]’
§ 50 - 7
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25 _{_
o W e |
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Fig. 2. MiniBooNE low energy excess and our model prediction in BP-B for v, upscattering into N5 — Niete™

(filled) and coherent (hashed) scattering contributions are shown separately.

these double vertex events as a large fraction of them would be
excluded by the MiniBooNE cuts.

Old accelerator anomalies - Many accelerator experiments in the
80s and 90s searched for v, — v, transitions at short-baselines,
with some of them observing significant excesses. While a neutrino
oscillation interpretation of these results is excluded, they can be
explained within our model, where the energy dependence and
signal characteristics differ from those of oscillation. The largest
deviation was observed by the PS-191 experiment at CERN using
a E2*¥ ~ 600 MeV v, beam and the fine-grained ECAL compo-
nent of their detector. They observed an excess of 23 + 8 e-like
events on a background of 12 £ 3 events, amounting to a 30
significance [45,96]. All excess events contained a scattering ver-
tex, followed by an electromagnetic shower < 16 mm away. A
follow-up experiment, E-816 [46], was designed to test the PS-
191 anomaly at the Brookhaven National Laboratory (BNL) with
a wide-band beam of mean energy (E,) >~ 1.5 GeV. E-816 also
reported an excess of e-like events with a small vertex-shower
separation of < 8.8 mm, although at a lower significance of > 20
due to larger systematic errors [46]. In our model, these excesses
can be explained by v, upscattering to Ng, which decays very fast
to overlapping or energy-asymmetric eTe™ pairs, fitting the expo-
nential drop of events as a function of vertex-shower separation.
PS-191 and E-816 observed a larger excess than MiniBooNE, which
could be explained by the larger Ng upscattering rate (BP-B) or
solely due to different signal reconstruction (BP-A).

Other experiments with EZ > 1 GeV reported no excess,
namely E-734 [97] and E-776 [98,99]. The stringent cuts against 77°
backgrounds would veto most of our ete~ pairs and weaken the
constraint. Another set of bounds comes from high energy experi-
ments, such as NOMAD [100], with (E,) ~ 24 GeV, and CCFR [101]
and NuTeV [102], both with (E,) >~ 140 GeV. Their bounds, al-
though very strong under the oscillation hypothesis, are much
weaker for our model due to the logE, growth of the Z’ medi-
ated neutrino-nucleus cross-sections in comparison to the linear
E, growth in the SM. Finally, we note an unexplained excess of
positron events observed at NOMAD [100] in a sideband sam-
ple of events containing showers far from the scattering vertex or
that had failed kinematic cuts. Such positrons are predicted in our
model as coming from asymmetric ete~ pairs in the late decays of
our HNLs.

We also note an intriguing excess reported by CCFR in the
search for HNLs produced in scattering [47,48,103,104]. The exper-
iment saw evidence for double-vertex events with 9 NC/NC events
over an estimated overlay background of 3 £0.2 (stat.) £ 0.4 (syst.).
A double-vertex event was defined as one in which there were
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ma =74 MeV, ms =146 MeV, mg =220 MeV
400 A coh N5 — Ny (178 events)
incoh N5 — Ny (334 events) 7]
coh Ng — Ny (27 events)
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(blue) and Ng — Ngete~ (pink) in BP-B. The incoherent

“two distinct and separate shower regions”, and NC/NC refers to
two neutral vertices, as opposed to NC/CC events, wherein a sec-
ond vertex contained a muon candidate. No excess was observed
in the NC/CC, which disfavored standard interpretations with HNLs
that have large branching ratios to muons. In our model, only
NC/NC events appear, mainly from upscattering into Ng, which im-
mediately decays into Nse™e™, with the subsequent N5 — Ngete™
decays typically happening after a few meters at CCFR energies.
This leads to good agreement with the 4 to 14 m vertex-shower
separation observed, given the typical N5 energies of 50 GeV. A
naive scaling of the cross sections shows that the normalization is
compatible with the rate at MiniBooNE and PS-191.

4. Discussion and conclusions

Let us remark that our BPs satisfy all existing experimen-
tal constraints, including decay-in-flight bounds from PS-191 [96,
105]. Searches for peaks in the muon spectrum in 7+/K+ —
wtN; [106,107] are also satisfied due to strong vetoes against vis-
ible energy in the detector, as discussed in Ref. [32]. Intriguingly,
the latest results from K™ — e™N; searches at NA62 [108] indi-
cate an excess at my = 346 MeV, with |Uej|2 ~15x107? at 2.20
(3.60) global (local) significance. Our model can accommodate this
hint by identifying N5 with the required HNL and switching on the
mixing with the electron neutrinos. To take into account the visi-
ble decays of our HNL, the required |Uej|2 is enhanced by a factor
~ 2 for ~ 5 ns lifetimes, as quoted by the experiment. For our BPs,
we also expect to see an excesses in the muon sector, depending
on the K+ — p*Nj; efficiency at NA62.

There is some freedom in the choice of the HNL parameters
while keeping the same key phenomenological features, e.g. HNL
decay length and Z’ branching ratios. For the dark photon pa-
rameters, the situation is more constrained. For instance, lower
values of my, such as 1 GeV with &2 =3 x 10~ are possible, and
decrease the required ozD|V3j|2 couplings to explain MiniBooNE,
PS-191, and BaBar by a factor of (1.25)% ~ 2.5. Going much be-
low mz =1 GeV leads to more forward angular distribution at
MiniBooNE and introduces tension with neutrino-electron scatter-
ing constraints [90]. A survey of existing bounds and additional BPs
is provided in Appendices B and A.

We also want to highlight the left-right symmetry in BP-A, as
in that case the lightest HNL v4 has vanishing interactions with
the Z’, except for the |V45/% vertex. Incidentally, N4 could lie at
the keV scale, and may be a candidate for non-thermal dark mat-
ter [109].

Direct searches for our MiniBooNE explanation can be per-
formed at the Short-Baseline Neutrino program at FNAL [110,111],
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which comprises three Liquid Argon detectors: SBND, uBooNE, and
ICARUS. Specifically, for BP-(A,B) we predict that ©BooNE [112]
would see a total number of ~ 760 neutrino upscattering events
into N5 and (0, 2800) events into Ng, before any efficiencies and
for a total Npor = 13.6 x 10%0. While the former would contain a
single eTe™ pair, the latter events would constitute double vertex
events with 2> 10 cm separation. Around 60% of the total num-
ber of events are due to coherent scattering, and leave no visible
proton tracks. Dedicated studies of the e*e~ invariant mass, as
well as searches for the double-vertex events would help discrim-
inate our hypothesis from other dilepton MiniBooNE explanations.
Other near detectors to experiments like MINERvVA, NOvA, and T2K
could also shed light on the model. In particular, the incoherent
piece of our prediction may be constrained by photon-like show-
ers in v, CC quasi-elastic measurements and the coherent piece
by photon-like showers at neutrino-electron scattering measure-
ments. Searches for ete™ pairs in decay-in-flight at the ND280, the
off-axis near detector of T2K, can also constrain HNLs produced in
coherent neutrino upscattering inside the detector [113].

Other direct searches can be performed at the NA62 kaon facil-
ity [114]. The decays of 75 GeV/c kaons to K+ — ¢} N; followed by
Nj — Nyete~ would constitute a background-free signature, simi-
lar to the one proposed in Ref. [32]. The new physics events would
appear as a displaced ete~ vertex with peaked kinematics, where
(px —pe)? = m?, (Pk — Pt — Pee)® =mg, and pZ, = (e~ + Pet)? <
(mj — my)?. The production rate is controlled by |U,,j|2, where for
BP-(A,B) we predict a total K* — ut(Ng — NseTe™) event rate
of (1970, 2980) for Nx = 2.14 x 10'! fiducial kaon decays and an
overall 4% acceptance [115,116].

The dark photon can be searched for in the ISR events at BaBar,
Belle-II [73,117], and BESIII [118] by relaxing the vetoes on addi-
tional ete~ pairs in the detector. The large value of &2 required
for the Aa, explanation yields several hundred events at BaBar.
Direct N;jNj pair production, as well as Higgstrahlung ete™ —
@'Z', would also appear as multiple displaced e*e™ vertices at B-
factories, and in the fixed-target experiments NA64 [119,120] and
LDMX [121], providing a background-free signature for semi-visible
dark photons.

In summary, this letter provides an explanation to some of the
most prominent low energy anomalies, including the MiniBooNE
excess and the Aag, anomaly. The phenomenological signatures
we presented are achieved in a renormalizable model which ex-
tends the SM by an anomaly-free U(1)’ gauge symmetry and a
dark neutrino sector. The model is able to reproduce the correct
scale for the light neutrinos, albeit with some level of fine tuning.
Phenomenologically, our scenario only requires a semi-visible GeV-
scale dark photon that couples to O(100 MeV) HNLs. We show
that the dark photon not only evades sensitive searches for missing
mass resonances at BaBar, but can actually explain a mild but con-
tinuous excess seen in the data thanks to the pseudo-monophotons
from N5 — NgeTe~ decays. Due to the large Kinetic mixing re-
quired by Aay, such events naturally arise from s-channel ete™
collisions producing HNLs. We point out that e-like events from
upscattering are better able to explain past anomalies reported by
PS-191 and E-816, compared to those from excluded oscillation hy-
potheses. Also curious is the prediction of O(2 cm) lifetime for N5,
as it leads to double vertex events at neutrino experiments and is
compatible with a significant excess reported by CCFR. The novel
interplay between portal couplings and exotic decay signatures in
our model offer striking signatures at current and upcoming ex-
periments. Observations of displaced vertices at kaon and neutrino
experiments, as well as the decays of a semi-visible dark photon,
would provide confirmation of our model.
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Appendix A. Details on benchmark points

In the main text we have focused only on the phenomenologi-
cal aspects of our model, giving two BPs that can resolve the low
energy anomalies. In this appendix, we offer more details on the
model side, giving the vertex factors for each relevant interaction
that can be used to compute physical observables. The BPs in the
main text were given in terms of a model with a single generation
of active neutrinos, n = 3 sterile states and d =1 dark vector-
like fermions. We also present two additional BPs to illustrate the
ranges of the HNL masses compatible with the phenomenology
discussed. In particular, BP-C indicates the smallest scale of mg and
ms which lead to sufficiently fast Ng and N5 decays. With BP-D,
we illustrate the features of heavier masses.

Following Eq. (2) in the main text, the full mass matrix is given
as,

0 Mpi Mp, Mpz O 0
Mp1 M, 0 0 Al Ar
Vr, Al
Mps O 0 M3 Az Agps |7 (A1)
0 Ann A Az 0 My
0 Ar1 Ar2 Arzs My O

where now by = (05 P, O§, PF, Up, f)DR)T. The values
for the mass matrix parameters used for our BPs are given in Ta-
ble 3.

In the mass basis, HNLs mixing with the different flavors is
given in Table 4. To clarify the nature of our neutrino couplings
to the neutral bosons, we write the explicit vertices in the neu-
trino mass basis using the flavor gauge boson basis. To leading
order in x and taking light dark photons: Z, = Zg +sw x X, and

ZI’L =Xu— swng. The interactions are given by

el
' g o+ . (CP —ClPg)
[,mt D mzﬂvm f\)m (AZ)
— (VP —VTPg)
+ng,Lva/"— ——Vm

2

~—(HP, +H'Pg) .

+l’lU —_—V
m Zﬁ 'm
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Table 2
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Illustrative benchmark points (BP-C and BP-D). For ease of comparison, we report also the values for BP-A and BP-B. For all points, mz = 1.25 GeV. Here, the V;; =
U’E,LiUD”- - U’[)RiUDRj are the mixing factors in Z'N;v; vertices, and ap = g§/47r. Note that Z’ — v3vs is negligible for the mixings considered here. We refer to the
MiniBooNe excess as MB, the BaBar excess as BB, and the accelerator experiments as Acc. The zeroes in BP-A are protected by a left-right symmetry (A; = Ag).

BP MB Aa BB Acc ap - m4 ms me [Vaz? [Vs3]? [Ve3|? B(Z' — NjNo) /% c2®/cm
" m_
eV [MeV /108 44 45 46 55 56 66 Na Ns  Ng
A v v v (v) 039 005 35 120 185 0 22.2 0 0 54 0 0 95 0 16x103 30 026
B v v v v 0.32 0.05 74 146 220 13.6 26.5 123 0.15 11 0.48 1.6 86 0.59 1.1 x 107 2.2 0.14
C v v v v 0.76 0.05 62 110 180 13.7 11.2 33.2 0.00014 30 0.019 0.23 70 0.15 1.1x 107 2.2 0.12
D v v v (/) 0.11 0.05 275 346 435 1.44 75.3 17.1 0.021 13 0.060 0.13 87 0.023 4.0 x 10° 3.9 0.13
+ ﬁ_(SPL"r‘STPR)ﬁ Table 3
¥ Vm 2«/5 m» Theory parameters for 1+ 3+ 1 model.
A . . Table of Theory Parameters
where Dy, is the mass eigenvector and Pp g = (1 F y5)/2. The ver- y n - c 5
tex factors are defined as
mp1 0.00950  —0.0347  0.0336 0.129
T 6 —
C=UlUg, (A.3) mpy  /105eV 0278 1.98 0.635 6.72
s ; mps3 0.190 —3.89 -1.03 —11.4
V=Up,Up, = Up,Ub,: M —0.0429 —0.0900 —0.0963 0.206
T TyT M /10°eV  1.10 6.00 5.07 6.00
H=UyYU u,Y'u 2
NI Ua +Uqy N> Ms ~1.10 ~18.0 ~10.1 ~18.0
_qT T
S=Uyn(Y Up, +YrUpg) + (Y Up, +YrUpg) Un. An 239 375 351 150
. 7
We show the relevant vertex factors for dark bosons in our BPs 212 /107 eV (])968 (2)‘;8 f;g 3368
in Table 5. For all BPs, we take mz = 1.25 GeV, my =1 GeV B ' i ' '
and &2 = 4.6 x 1074, The mixing siné? is assumed to be negli- A1 . —2.39 —2.81 —4.04 —14.9
gible for our BPs. The HNLs with masses above my/, namely N7 ﬁ“ /107 ev (])968 g‘;g 4‘;;1 553'9
. . . . . R3 . B - . .
and Ng, are mostly in the sterile direction, with |ij|2 <« 1, and
. 3
IUszlz, |UN3j|2 ~0Q1) for j=7,8. Mx  /108ev  —1.21 1.96 1.56 3.50
The phenomenology of BP-C is similar to BP-B, with C‘L’SO ~
2.2 cm and cré’ ~ 1.2 mm. (See Table 2.) Notably, it represents Table 4

the smallest scale of HNL masses with lifetimes that are com-
patible with the old accelerator anomalies, although it requires a
slightly larger «p. This point also allows for the lightest scalar ¢’.
On the other hand, BP-D features considerably larger masses with
the largest Ns lifetime, C‘L’SO ~ 4 cm, and smallest N4 lifetime of
any point, crf ~ 4 km. Displaced vertices would be slightly en-
hanced here, although the heavier masses result in slightly worse
distributions at MiniBooNE, more peaked at lower energies.

As mentioned in the main text, our model is also compatible
with hints of a mild excess at NA62 and we illustrate this with BP-
D. We identify the 346 MeV HNL as N5, and turn on mixing with
the electron neutrinos. Taking the Yukawa couplings in the elec-
tron sector as Y ~ 0.11 Yy, or M‘bi ~0.11 Mgi fori=(1,2,3),
we obtain the mixings

[Ueal® >0,
|Ues|? ~3.00 x 1072,

[Uegl® ~4.59 x 107°. (A4)

It is important to note that the bounds from NA62 on both |U65|2
and |Ueg|* are weakened due to the fast decays of N5 and Ng. For
N5 with lifetimes ~ 5 ns, the experiment expects a weakening of
the bound by a factor ~ 2 [108] implying an effective |Ue5|,2\]A62 o~
1.5x107°.

The electron mixing requires two active light neutrinos, Do
and D3. With our chosen Yukawas, Dy is massless and mostly in
the ve direction, with D3 mostly in the v, direction. As we do
not consider the full 8 x 8 mass matrix with three active light
neutrinos, we do not attempt to reproduce the structure of the
PMNS matrix, but note that this can be achieved with appro-
priate choices of the Yukawa couplings in the active sub-block.
The scattering cross-section at MiniBooNE is now proportional
t0 Y i_p3 |UpiVijlPap(ee)? ~ |Uys|?[V3jl2ap(e€)?, since the |V
mixings are negligible for massless D,.

Neutrino mixing parameters for our BP-A, B, and C. Note that
Up, =Up, for BP-A due to A} = Ag.

Neutrino mixing A B C D

|U 4l 455 0.00361  0.000256 0
Uusl> /1078 0 157 51.1 22.7
U6l 828 140 12.8 69.5
|Un, 4l 94.9 88.8 71.3 90.2
lUnsl? /1072 0 0.162 0.0139 0.0303
[Un, 612 5.14 11.1 28.7 9.75
|Un,al? 27.3 2.79 1.91 3.30
Unysl? /10740 83.4 96.2 5.86
|Un,6? 398 12.8 5.45 23.06
|Un;al? 0 0 3.65 0
[Ungsl2 /1074 0 0 2.75 0
[Un;61? 0 0 9.51 0
|Up,al? 0.244 0371 1.43 0.554
|Up,sl> /1071 5.00 5.57 5.19 4.83
|Up,sl? 4.54 4.04 3.36 4.59
|Upgal? 0.244  0.749 1.44 0.421
|Upgsl?> /1071 5.00 433 4.71 5.16
[Upysl? 4.54 4.84 3.76 4.41

Appendix B. Survey of existing constraints

a. Electroweak precision observables An assessment of the impact

of kinetic mixing on electroweak precision observables (EWPO)
requires a global fit to collider and low energy data. This was per-
formed in Ref. [122], where a model independent bound on & was
derived. For mz <« Mz, the authors find &2y, < 7.3 x 107# at
95% C.L, just above our value of 82 =4.6 x 10~4. As a sanity check
against more recent data, we also directly compute the oblique
parameters S, T, and U [123] to leading order in ¢ = cyw x and
W= gxVy/MM, neglecting the impact of running in the dark cou-
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Table 5

The vertex factors entering in Z'v;N;j (|Vj|?) and Z'NjN (IV [?)
interactions, as well as in ¢'viN; (|Sj|?) and ¢'N;Ni (ISjkl?) in-
teractions, as defined in (A.3).

Z' vertex A B C D

[Va3|? 0 136 13.7 1.44
|Vs32 /1078 22.2 26.5 11.2 75.3
[Ve3|? 0 123 33.2 17.1
[Vaa|? 0 1.43 0.00134 0.176
|Vas |2 48.7 105 284 96.7
|Vge/? /1073 0 4.60 0.184 0.530
[Vss]? 0 15.2 2.23 1.10
|Vsg|2 909 869 702 899
|Ves |2 0 6.31 1.59 0.300
@' vertex A B C D

IS3312  /107%  0.205 7.87 2.17 1.30
|S43]? 0.0926  0.675 0.273 5.33
ISs312 /1078 0 1.31 0.509 0.00670
|Sg3 0.163 0.0598 17.4 1.62
|Sa4/? 0.0203  0.0783  0.841 0.708
K 0.0305 0.394 0.0853 0.00108
|Sa61? 02 0181 0.418 11.3 471
|S55/2 0 1.20 1.58 0.000959
|Ss6] 0.444 0.744 50.0 0.107
|Se6 0.668 0.258 10.1 1.47

plings and corrections from dark fermion loops. For all our BPs,
these are [124-126]

S ~4s2,62(14 u?)/a = 0.042, (B.1)
T~ st x*u?/a=-33x1075, (B.2)
U ~4sy,e%/a =0.013. (B.3)

Clearly, this is compatible with the current bounds of T < 0.22
and S < 0.14 at 95% C.L. [57]. The constraints on S can be much
stronger when fixing T =0 and U = 0, which would be mostly
driven by the 1 to 20 discrepancies observed between direct My,
measurements and the global best fit point. We plan to return to
this issue in future communication [56].

b. Deep-inelastic scattering constraints Recently, Ref. [127] ap-
peared setting new model-independent constraints on dark pho-
tons using ep™ scattering data from HERA [128]. At 95% C.L., the
authors find that €2 <2.9 x 1074, in tension with our BPs. As the
authors discuss, inclusion of other datasets weakens the bound,
which signals a mild tension between HERA and other experi-
ments. Finally, we note that a naive rescaling of the constraints
on contact interactions performed by the ZEUS collaboration [129],
where the probability distribution functions were included in the
fit, leads to bounds that are weaker by a factor of ~ 2 than the
ones quoted by Ref. [127]. While HERA is certainly sensitive to our
model at some level, we believe that it is not excluding it at the
95% C.L. Nevertheless, a trivial modification to our setup to accom-
modate such bound is to lower mz =1 GeV.

c. Z — invisible Dark fermions can be produced in the decays
of SM-like Z bosons via its couplings to the dark current. This is
induced by kinetic mixing, and to leading order in x it is

LD Zugxswx - (B.4)

This coupling is relevant in our model since gxe& is not so small.
A constraint can be derived from LEP measurements of the Z bo-
son decay width [130] and constrains I'z_, i,y < 2 MeV. The largest
new physics decay mode is Z — NN, for j,k > 3, which even
without requiring the HNLs to be invisible, yields
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IVik2Grm3 [ 2gxswe 2
FzNjN, W g (B.5)
aplVi|?e?
~0.17Mev [ 22Vik"e7)
46 x 104

safely below the current constraints even for the largest ap cou-
plings, as it can be shown that Z?’k |ij|2 =2.

Another relevant process is Z — Z'¢’. Neglecting the final state
masses, we find

JTOlDt‘ZN(S‘zMZ

1_‘Z—>Z’(p’ = 12

2
~70 keV( *pé ) (B6)

4.6 x 104

also satisfying the constraints independently of the fate of ¢’ and
7' in the detector.

d. h — invisible Searches for Higgs decays to invisible have
been performed by CMS [131] and ATLAS [132]. Latest prelim-
inary results by ATLAS require that 5(h —invisible) < 0.13 at
95% C.L. [133], which for the SM value I'?M =~ 4.07 MeV, implies
Ih_inv < 0.52 MeV. This constrains the Yukawas and scalar pa-
rameters of the theory.

Firstly, we consider h — N;N; neglecting scalar mixing. Saturat-

ing the bound, we find
H: 2
1 ) (B.7)

2 2
_ SplHjkl“mp
Fh*)Nij— 47_[

=052MeV | ————=
5.3 x 10—

which does not lead to strong constraints on our model given that
the largest Yukawa we have is for BP-D, where it is a few 107>,
The parameters in the scalar potential are also subject to con-
straints. We consider h' — ¢’¢’ induced by the scalar portal cou-
pling Aey. A direct computation neglecting final state masses leads

to,

}LZ V2 )NI)H 2
Thowe >~ —H " —052MeV x [ —2" ) | B.8
=9 = 3o rmy “\T0ax102 (B.8)

which can be interpreted as a strong constraint on our scalar mix-
ing angle 6 >~ (Aopy/2ry) X (vo/vy) < 8.1 x 10*5(V¢/500 MeV).
This value is currently an order of magnitude below current sensi-
tivity of K; — 7%’ searches at KOTO or K+ — w+¢’ searches at
NAG2.

Decay to a pair of HNLs can also proceed via the dark Yukawas
if scalar mixing is present. Neglecting the final state masses, we

SIS jkl*m

find
r M —370eV S ,? [ ——t ’ (B.9)
hoNiNe= """ T K\g1ix105) "

where sg =sin? 6 is chosen according to (B.8) for vy =500 MeV.

This clearly satisfies the bound as it can be shown that Z?’k |S j,k|2
= 4(|YL|? + |YR|?). Similarly, the decay h — Z’Z’ is possible and
may appear invisible some fraction of the time. Nevertheless, the
tree-level rate is

apsimy
4

~

Thoziz = (B.10)

2
—86eVap (-0

8.1x103) °
and loop-corrections from fermion loops are also negligible.
K — m¢’ The KOTO experiment at J-PARC [134] has set strin-
gent constraints on B(K; — wF). Initial hints of a signal in the
latest unblinding [135] have later been revisited due to unexpected
charged kaon backgrounds and signal mis-identification [136,137].
The hinted values led to branching ratios much larger than the



A. Abdullahi, M. Hostert and S. Pascoli

SM prediction [138], and prompted several new physics stud-
ies [35,139-142]. In light of the new backgrounds and given strin-
gent constraints on the scalar mixing found above, we refrain from
trying to explain these events. We note that KOTO, as well as
NA62, are only sensitive to singlet scalar emission in K — ¢’
decays for mixings of order sg ~ 1077, which for our small vo
are already excluded due to h — ¢’¢’ decays. A more exotic scalar
sector could be invoked to explain this excess, where a new in-
visible real scalar S could be hidden under background at NA62
if mg ~ my [143], and could lead to signatures at KOTO without
violating the Grossman-Nir constraints [144].

e. Meson — invisible We consider the decays of vector meson
states due to the vector nature of the dark photon couplings. The
best current bounds are at the level of B(J /¢ — inv)< 7.2 x 10~*
at BES [145], and B(Y(1S) — inv)< 3.0 x 10~4 at BaBar [146]. The
branching ratios into HNLs, B(V — N;Ny), may be still be slightly
above such values, provided a sufficient number of the produced
HNLs decay semi-visibly. In general, the branching ratio for the
quarkonium states (V) used throughout our article is

alVilP(gxeQ)?ty M3 f2

B(V — NiNy) =
V= Ml 3 (M3, —m2,)2
55x 103 forV = J/v¥
1.7 x 1073 for V = Y(15)
=|Vjl2ap x 1 1.3x 1073 for V ="T1(2S) , (B.11)

1.5 x 1073 for V = Y (3S)
0.86 x 107% for V = 1(49)

where we neglected the final state masses, and took my =
1.25 GeV and &? = 4.6 x 107*. The decay constants, fyus) =
498,430,336 MeV for n = 2,3,4, were extracted from existing
V — eTe™ measurements in Ref. [147]. For the fully invisible
states N4N4 (as well as for light neutrinos) the mixing factor V j
is sufficiently small to avoid the constraints. Production of N4Ns5
is the next largest contribution and it still satisfies the most strin-

gent limits from BES, since in all BPs |V5]% x Pi,sscape < 10%, where

pescape

Ny is the probability for N5 to escape detection.

f. Pseudo-monophotons As discussed in the main text, s-channel
ete™ collisions at BaBar can lead to pseudo-monophoton events.
It is not possible to extract a constraint from this without a dedi-
cated detector simulation, as it relies on experimental details such
as the efficiency to reconstruct our e*e~ as a photon, and on the
specifics of the machine learning algorithm. In the main text, how-
ever, we proceeded to understand if it is at all feasible to explain
a mild excess observed in the monophoton data. By finding a best-
fit value for the normalization of events that are “photon-like”, we
have asked whether such rate is possible within our model and
whether the efficiencies it requires are reasonable. Here, photon-
like refers to events where a N4N5 pair is produced in the inter-
action point, followed by a N5 — Nsete~ decay inside the ECAL.
When plotting our prediction, we required that the angle of sep-
aration between the electrons be less than 6., < 10°, and select
events within the angular acceptance of the ECAL detector. For our
total pair-production rate, we include HNLs produced in Z’ medi-
ated s-channel ete~ collisions, where the ete™ — (Z))* — N;N;
cross section was found to be

5, ms  (1+cos?fcm)
(S - m%/)z 2

dae*e*—>N,- Nj
d cosOcm

~|Vij|Paape . (B12)

neglecting final state masses and where 6cy is the center of
mass angle between N; and the collision axis. We also include
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a contribution from eTe™ — Y(nS) (n = 2,3, 4), followed by de-
cay into HNLs. We use Gee_yr(zs)(\/g = 10.02 GeV) >~ 7 nb and
Oee—1(35)(+/S =10.36 GeV) ~4 nb as well as (B.11).

g Higgstrahlung Another source of HNL production at ete™ col-
liders is dark higgstrahlung. Due to the large dark coupling, the
process eTe~™ — ¢’'Z’ is important [76], with a differential cross
section

,sin® Ocm (s — mz)? + 8m2,s

~Taape
4s2(s —m2)) '

dOe+e—— g7/
dcosbOcm

(B.13)

where ¢y is the center of mass angle between the Z’ and the
collision axis. This process is therefore comparable to direct HNL
production. Remaining agnostic about the decay products of ¢,
but requiring the decay Z’ — N;N, the ratio between direct and
higgstrahlung HNL production in our BPs is

4|V ji|*s? 1
2 2 \2 2 X 7 ) (B14)
(s —m3%)((s —m%)2 +12sm3,)  B(Z'— N;jNy)
V.
~35x #
B(Z' — N;jNy)

For production of N4N5 pairs in ours BPs A and B, this constitutes
a ratio of just above 3. Given that ¢’ decays promplty and visibly,
especially into Ng states, we do not include this contribution in our
monophoton discussion, but emphasize that this offers yet more
visible signatures at eTe~ colliders.

h. Y(1S) — invisible + y Vector meson decays to photon plus
missing energy are direct probes of our pseudo-monophoton
events. The full process is Y(2S) — 77~ (Y(1S) — y +E), where
the 7T~ kinematics can be used to identify the Y(1S) state. The
current limits are quoted in terms of the BR into an invisible pseu-
doscalar, Y(1S) — y + A%, and into a pair of invisible fermions,
Y(1S) — y xX. Most relevant to us are the three-body decay lim-
its taken at the smallest x masses (m, — 0), where BaBar [77]
constrains

B(Y(1S) — yxx) <5.6 x 1078, (B.15)
which was improved by Belle [148] to
B(Y(1S) > y x x) <3.5 x 1078, (B.16)

all at the 90% C.L. More recently BESIII [149] has set the strongest
limits on the two-body process

B(J/y — yA® <6.9x 1077, (B.17)

but since the missing mass in this process is fixed, the constraint
does not apply to us.

When implementing these bounds on our model, we used the
BRs in (B.11). For comparing the Y(1S) — y + E constraints to the
BaBar pseudo-monophoton rate, only the BaBar limit is taken into
account, as P%s is a detector-dependent quantity, and, under the
simplifying assumption that it is constant in energy and angle, it
is the same for the two processes.

Since the efficiencies for our pseudo-monophoton events are
different than in the s-channel production mode, we use the limits
above to obtain an upper-bound on the detector-dependent quan-
tity Pﬁs. Neglecting the sub-dominant Ns5Ns contribution, BaBar

sets a limit of B(Y(1S) — N4Ns) x PJ. < 5.6 x 1075 at 90%

CL, which implies P} < (18,10,1.5,30)% for BP-(AB,C,D). Since
the probability for N5 to decay inside the ECAL is known to be
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(14,13, 14, 10)% for BP-(A,B,C.D) (Ens =5 GeV for s-channel pro-
duction), we use the limit on P,’\;S to find the largest allowed
ete”™ — y mis-ID rate for our explanation of the BaBar excess
not to be excluded. Under the approximation that it is inde-
pendent of the kinematics, this rate is bounded from above by
(100, 77,12, 100)%. Clearly this allows to explain the monophoton
excess while remaining consistent with the T(1S) — y E.

i. NAG64 searches The fixed-target NA64 [119,120] experiment
also sets stringent limits on invisible dark photons. The 100 GeV
electrons can produce dark photons via bremsstrahlung in interac-
tions with the dense beam dump material, eW — eWZ’, with W
a Tungsten nucleus. The bound from 2.84 x 1020 electrons on tar-
get is shown in Ref. [119] for invisible dark photons with masses
as large as myz ~ 0.94 GeV. For the latter dark photon mass, it
constrains £2 < 10~% at 90% C.L. As discussed in Ref. [120], the
semi-visible decays of the dark photon can weaken the bound. For
our BPs (mz =1.25 GeV), we do not have access to the exact value
of the invisible-Z’ constraint, but under a conservative assumption
of linear scaling with my, we find that NA64 does not constrain
our BPs provided ~ 45% of Z' particles produced are vetoed due to
the subsequent semi-visible decays of N5 g. For the HNLs produced
in the decay of the highest energy dark photons (Ey; s ~ 50 GeV),
we have a typical decay length ct of O(10 m) and O(1 m) for N5
and Ng, respectively. Note that the dark photons are produced in-
side the beam dump and decay promptly. Under these conservative
assumptions, we find that most HNLs decay before or within the
instrumented ECAL of NA64, assumed to be a total of ~ 10 m. The
presence of one or more vertices of ete~ pairs would be vetoed
from the invisible-Z’ search due to visible showers in the ECAL, as
well as in the additional veto detectors.

j. Beam dump and decay-in-flight searches HNLs heavier than N4
in our model are unconstrained by decay-in-flight searches due to
their short lifetimes. On the other hand, N4 is longer-lived and
faces strong constraints from HNL searches at PS-191 [96,105]. If
N4 has new interactions, such as in BP-B, it decays faster than
in the minimal HNL models, and the constraints from decays in-
flight are modified (see, e.g., the discussion in Ref. [150]). While
N4 is produced in 7, K — N4 decays, which are controlled by
|U 4l, its subsequent N4 — vete™ decays in BP-B proceed mainly
through Z’ exchange, which is controlled by |V43|. In that case, we
require

2
2Grm3,
u) x F, (B.18)

2 2 * 2
[Upal”IVas3|® < |Uj4Uea|
w naledlps ecgx

where \UZ4Ue4lps is the bound quoted by the PS-191 experiment.
The factor F =3.17 converts the bound on Dirac to Majorana HNLs,
and takes into account that PS-191 assumed only charged-current
decays in their analysis.

We note that there are additional production channels for N4
than in the minimal HNL models. On top of the standard meson
decays m, K — ¢N, HNLs can also be produced via kinetic mixing
in p,w — N;N; and 70, n,n — yN;Nj, where the vector meson
decays dominate. These channels have been explored in the con-
text of two-component fermionic dark sectors in Refs. [151-154].
In this context, limits on new dark sector fermions that decay to
eTe~™ + E have been set using CHARM [155] and NuCal [156] data.
With the effective field theory approach of Ref. [154], we see that
for cty; >~ 10 cm or smaller such constraints are safely avoided due
to the short lifetimes. For the longer-lived N4, however, a simpli-
fied re-scaling of the constraints from Ref. [154], where g?/A% —
V451U pualGr(eegx/2m3,), and g2/A* — |Vas||Vas|(eegx/2m3,)?
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for BPs B and C, shows that the constraints are satisfied. A re-
analysis of the PS-191 constraints including these new production
mechanisms for N4, both from vector meson decays as well as
from the secondary decays of N5, Ng could set stronger constraints
in our parameter space, but is beyond the scope of this work.

We would like to highlight an event found in PS-191 and shown
in Fig. 9 of Ref. [157]: it has two tracks in the initial decay detector
which subsequently shower in the ECAL. While it is unlikely to be
due to photons, as they would not be recorded in the flash tubes,
it could be due to two electrons coming from an N4 decay. We do
not elaborate further on this intriguing event.

k. Peak searches - Searches for a missing mass in 7 /K — @N;
decays set stringent limits on |Uﬂ4|2. In our model, the N5 and
Ng states can be produced, but would lead to visible signatures in-
side the two most relevant experiments, namely E949 [106] and
NA62 [107,108]. As pointed out in Ref. [32], the small probability
to miss additional energy deposition in these experiments together
with the stringent vetoes against K — pvy ® backgrounds would,
in fact, veto most of our events. For E949, the detection inefficiency
is estimated to be larger than 0.5%, the typical photon inefficiency,
and so the constraints would be weakened by factors of > 200.
A similar argument can be made about NA62, where the eTe~
signatures would have to be missed by several different detec-
tor components. In this way, our BPs are not excluded by peak
searches, in particular BP-B where we rely on a relaxation by a
factor of ~ 10 on the E949 limit on |UM6|2. Note that the mass of
both N4 and Ns is always below the mass interval constrained by
both E949 and NA62. This is important as N5 has a larger proba-
bility to escape these detectors due to its @(10 m) decay lengths
in the laboratory frame.

. Lepton number violating searches Due to electron mixing, we
predict large rates for neutrinoless double-beta decay in BP-D. In
addition to the light neutrinos, heavy N; states also contribute
and may dominate. Their contribution contains large uncertainties
as the momentum dependence of the nuclear matrix element is
important at the O(100) MeV mass scale. Nevertheless, a naive
rescaling of the effective mass

3 2

3 miUg;

2 2
i=1 1+m1/(p >

~

mgg = , (B.19)

leads to mgg =~ 130 meV for (p?) = (100 MeV)? when all matrix
elements U,; are real. This is to be compared with the current
experimental sensitivity of mgg < 61 — 165 meV at KamLAND-
Zen [158]. We interpret this as a suggestion that, unless strong
cancellations due to the Majorana phases are at play, we predict
observable rates of neutrinoless double beta within current experi-
mental reach. Loop contributions [51] and a full three active flavor
treatment of the mixing matrix are also important and should be
studied in more detail.

Lepton number violating kaon decays of the type K+ —
wt(Nj — putm~) are important for generic heavy Majorana neu-
trinos [13,115,159]. This signature proceeds via charged-current
branching ratios of N;, and it is much suppressed in our model
whenever j > 4, where B(Nj — putm~) ~ 1078 — 1077, For Na,
such decays can in principle have large branching ratios, but the
long-lifetimes of N4 renders the experimental searches insensitive.

Appendix C. Old accelerators experiments — additional details

We now provide additional details regarding the accelerator ex-
periments.
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a. PS-191 The PS-191 detector was made of 5 x 5 mm? flash
tube chambers interleaved with 3 mm thick iron plates giving the
detector a very fine granularity, 3 mm of iron or ~ 17% of a radia-
tion length. This was used to distinguish photons, whose showers
started further from the vertex due to conversions, from electrons,
which showered immediately. As shown in Fig. 3 of Ref. [45], most
single-shower events started within the first chamber, which cor-
responded to ~ 16 mm. The analysis was restricted to events above
400 MeV, to avoid 70 backgrounds. The initial e-like shower sam-
ple contained a total 57 events, which, after cuts on energy and
distance between vertex and shower start, left a pion background
of 7 4+ 3 events.

In our model, the most frequent upscattering events at PS-191
would produce a Ng, which immediately decays into Nse™e~. The
electromagnetic (EM) shower created by this decay is then close to
the upscattering vertex, and would explain the sharp drop in num-
ber of events as a function of the shower-vertex distance. The issue
of normalization between the number of events required at PS-191
versus those observed at MiniBooNE, which is between a factor 5
to 7 larger, can be explained by the fact that not all Ng events in
MiniBooNE count as signal. This is due to the additional decay of
N5, which yields a total of four charged leptons that are very rarely
mis-reconstructed as a single EM shower. Therefore, by increasing
|Ve3]? in comparison to |Vs3|2, one can increase the ratio of sig-
nal events between PS-191 and MiniBooNE. This happens in BP-B,
where |Vg3|? > 4.6|Vs3|%, although it is forbidden in BP-A due to
the left-right symmetry. It should be noted that the coherent cross
section in Iron is larger than in Carbon, and that the most energy-
asymmetric eTe~ pairs may be reconstructed as a one track plus
one shower events.

b. E-816 The E-816 experiment used the same fine-grained ECAL
as PS-191. The number of events was quoted as a function of the
scattering vertex and the start of the shower, allowing for e/y dif-
ferentiation. This was measured in units of 0.25 radiation lengths
(~17.6 mm). Any photons converting before this would fake elec-
trons, although the exponential nature of the conversion makes
such events unlikely. The experiment searched for v, excesses in
the one track one shower (1T1S) sample. To reduce the 7% back-
ground, showers with E <300 MeV were cut from the analysis.
According to their simulations, such cuts eliminated ~ 70% of 7 %s
while only removing ~ 10% of v.s. After cuts, the 7® background
dropped to ~ 1.6% of the v, interactions and was of the order
of the v, contamination in the beam. The electron excess was then
given by the subtraction of the 1T1S events due to pions and those
due to intrinsic v, background from the remaining 1T1S events.
They found an excess of 43 + 17.8 (stat.) £ 9 (sys.) and quoted a
significance of 2.4+ 0.5 0.

Similar to PS-191, E-816 would also count upscattering events
into Ng as signal when the ete~s are overlapping or highly
energy-asymmetric. The ratio of v.-like events to v, -like events,
R = (Ve +Ve)/(Vy + V), observed at E-816, Robserved/Rexpected =
1.6 0.9, is compatible but somewhat smaller than the one at PS-
191, Robserved/Rexpected = (2 £0.5)/(0.7 £ 0.2). The collaboration
attributed this to unknown systematic errors in both experiments.

¢. E-734 E-734 at Brookhaven National Laboratory ran with peak
energy EP® ~ 1.3 GeV at a baseline of ~ 96 m, and searched for
vy — Ve transitions [97]. The experiment utilized a filter program
to remove events not containing a single electromagnetic shower
within an angular interval 8, < 240 mrad relative to the beam di-
rection, with the remaining events scanned by physicists to remove
events with more than one shower or additional hadronic activ-
ity. It is interesting to note those events with one shower and an
associated upstream vertex were used as a control sample of pho-
tons. After a cut on the energy, 0.21 < E, < 5.1 GeV, 873 shower
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events remained. The main backgrounds were identified to be pion
production in NC interactions, charged pion production in inelastic
CC processes, and those from v, — e scattering. Of particular rele-
vance is their cut on the shower energy of E. < 0.9 GeV, reducing
the sample to 653 events. The final sample contained 418 events
in the energy range 0.9 < E, <5.1 GeV.

While the experiment saw no excess, we note that most events
in our model would not have passed the more stringent cuts. This
is mainly due to the larger energies required by the experiment,
but also due to the cuts in energy loss, dE/dx, of the shower. Our
events would most likely resemble those of the upstream photon-
like sample.

d. E-776 E-776, running with both a narrow- (NBB) [98] and
wide- (WBB) [99] band beam of mean energy 1.4 GeV, searched
for v, appearance 1 km from the target. A fine grained ECAL con-
sisting of 90 planes of proportional drift tubes interleaved with
1 in. (~ 0.25 the radiation length) thick concrete absorbers was
utilized. A total of 12.8 x 10% events were in the full sample, and
1496 shower events were selected in a scan of the sample. After
cuts, which included a requirement that E, > 600 MeV, only 55
events remained. Further cuts on EM shower identification were
made, e.g. the number of hits in a cluster and the length of the
shower. This left a sample of 38 events. To eliminate the 79 back-
ground, the differences in shower profile of pions and electrons
were accounted for - the former being wider and more asymmet-
ric. This cut was quoted to have an efficiency of ~ 80% for rejecting
9% at 1 GeV. The final sample contained 17 electron shower-like
events, with the remaining 21 constituting the 7%s. Accounting for
the probability of pion-electron mis-ID gave 9.6 events. The ob-
served 17 events was consistent with the background prediction
of 18 £4.3 (stat.)+ 3.9 (sys.) events (9.6 & 3.8 (sys.) from 7°s and
8.8+ 1.1 (sys.) from ves in the beam), and no excess was reported
by the experiment.

Due to the cuts on energy and, in particular, shower profile,
a large number of our events would be removed in the analysis,
weakening the constraint on our model.

e. CCFR CCFR searched for production of HNLs with a magne-
tized toroidal spectrometer-calorimeter, and studied double vertex
events from v — N interactions. The sample at CCFR was selected
using a neutral current (NC) trigger, whose threshold for energy
deposition in the calorimeter was 10 GeV. To make sure the pri-
mary showers were indeed from an NC vertex, it was required that
no muons penetrated past the end of the showers. Subsequent cuts
selected events with a secondary shower downstream of the first,
and further cuts based on kinematical considerations ensured the
primary and secondary showers were separated by an angle rela-
tive to the beam of < 100 mrad. The remaining events were cate-
gorized by those containing two neutral current vertices (NC/NC),
and those with a neutral current vertex followed by a charged
current vertex (NC/CC), with the latter being accompanied by a
visible muon track in the secondary vertex. For the NC/CC events,
cuts on distance between the vertices were made and events with
separation > 4A; were selected, where A; is the nuclear interac-
tion length and A; ~ 16.8 cm in Iron. This left 31 events, which
was consistent with the estimated background of 36.8 +£1.7 & 3.4.
For NC/NC events, the backgrounds depended on the shower sep-
aration. For long separations, = 14A;, the major background was
due to random overlay events, events in which independent neu-
trino interactions appeared correlated. There were negligible con-
tributions from neutral hadron punch-throughs, events in which
hadrons created in the initial interaction were able to “punch”
through to the end of the shower and interact further down-
stream. In this region, 9 events were seen on a background of
3.0 £ 0.2 + 0.4. It is noteworthy that the distributions of some
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kinematical variables, e.g. hadronic shower energy, for the excess
were consistent with those from the overlay background. For those
events with separation < 14X, the dominant background was from
neutral hadron punch-throughs produced in the initial nuclear in-
teraction. Studies of this background [104] suggested there were
large degrees of uncertainty, preventing the collaboration present-
ing results of any excess in this region.

Our model provides an explanation of the excess observed in
the NC/NC sample with the prompt decays of Ng¢ — Nsete™,
where the N5 travels several meters before decaying to give the
secondary shower. At CCFR energies, = 50% of Nss decay within
10 m. It is also possible to produce the Nss directly in upscatter-
ing, giving a signature similar to the above. Alternatively, the first
shower can be entirely the hadronic shower from the neutrino in-
teraction vertex with the Ng surviving long enough to decay at the
secondary vertex, this is less likely as most Ng will decay within
< 50 cm for our BPs.
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