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Heavy neutral leptons (N) below the kaon mass are severely constrained by cosmology and lab-based
searches for their decays in flight. IfN interacts via an additional force,N → νeþe− decays are enhanced and
cosmological limits can be avoided. We show that the T2K and MicroBooNE neutrino experiments provide
the best limits on the mixing of N with muon neutrinos, outperforming past-generation experiments,
previously thought to dominate. We constrain models with electromagnetically decaying and long-lived N,
such as in a transition-magnetic-moment portal and in a leptophilic axionlike particle portal, invoked to
explain theMiniBooNEexcess.By considering thesemodels as representative examples, our results show that
explanations of the MiniBooNE excess that involve eþe− pairs from long-lived particles are in tension with
T2K, PS191, andMicroBooNE data. Similarly, these searches also constrainMiniBooNE explanations based
on single photons due to the associated eþe− decay mode via a virtual photon.
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I. INTRODUCTION

The small nonzero neutrino masses challenge the con-
servation laws and particle content of the Standard Model
(SM). The existence of right-handed neutrinos NR, singlets
under the SM gauge symmetries, is an appealing solution to
this puzzle. In addition to participating in the Higgs
mechanism, NR would admit a Majorana mass, possibly
unrelated to the electroweak scale, and explain the neutrino
masses via the seesaw mechanism [1–9]. In the simplest
seesaw extensions, one is faced with a bleak experimental
reality: either the heavy neutrino partners are too heavy to
be produced in the laboratory, or their couplings to matter
are too small to be observed. However, this is not the case in
low-scale variations of the model [10–12], which are both
ubiquitous and well motivated theoretically, even if less
predictive. Among the most interesting cases is the inverse
seesaw, where an approximate conservation of lepton
number guarantees the smallness of neutrino masses in a
technically natural way [13,14]. This class of models

predicts the existence of (pseudo-)Dirac heavy neutral
leptons (HNLs) that can have mass below the electroweak
scale and mix with SM neutrinos.
A HNL N interacts via the weak force suppressed by a

small mixing element with SM neutrinos. This mixing is
strongly constrained in the region between 10 and mK ≃
494 MeV [15–19] thanks to laboratory-based searches,
which provide upper bounds, and cosmological limits,
which constrain the lifetime of N to be τN < Oð0.1Þ sec
and, therefore, give a lower bound. These “weaker-than-
weak” interactions may not be the only contribution to their
production or decays. Additional forces can modify sig-
nificantly their decay widths even for couplings that would
be otherwise very difficult to probe experimentally. Of
particular interest are scenarios wherein N is shorter-lived
than τN ≲ 0.1 sec, so as to escape cosmological limits,
but still sufficiently long-lived that it could survive
cτN ≳ 100 m, the typical distance from production to
detection at beam-dump experiments. These scenarios
are most effectively constrained with these experiments,
where N could be copiously produced in meson decays and
observed through its decay products inside large-volume
detectors typically used for neutrino detection.
In this article, we consider decay-in-flight (DIF) searches

at hodoscopic neutrino detectors forN → νeþe− and derive
new bounds on the mixing between N and muon neutrinos.
Hodoscopic—from the greek “hodos” meaning path and
“scopos,” observer—describes detectors that precisely recon-
struct, track, and identify charged particles. This capability is
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essential for low-background searches for HNLs and other
long-lived particles. We consider three detectors: the T2K
near detector ND280 [20], MicroBooNE [21], and PS191
[22,23]. We revisit constraints from PS191, thought to be
the strongest, showing that they have been significantly
overestimated. We then extend the DIF search at T2K to
HNLs lighter than the pion, showing that T2K data provide
the leading lab-based constraints in that region of theminimal
model. These limits are then reinterpreted under three new
scenarios with additional interactions between N and the
SM: a transition-magnetic moment (TMM), a four-fermion
leptonic interaction, and a leptophilic axionlike-particle
(lALP) portal.
We conclude by considering the latter two models in light

of the excess of electronlike events in the MiniBooNE
experiment [24,25]. In the case of a HNL with TMM
interactions, we are able to partially cover the region of
preference by constraining the off-shell photon decay into
eþe−. For the lALP model, the HNLs decay predominantly
into eþe−, and the limits we derive exclude that the
MiniBooNE excess is fully explained by these events. The
code to obtain our limits and simulate HNL decays is
available online [26].

II. HEAVY NEUTRAL LEPTON MODELS

A. Minimal model

The minimal model with a single HNL is defined by the
low-energy Lagrangian

−L int ⊃
g

2cW
U�

αNνα=ZPLN þ g
ffiffiffi
2

p U�
αNlα=WPLN þ H:c:;

ð1Þ
where N is the heavy mass eigenstate, which may be a
Majorana or (pseudo-)Dirac particle, while α denotes any of
the three SM flavors. Although mixing with all three SM
flavors is expected, we focus on dominant mixing with the
muonneutrinos, jUeNj, jUτN j ≪ jUμN j. Our conclusionswill
be analogous in the case of dominant jUeNj. The case of
dominant jUτN j is constrained by DIF searches at high-
energy experiments, such as CHARM [27] and NOMAD
[28], see also [29]. Theweak decays ofN are straightforward
to calculate, and we use the expressions in [30]. Our work
focuses on the decay N → νμeþe− that proceeds via the
neutral current (NC) and we assumeN to be a Dirac particle.
The long lifetimes of N in the minimal model

[τ0 ∼ 1 sec×ð10−6=jUμN j2Þð100 MeV=mNÞ5] has impor-
tant consequences for cosmology. In the early Universe N
will be thermally produced and, if it survives to the onset of
big bang nucleosynthesis (BBN), will impact the abun-
dance of light elements [31–34]. This happens in two ways:
N and its decay products upset the neutron-to-proton ratio,
especially if N can decay hadronically, in which case the
known helium abundance requires τ0 < 0.023 sec [35].
Moreover, its electromagnetic decay products heat up the

plasma, changing the baryon-to-photon ratio and impacting
the deuterium abundance. Throughout this work, we use
the detailed limits found in [36], neglecting effects from
modified branching ratios.

B. Nonminimal models

Additional contributions to the HNL decay rate could
make it decay before BBN. We consider enhancements to
the dilepton channel N → νeþe− from low-energy oper-
ators at dimension five and six, as well as from a low-
energy extension with a light axionlike particle.

1. Transition-magnetic moment

We start with the dimension-five, TMM operator

−L int ⊃
μtr
2
νασ

μνNFμν þ H:c:; ð2Þ

wheremotivated byphenomenological applications [37–43],
we set the flavor index α ¼ μ. If jμtrj ≫ ðGFmN=2

ffiffiffi
3

p
πÞ, N

predominantly decays electromagnetically. High-density
detectors can observe the photon channel N → νμγ, while
low-density detectors can measure the smaller rate to virtual
photon, BðN → νγ� → νeþe−Þ ∼ 0.6%, benefiting from
small neutrino-interaction backgrounds.
The operator in Eq. (2) ought to be completed to restore

SUð2ÞL. This may bear consequence for the masses and
mixing of neutral leptons, depending on the underlying
model. If the completion of Eq. (2) contains charged
particles that couple only to heavy neutrinos, then μtr
can only be generated via mixing. In particular, a pseudo-
Dirac pair of fermions NL;R with a large magnetic moment
ðμN=2ÞNLσ

μνNRFμν will generate a light-heavy transition
moment in the mass basis, μtr ∼U�

αNμN . HNL decay rates
are suppressed by mixing in this case. On the other hand, if
the new charged particle content couples to light neutrinos,
then it may generate μtr directly. To avoid a relation
between Eq. (2) and the Dirac mass term mDνLNR (and
therefore to UαN), one may borrow several results from the
literature on light Dirac neutrinos with large magnetic
moments [44–48]. Following Voloshin’s mechanism [44],
for instance, if the completion of Eq. (2) respects some
approximate SU(2) symmetry under which ðνμ; Nc

RÞT trans-
forms as a doublet, then the dim-5 operator could be large
and the mixing would be protected by the symmetry. We
assume that this is the case, rendering the lifetime ofN from
Eq. (2) independent of jUμN j2.
The TMM operator also generates a corresponding

magnetic moment for νμ due to the mixing UμN . The
νμ − νμ magnetic moment is of the order of

jμνj ¼ jμtrUμN j ∼ 3 × 10−11μB ×

�jUμN j
10−2

�� jμtrj
1 PeV−1

�
;

ð3Þ
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where μB is the Bohr magneton. This value is within the
range of the XENON1T results [49] and therefore provides
an upper limit on the mixing parameter in our plots.

2. Four-fermion interaction

At dimension six, we consider a vectorial four-lepton
interaction

−L int ⊃
GXffiffiffi
2

p ðNγμNÞðl̄βγμlβÞ þ H:c:; ð4Þ

where β ∈ fe; μ; τg. For GF=GX ≪ 1, HNLs decay pri-
marily viaN → νlþ

β l
−
β through mixing with light neutrinos.

Note that, for largeGX=GF, the effective operator inEq. (4) is
only valid up to scales around the mediator mass. Therefore,
constraints at high energies, for instance, from the branching
ratio of Z → NNðeþe−Þ [50], do not apply.
Ultraviolet completions of Eq. (4) include gauge extensions

of the Standard Model, such as Uð1ÞB−L and dark Uð1ÞX
gauge symmetries [51,52]. In the latter, the dark photon A0

couples to dark leptons, gXND=A0ND, and to charged SM
particles via kinetic mixing with the photon, ðε=2ÞFμνXμν.
Thus Eq. (4) is independent of flavor, resulting in

GXffiffiffi
2

p ∼
gXeε
m2

A0
; ð5Þ

where gX is the gauge coupling. As a result, the amplitude for
N → νeþe− is proportional to GXUμN , shortening the HNL
lifetime by a factor κ ∼ ðGF=GXÞ2 with respect to theminimal
model. Model-independent limits on kinetic mixing constrain
κ ≳ 10−4 and require themediator to be relatively light, around
the GeV scale. Above the dimuon threshold, N → νμþμ− is
allowed and would further strengthen our constraints. In
addition, for theoretical consistency, such hidden sectors
typically contain several HNLs, which may also be produced
in the decay of their heavier partners. Even faster decays like
N → N0lþl− could dominate since the rate would be
independent of jUμN j2. We do not comment further on this
possibility and assume that decay ratesmediated byEq. (4) are
always proportional to jUμN j2.
Finally, light neutrinos also interact via the dim-6 operator

above due to mixing. There are two types of processes
to consider: (i) νμe → Ne and (ii) νμe → νμe. Process
(i) is kinematically forbidden for neutrino energies below
Eth
ν ¼ mN þm2

N=2me, which at the smallest masses we
consider, mN ¼ 20 MeV, takes values of E ∼ 420 MeV.
This process would create a single electron shower inside
experiments like MINERνA [53,54] and CHARM-II [55],
which have measured the SM rate for neutrino-electron
scattering at a precision ofOð10%Þ andOð3%Þ, respectively.
Since signal (i) comes from an inelastic scattering, the
electron would be less forward and the signal efficiency
due to stringent experimental cuts onEeθ

2
e would be reduced.

Nevertheless, requiring that the rate for process (i) be less
than 10% of the weak rate and neglecting the effects of mN ,
we find jUμN jGX=GF ≲ 0.1, which for our benchmark of
GX=GF ¼ 103 gives jUμN j < 10−4. For process (ii), the
scattering on electrons is elastic, and therefore there is no
threshold. Given that the new operator interferes with the SM
amplitude, a naive scaling provides a limit of jUμN j2 < 10−4

for our benchmark, again requiring the interference term to
be below 10% of the SM cross section.

3. Light mediators

We now consider a low-energy extension of the SM
where HNLs can decay to a light mediator, which in turn
decays to eþe−. One simple example was already alluded to
in the discussion above, where a dark photon mediator X
was proposed as a completion of the four-fermion inter-
action. While we focused on the case of mX > mN ,
justifying the effective operator approach, it may very well
be possible that X is lighter than N, so that it can be
produced in two-body decays of the HNLs, N → νX, to
subsequently decay promptly into eþe− via X → eþe−.
While a dark photon is attractive from a model-building
perspective, it is certainly not the only one.
In Ref. [56], the authors proposed an extension of the SM

with a leptophilic axionlike particle. The simplified
Lagrangian used was given by

−L ⊃
∂μa

2fa
ðcNNγμγ5N þ ceēγμγ5eÞ; ð6Þ

where fa is the axion decay constant. The mixing of N with
active neutrinos is then responsible for the decay ofN → νa,
which overwhelms the branching ratios of N for the
parameter space of interest. The ALP decays promptly into
eþe− via the leptonic coupling. There are also loop-induced
decayswithBða → γγÞ≲ 10%.We account for these, but do
not consider it as part of our signal definition.
The interactions in Eq. (6) are, again, not gauge invariant

and require a UV completion. As discussed in more detail
in Ref. [56], the ALP a can be identified with the pseudo-
Goldstone boson of a global axial symmetry Uð1ÞA, under
which N is charged. It is also assumed that a couples most
strongly with electrons. While this assumption is not
strictly necessary for our current study, it can be satisfied
if the Uð1ÞA symmetry has some nontrivial flavor structure,
as, for example, in Froggatt-Nielsen models [57].
Finally, as before, the new interactions also mediate

neutrino-electron scattering. For Eν ≫ ma;mN, the inelas-
tic scattering cross section decreases with energy,

σνμe→NeðEν ≫ Eth
ν Þ ∼

jUμN j2jcecN j2m2
Nm

2
e

256πf4a

1

2Eνme

∼8 × 10−49 cm2

�
1 GeV
Eν

��jUμN j2
10−2

��
100 GeV

fa

�
4

; ð7Þ
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for our benchmark of mN ¼ 20 MeV, cN ¼ 0.4 and
ce ¼ 1, so safely below weak-interaction cross sections
even for such large values of mixing. For mN values above
Oð100Þ MeV, the threshold becomes too large for N to be
produced in accelerator neutrino experiments. Elastic cross
sections vanish in the limit of massless neutrinos.

III. DECAYS IN FLIGHT IN NEUTRINO
DETECTORS

Accelerator neutrino beams are obtained from the DIF of
magnetically focused mesons. If HNLs exist, they are part of
the neutrino beam produced through mixing. The flux of
HNLs in a given experiment can be estimated from the known
neutrino flux per parent meson, by rescaling it by [58,59]

ρða; bÞ ¼ ΓM→Nl

ΓM→νl
¼ jUl4j2ðaþ b − ða − bÞ2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λð1; a; bÞ

p
;

ð8Þ
where M is the associated parent meson, a ¼ ðml; mMÞ2,
b ¼ ðmN=mKÞ2, and λ is theKällén function. In thiswork,we
include only the contribution from kaon decays, neglecting
the additional production from pions and muons, which
would require a detailed experimental simulation. This
procedure yields conservative results. This rescaling method
is sufficient in the lowHNLmass regionwheremN ≲ ðmM −
mlÞ=2 and automatically takes into account the effect of the
magnetic focusing at the production point and other geomet-
rical effects. For larger mN values, our approach under-
estimates the HNL flux and therefore yields conservative
results. Heavier HNLs are produced with lower transverse
momentum with respect to parent particles than light neu-
trinos. They are, therefore, more collimated with the beam
direction, increasing the angular acceptance of on-axis
detectors to HNLs, particularly at low energies where light
neutrinos would have otherwise larger angular spread.
When considering new forces that shorten the lifetime,

while keeping N long-lived enough to reach the detector,
the probability for N to decay to some final state X inside
the detector is independent of the total lifetime (1=Γ) and
proportional only to the partial decay width in the signal
channel (ΓN→X),

PN→X ¼ e−LΓ=βγð1 − e−ldetΓ=βγÞBðN → XÞ

≃
ldet

γβ
ΓN→X; ð9Þ

where ld is the length of the detector, L is the distance
between the production and decay points, γβ ¼ pN=mN ,
and B denotes the branching ratio. Ultimately, in the
long-lifetime and single-flavor dominance limits, the new
upper bound is given by jUnew

αN j2 ¼ jUαN j4 × Γ̂N→X=Γnew
N→X,

where Γ̂ ¼ Γ=jUαN j2. The argument is analogous when
relaxing the assumption of single-flavor dominance.
If Γnew

N→X ∝ jUnew
αN j2, the new upper bound is proportional

to the square root of the ratio of signal decay rates, while
the new lower bound, if it exists, will be linearly dependent
on the ratio of the total rates. This is also approximately true
for the lower bounds posed by cosmology.

A. T2K ND280

The T2K Collaboration searched for the DIF of HNLs
in the three gaseous argon time projection chambers
(GArTPCs) of the off-axis near detector ND280 [60]. A
schematic of the experimental apparatus is shown in Fig. 1.
Because of the low density of the argon gas, this search
has very small backgrounds from neutrino interactions,
while the gas allows excellent tracking and identification of
the eþe− final state. The analysis observes no event in
all channels and provides some of the strongest limits in
the mass region 140 ≤ mN ≤ 493 MeV. We use their null
results and extrapolate the experimental efficiencies to
estimate the constraint on light HNLs with 20 ≤ mN ≤
140 MeV. We neglect systematic uncertainties and back-
grounds, as they provide negligible contributions to the
limits. We reproduce the official T2K result above the pion
mass with reasonable accuracy.
ND280 is currently being upgraded to a new configu-

ration [61], with the replacement of the π0 detector,
currently made of lead and scintillator, with two new
GArTPCs. DIF searches will benefit from the larger
GAr volume and from the reduced number of backgrounds
from coherent neutrino interactions upstream of the TPCs.
We estimate the sensitivity of a future search with this
upgrade by considering the increased volume, and a total
of 2 × 1022 protons on target (POT) [62], 4 × 1021 before
(already collected) and 16 × 1021 after the upgrade. This is
a conservative estimate that neglects improvements to
reconstruction and background rejection.

B. MicroBooNE

MicroBooNE is the first ton-scale liquid argon (LAr)
TPC operated in a neutrino beam. It can perform searches
for the DIF of new particles [63–65]. However, since LAr is
a high-density material, providing both the target and the
detector material, one needs to rely on extra schemes to
reject neutrino-induced background. The delayed arrival of

FIG. 1. The T2K near detector ND280 and the heavy neutrino
decay-in-flight signature. The detector is located at an angle of
2.042° with respect to the proton beam and at a distance of
284.9 m from the center of the production target.
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HNLs with respect to neutrinos was explored in the search
for HNLs in the μπ decay channel [66]. The authors of [67]
recast the null result of the MicroBooNE [68] search
for light scalars into limits on the HNL mixing. This
search successfully rejects background utilizing the direc-
tionality and time of arrival of new particles, as produced
in decays at rest of kaons at the beam dump of the NuMI
beam. We further reinterpret this constraint as bounds on
the nonminimal models considered. These results use the
reconstruction described in [69] and could be improved in
MicroBooNE and future LArTPCs by using new and inno-
vative reconstruction techniques [70–73]. Additionally,
MicroBooNE performed searches for signatures that could
explain the MiniBooNE excess in terms of electron [74–77]
and single-photon [78] production in the detector. Although
these results do not report excesses with respect to the
Standard Model expectation, they do not fully exclude that
the MiniBooNE anomaly is related to new particles in the
beam, as discussed in [79]. Moreover, these analyses do not
significantly constrain the models we are considering in
this paper, because they do not include a tailored search for
eþe− from decay in flight, while the search for single
photons with no protons in the final state is not sensitive to
event rates compatible with the MiniBooNE excess.

C. PS191

PS191 was a low-density detector located at CERN and
designed to search for the decays of long-lived particles.
The 19.2 GeV proton beam provided a neutrino beam for
the on-axis BEBC experiment and could also be used by
PS191 at 40 mrad off-axis location, where hEνi ∼ 1 GeV.
The detector was composed of helium bags separated by
scintillator planes, followed by a dense electromagnetic
calorimeter downstream.1 Their final results considered
only the charged current (CC) decays of Dirac HNLs
[23,81].2 As a consequence, the search for Kþ → μþðN →
πþμ−Þ and Kþ → μþðN → νeμ

−eþÞ was used to constrain
only the jUμN j2-dominant case3 and the search Kþ →
μþðN → eþe−Þ was used to constrain jUμNUeNj. We are
concerned with the latter case, as even in a jUμN j2-
dominant case, HNLs still decay to νeþe− via NC and a
constraint can be derived. This point was first appreciated
in [82] and later discussed in [17,83]. These constraints
were thought to be the strongest lab-based ones in this mass
region for the jUμN j2-dominant case. With our simulation,
we show that this is not the case. The bound on jUμN j2 is a

factor of 6 weaker than the published ones, corresponding
to an event rate 36 times smaller.4 This is corroborated by
the fact that T2K and PS191 have very similar total
exposures and neutrino fluxes, noting that PS191 ran for
only a month (see Appendixes A–C).
If constraints on light scalars can be translated to

constraints on HNLs, as illustrated in [67], it follows that
the converse is also true. For example, [84] used the null
results from PS191 to cast limits on the light scalar φ.
For the muon-dominant case, this is a trivial translation, as
K → πφ and K → μN have very similar kinematics. Our
new PS191 limits recasted for scalars agree with [84]. We
also note that recasting our results below for current
(future) T2K data, we find a constraint on the scalar
mixing of θ < 2.3ð1.5Þ × 10−4 for mφ ¼ 150 MeV, which
is the leading constraint in the “pion gap” [85].

IV. RESULTS AND DISCUSSION

Our results for the minimal model are shown in Fig. 2.
Our bounds and sensitivity estimates rule out HNLs below
the kaon mass with dominant muon mixing in the minimal
model. This result also puts more strain on models that
could also account for the baryon asymmetry of the
Universe [86]. We have also shown that previous limits
from PS191 have been overestimated by an order of
magnitude, and that T2K provides the leading constraints
at the lowest masses. Future data can improve the leading
constraints below 200 MeV, where the kaon peak searches
become insensitive. We note that our results are based on
extrapolated efficiencies and conservative flux simulation,
and that a complete simulation within the collaboration will
provide improved results.
The new constraints with decays via the dimension five

(2) are shown in Fig. 3, while dimension six (4) is shown in
Fig. 4. In these scenarios, the combination of lab-based and
cosmological constraints do not exclude HNLs below the
kaon mass. Our work complements searches for neu-
trino upscattering at CHARM-II, which provides stronger
constraints for new physics scales below 1 PeV [40,87],
and constraints from supernova, which dominate above
∼1 EeV. For GX=GF ¼ 103, BBN constraints still exclude
the smallest mixings, but our lab-based results provide the
best upper limits in the newly allowed parameter space. For
this choice of parameters, one expects the existence of a
new vector mediator with a mass of a few GeV, which can
be searched for in collider experiments [88].
Our constraints are relevant to new physics explanations

of the MiniBooNE excess of electronlike events [24,25].
The authors of [89] proposed that the excess can be

1The calorimeter was used in a search for νμ → νe oscillations,
where an excess was observed [80].

2In the first publication [22], it was incorrectly stated that the
limits are independent of the Dirac or Majorana nature of the
HNLs, which was later corrected in [23,81].

3We note that the channel Kþ → μþðN → νμμ
þμ−Þ was not

considered even though it also proceeds via CC diagrams and
could also constrain jUμN j2.

4We have found a similar factor in the channels N → μπ and
N → νeμ. For the latter, we find a discrepancy by a factor of 6 at
the largest HNL masses, which decreases for lower HNL masses.
We attribute this effect to us overestimating the signal efficiency.
For μπ, the discrepancy is a constant factor of 7.5.
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explained by the DIF of HNLs with a TMM. This obser-
vation can be generalized to any model with enhancedN →
νeþe− or νγ rates. The MiniBooNE region of interest and
our constraints in Fig. 3 show that MicroBooNE and T2K
are already constraining interesting parameter space for the
TMM model. Future T2K data will shine further light on
this interpretation. Additionally, future iterations of the
MicroBooNE analysis will benefit from a larger dataset,
about 10 times more statistics, and from new and improved
reconstruction and analysis techniques, such as the
WireCell [73] and the Deep Learning [70] frameworks.
Constraints on the HNL decays to lALP are shown in

Fig. 5. On the left panel, we show the limits in mass and

mixing for fixed values of the HNL-lALP couplings and
lALP mass. On the right, we fix the HNL mass to be
380 MeV and vary the HNL mixing and the lALP decay
constant fa. As it can be seen, the limits from T2K and
PS191 fully cover the region of preference to explain
the MiniBooNE excess in both panels. On the right panel,
we do not show the MicroBooNE limits, as the HNL mass
is beyond the range considered by the experiment.
However, inspecting the left panel, one can deduce that
MicroBooNE would also strongly constrain the large
mass region of the explanation. Similar to the TMM
model, the invariant mass of the eþe− produced in HNL
decays is very small, in fact,mee ¼ ma. For MicroBooNE,
separating the lepton pair would be more challenging due
to the absence of magnetic fields. When setting our limits
in this model, we assign the final signal efficiency to be
that of a standard HNL model with mN ¼ ma; that is, we
set ϵlALP ¼ ϵðmN ¼ maÞ.

FIG. 2. Constraints on the mixing of HNLs with the muon
flavor as a function of its mass for a minimal HNL model at
90% C.L., considering only the production and decay mode:
K → νμN → νμðeþe−νμÞ. For MicroBooNE, T2K, and PS191
the regions above the lines are excluded, while BBN excludes the
region below the line. In gray we show other model-independent
constraints. T2K full refers to the projected sensitivity of T2K
with the final dataset, which will be collected by the end of the
experiment.

FIG. 3. Left: same as Fig. 2, but for HNLs with a TMM μtr ¼ 1 PeV−1. Right: the same constraints as above but shown as a function of
μtr for a fixed value of the HNL mass. The region of interest (ROI) to explain the MiniBooNE excess is shown in green [89]. In fine
dashed black we show an optimistic estimate of a NuMI-neutrino single-photon search at MicroBooNE.

FIG. 4. Same as Fig. 2, but for HNLs with a four-fermion
leptonic interaction with GX ¼ 103GF. Inset: dominant decay
process in the model.
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We now comment on the kinematics of HNL decays. The
NC and CC contributions to N → νeþe− decays, as well as
their interference, do not differ significantly in regard to the
experimental variables upon which the signal efficiency
depends. This includes the distributions of the eþe−
separation angle and their individual energies. This remains
true for both the Dirac and Majorana cases, as well as for
the additional interactions in Figs. 3 and 4, rendering the
constraints mostly independent of the specifics of the HNL
interactions. The most distinct case is the TMM, where the
final products have smaller opening angles and are less
collimated with the beam. Nevertheless, in most events the
physical separation between the electrons remains large,
especially with magnetic fields. The impact of the new
interactions on the selection efficiency should be studied by
the T2K Collaboration with its full detector simulation, but
we do not expect significant changes to our results.
To illustrate the impact of making use of the eþe−

branching ratio instead of the single-photon rate, we also
draw on on Fig. 3 the sensitivity estimate of a search for
single photons with the same efficiencies, backgrounds,
and exposure as the eþe− search at MicroBooNE. This
complementary strategy can only be achieved in high-
density detectors, but is limited by the neutrino-induced
backgrounds. With a volume of 0.66 and 4.5 times the
MicroBooNE volume, respectively, and a similar beam
exposure, SBND [90] and ICARUS [91] could complement
the MicroBooNE constraints, thanks to the different dis-
tances from beam target and absorber. This projection relies
on optimistic assumptions about the reconstruction and
selection efficiency for a photon converting in the detector.
These quantities are likely to be lower than for a genuine
eþe− pair, and, moreover, this search will have higher
backgrounds. However, even if the event rate were over-
estimated by a factor of 10, the analysis would test the
lowermost of the MiniBooNE preferred region.
When the HNLs are too short-lived to be probed in DIF

searches, they may be produced by coherent neutrino-nucleus

upscattering in the dense lead layers of ND280
[38,39,43,87,92–94]. A detailed study of this scenario is
in progress [95]. Prompt HNL decays in pion and kaon
factories, such as PIENU [96,97] and NA62 [98,99], should
also be searched for. The channel Kþ → lþðN → νeþe−Þ,
proposed in [94], would be sensitive to light dark sector
models and, to a lesser extent, to TMM.

V. CONCLUSIONS

We have studied a heavy neutral lepton extension of the
Standard Model, focusing on the case where HNLs mix
predominantly with the muon flavor. In a minimal HNL
model, we have derived new limits using T2K data at HNL
masses below the pion. We do so by means of a linear fit to
the signal efficiencies, extrapolated down to the lowest
masses. This approach can be improved upon by collabo-
ration, but we note that, at low masses, the signal efficiency
should not vanish due to the magnetic field inside the
ND280 detector. We also revisit the PS191 limits on HNLs
and find a large discrepancy with the published limits,
weakening the previously published limits by approxi-
mately a factor of 36 in the event rate.
We have also shown that additional interactions in a

heavy neutrino sector can reconcile HNLs lighter than the
kaon with cosmology. New portal interactions between the
HNLs and the Standard Model can sufficiently decrease
the HNL lifetime so as to deplete their number density by
big bang nucleosynthesis, while keeping it long enough to
allow for decay-in-flight signatures in neutrino experi-
ments. We have considered a transition-magnetic-moment
portal, a four-fermion interaction with electrons, such as
that generated by a GeV-scale dark photon, and a light
leptophilic axionlike particle model. In all cases, new
parameter space for N → νeþe− decay-in-flight signatures
opens up for masses below the kaon mass.
For the transition-magnetic-moment and the axionlike

particle models, the proposed solutions to the MiniBooNE

FIG. 5. Same as Fig. 2, but for HNLs that decay to a light leptophilic ALP of ma ¼ 20 MeV. Left, inset: the dominant decay mode of
the HNLs in this model. The MiniBooNE region of preference at 2σ is defined by the two solid green lines.
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excess are constrained by our limits. In the former model,
our limits are derived using off-shell photon decays,
therefore suppressing the eþe− signal rate at T2K,
PS191, and MicroBooNE with respect to the γ signal rate
at MiniBooNE by approximately α=4=π × log ðm2

N=m
2
eÞ ≈

6 × 10−3 in the parameter space of interest. For the
axionlike particle, we find that T2K and PS191 fully
exclude the MiniBooNE region of preference by over an
order of magnitude, excluding that the excess is due to
decays in flight to a great significance.
Low- as well as high-density hodoscopic detectors like

ND280 and MicroBooNE can play a central role in the
search for long-lived particles. Because of its hybrid design,
ND280 can place strong limits on upscattering production
of light particles, like dark neutrinos [92–95] and coanni-
hilating dark matter [100,101]. Future detectors, such as the
planned DUNE near detector, could also benefit from a
hybrid detector design, since they would be sensitive to
both charged-track and single-photon final states, while
having a region of low neutrino-induced backgrounds.
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APPENDIX A: DECAY RATES

All models we discuss predict HNL decays into eþe−
final states. In this section, we discuss how the experi-
mental signatures may differ under different model hypoth-
eses. We compare the double differential decay rate among
all three models considered, also paying attention to the
Dirac and Majorana distinction. It will become clear that
the efficiencies are not expected to differ substantially
between different models, even if one can find variables
where the distributions do differ significantly. For a full
discussion regarding the difference between Dirac and
Majorana HNLs, see [102].

1. Weak decays

The weak decays of HNLs have been computed several
times in the literature. Here, we explicitly show the differ-
ential rate to clarify the difference between the Dirac and the
Majorana case, when the decay occurs purely via CC, NC, or
both. Neglecting the final lepton masses, we find

dΓDir

dEþdE−
¼ jUαN j2

G2
FmN

2π3
½g2RE−ðmN − 2E−Þ þ ð1 − gLÞ2EþðmN − 2EþÞ�; ðA1Þ

dΓMaj

dEþdE−
¼ jUαN j2

G2
FMN

2π3
½ð1þ gLÞ2 þ g2R�½mNðEþ þ E−Þ − 2ðE2þ þ E2

−Þ�; ðA2Þ

where gL ¼ sin2ðθWÞ − 1=2, gR ¼ sin2 θW , and Eþ and E−
are the positive and negative charged lepton energies in
the center-of-mass frame, respectively. The expression

holds for both left- and right-handed polarized HNLs.
Note that the above rates in a purely CC decay mode can be
recovered with gR, gL → 0 and in a purely NC decay mode

FIG. 6. Kinematic distributions for several HNL masses. We assume the N → νeþe− decay proceeds purely via neutral current
diagrams. Left: the energy of the lowest energy particle of the electron-positron pair. Center: the opening angle between the eþe− pair.
Right: the distance between the eþe− pair at 20 cm from the decay point along the direction of the total eþe− momentum. We take into
account the bent trajectories of the pair assuming a constant B ¼ 0.2 T magnetic field. Monte Carlo errors are too small to be seen.
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with ð1þ gLÞ → gL. Figure 6 shows the distributions of
three kinematical variables in this limit for different values
of the HNL mass. The expression quoted in [22] is in
agreement with our calculation in the CC-only limit.
Note that, in the Dirac case, the shape of the differential

rate is sensitive to the interference between NC and CC.
This effect is mostly irrelevant for variables of experimental
interest. In Fig. 7, we show a few kinematical variables for
HNLs decaying inside ND280. Experimentally relevant
variables are insensitive to the diagram responsible for
the decay. The most visible difference is in the energy
asymmetry (not shown). We performed a similar study
comparing the three new physics models considered, in
several experimental variables, as shown in Fig. 8. The next
sections describe their features in further detail.

2. Transition-magnetic moment

For a large enough transition-magnetic moment, HNLs
will decay primarily via the two-body decay N → νγ. For
Dirac HNLs, the decay rate is

dΓDir
N→νγ ¼

jμtrj2m3
N

16π
; ðA3Þ

recalling that μtr ¼ 2d, where d is the dipole parameter
often used in part of the literature [40]. Another possibility
is the rate into a virtual photon. In that case, the dominant
contribution comes from small photon virtualities, making
N → νγ� → νeþe− the dominant decay after the two-body
one. Because of the small electron mass, the branching ratio
is enhanced by large logs and is larger than a naive factor of
α=4π × BðN → νγÞ. In fact, the differential rate will peak at
the smallest lepton energies, as follows:

dΓDir
N→νγ�→νlþl−

dEþdE−
¼ αjμtrj2

8π2
mNðEþ þ E−Þ − 4EþE−

ðEþ þ E−Þ −mN=2
; ðA4Þ

where we have taken the massless limit for the amplitude.
In the massive case, the rate is regulated by the lepton mass
to give

FIG. 7. Same as Fig. 6 but varying the diagram leading toN → νeþe−. The kinematics is mostly independent of the nature of the decay.

FIG. 8. Decay kinematics in differentmodels for a left-handed (LH)HNL. In addition to themainvariables also shown in Fig. 6, we show
the invariant mass, the angle of the sum of the eþe− momenta with respect to the neutrino beam, and the energy asymmetry of the pairs.
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ΓDir
N→νγ�→νlþl− ¼ αjμtrj2

48π2
m3

NL

�
ml

mN

�
; ðA5Þ

with

LðrÞ ¼
�
2 −

r6

8

�
sech−1ðrÞ − 24 − 10r2 þ r4

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4r2

p

≃ 2 log

�
1

r

�
− 3þOðr2Þ; ðA6Þ

where we show the leading-log approximation for small r in
the second line. As an example, for a HNL with mN ¼
100 MeV and negligible mixing with active neutrinos, we
get BðN → νeþe−Þ ¼ 0.68%. Above the dimuon threshold,
we find BðN → νeþe−Þ ¼ 0.75% and BðN → νμþμ−Þ ¼
3.8 × 10−3 for mN ¼ 300 MeV. At large masses, vector
meson dominance dictates thatN will decay to final ρ,ω, and
φmesons, which produce primarily pions and kaons accom-
panied by a final state neutrino.
The rate is peaked at the lowest dilepton invariant

masses, implying that the signal will be very similar
to real photons that convert in the detector material.
The dependence of the rate on an artificial cut on m2

ll ¼
ðpþ þ p−Þ2 can be understood analytically. At small values
of ree ¼ mmin

ee =mN , the rate will decrease as logð1=reeÞ,
while for large ree, we expand in a ¼ 1 − r2ee to find a rate
as in Eq. (A5) with the replacement

LðrÞ → a3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4r2

p �
1

2
þ r2

�
: ðA7Þ

3. Four-fermion vector interactions

The decay via dim-6 operators will be analogous to the
weak-decays case. The decay rate into leptons via the
vectorial operator is given by

ΓDir
N→νðZ0Þ�→νeþe− ¼ G2

XM
5
N

192π3
: ðA8Þ

The differential rate in this case differs from the weak
decays only due to the lack of axial-vector couplings,

dΓDir
N→νlþl−

dEþdE−
¼G2

XmN

32π3
ðmNðEþ þE−Þ− 2ðE2þ þE2

−ÞÞ: ðA9Þ

It is easy to see that this is the limit of Eq. (A1) where CC is
absent and gL ¼ gR.

APPENDIX B: HNL PRODUCTION FROM PION
AND MUON DECAYS

We show the neutrino fluxes used in our main analysis
on the left panel of Fig. 9. The neutrino fluxes separated
by the parent particle are obtained from Ref. [103] for
T2K and Ref. [104] for PS191. We have checked that
our fluxes agree reasonably well with those provided in
Refs. [80,105].
Note that T2K did not include HNL production from pion

andmuon decays at the target. For this reason, we leave these
decay channels out of our analysis since the final signal
efficiencies can vary significantly between these channels
due to the energy distribution and acceptance. Nevertheless,
we perform a naive comparison between the event rate in
these channels and the one from kaon production, before
efficiencies. Our results are shown on the right panel of
Fig. 9. To compute the HNL flux from muon decays, we
take the approximation that the HNL flux is given by
Φμ→Neνe

∼Φμ→νμeνe × jUμ4j2 × ðΓμ→Neνe
=Γμ→νμeνeÞ, which

is expected to be less accurate than in the case of the two-
body meson decays used in the main text.

FIG. 9. Left: the νμ and νμ flux separated by parent particle at T2K in neutrino mode, also called forward horn current (FHC) and
PS191 as a function of the neutrino energy. Right: the number of decays in flight in the T2K ND280 detector for 18.63 × 1020 as a
function of the HNL mass. The number of decays shown assumes the long-lifetime limit and is normalized by jUμ4j4. We include an
estimate of number of decays from HNLs produced in pion and muon decays for comparison.
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APPENDIX C: EXISTING LIMITS FROM PS191

We revisit the constraints set by the PS191 experiment on
the in-flight decays of heavy neutral leptons. We are pri-
marily interested in the search for K → μðN → νeþe−Þ. As
discussed in the main text, PS191 did not include neutral-
current decays of HNLs, so this channel was used to
constrain only the product jUeNUμN j. Including neutral
currents, however, this limit can be naively translated to a
limit on jUμN j2 as follows:

jUμN j2new−limit ¼
�
1 − 4s2W þ 8s4W

4

�
1=2

× jUeNUμN jPS191;

ðC1Þ
where sW ¼ sin θW is the sine of theweakmixing angle. The
selection efficiency for CC and NC decays is expected to be
similar. The bound obtained with this rescaling procedure
and the one obtained with our simulations differ by a factor
of ≈6, which corresponds to a discrepancy by a factor of 36
in the event rate.We have checked that the naive estimates of
the flux-averaged HNL decay rates at PS191 and T2K are of
the same order, corroborating our conclusions.
A direct comparison between the exposure of PS191,

which ran for a single month, and T2K, which ran for almost
seven years, corroborates our conclusions that PS191 cannot
significantly outperform T2K. A naive estimate for the total
number of HNLs crossing the detector in the long-lifetime
and ultrarelativistic limit, up to experiment-independent
factors, is

norm ≃
nPOT ×ΦN × Area × Length × hϵsigi

hENi
; ðC2Þ

where h…i denotes an average over the HNL spectrum, ϵ is
the signal efficiency, and ΦN is the total flux of HNLs.
A simple ratio between the two experiments using the
information in Table I is

ðnormÞPS191
ðnormÞT2K

≃ 0.5: ðC3Þ

The numbers used for PS191 are obtained from
Refs. [22,23,105,106]. We also note that T2K explores
several analysis channels, including the efficiency to select
eþe− final states in other selection channels such as μπ and
eπ. This combination provides additional statistical power to
the T2K analysis.
The most uncertain ingredient in our calculation of the

normalization is the PS191 efficiency. From [105], we
know that the detection efficiency is, at most, 70%. In
addition, we are given the geometrical acceptance for π
final states, ∼40%, which in the low-density detector
cannot be much different from the efficiency to detect
electron final states. Therefore, 30% is the largest efficiency
we allow for PS191 to have, assuming it remains constant
for all HNL masses. The real efficiency is likely to be
smaller, however, especially at low HNL masses where the
eþe− final state is more collimated. In any case, even for
100% efficiencies, we do not find reasonable agreement
with the published bounds.
We have performed this check for the μπ and νeμ

channels, finding similar discrepancies. For low HNL
masses, we observe that the ratio between our bounds
and the published PS191 ones goes from ∼6 to lower
values. This is most likely due to our assumption that the
efficiencies remain constant.

TABLE I. Comparison between T2K and PS191 experimental design. The top rows show numbers that enter
directly in the overall normalization of the event rate. The quantity hEK→νi is defined as the average energy of
neutrinos produced in kaon decays and ν=cm2=POT is defined as the total neutrino flux integrated over all energies.

T2K PS191 MicroBooNE (NuMI KDAR)

hEνπ-decayi (GeV) 0.9 1 � � �
hEνK-decayi 4 GeV 4 GeV 234 MeV
νπ-decay=cm2=POT 1.8 × 10−8 1.7 × 10−8 � � �
νK-decay=cm2=POT 9.1 × 10−10 1.0 × 10−9 6.6 × 10−11

POT ð12.34þ 6.29Þ × 1020 0.89 × 1019 1.93 × 1020

Area (m) 1.7 × 1.96 3 × 6 10.36 × 2.56
Length (m) 1.68 12 3
Baseline (m) 280 128 102
Signal efficiency (%) 6%–12% ≲30% ∼14%

Target Beryllium Carbon � � �
Target length (cm) 80 91.4 � � �
Baseline (m) 280 128 � � �
Decay tunnel (m) 96 49.1 � � �
Proton energy (GeV) 30 19.2 � � �
Off-axis angle (°) 2.042 2.29 � � �
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1. Comparison between T2K and MicroBooNE

Table I also helps compare our T2K limits and those set
by the authors of Ref. [67] using the MicroBooNE analysis
in Ref. [68]. In the long-lived HNL limit, the ratio between
the naive normalization factors in T2K and MicroBooNE is
approximately

ðnormÞMicroBooNE

ðnormÞT2K
≃ 1.8 ×

ϵMicroBooNE

ϵT2K
; ðC4Þ

where the difference in detector size is compensated by the
larger neutrino flux at T2K. As can been seen in Fig. 10, the
MicroBooNE efficiencies fall rapidly at low HNL masses.
While theT2Kefficiencieswe use at lowmasses are obtained
from an extrapolation, it is clear that their dependence onmN
is much milder, as is also the case in other reconstruction
channels, such as in μþμ− or μ�e∓. This is due to the low-
density material, which prevents showering of the electrons,
and the magnetic field, which splits the eþe− pairs with
measurable angles. A great example of the capability of
ND280 to reconstruct the highly collinear dilepton pairs is
the single-photon selection in the νeCC measurements
[107,108] and in the single-photon search [109]. In the
former, the selection efficiency for photons converted in the
fine-grained detector was found to be 12%. InMicroBooNE,
on the other hand, low-mass HNLs that decay into over-
lapping eþe− pairs aremuch less likely to be reconstructed as
two separate objects. More detailed analyses by the collab-
orations can refine our estimates for the efficiencies at T2K
and improve on the numbers shown in Table I.

2. Comparison in the light scalar case

It is also possible to translate between bounds on the HNL
mixing to bounds on the mixing of light scalars with the SM
Higgs boson. In particular, due to the proximity between the

muon and pion masses, the bounds on the scalar mixing can
be approximately related to those on theHNLmixing under a
muon-dominance assumption as follows:

θ4bound ¼ jUμN j4bound ×
BðKþ → μþNÞ
BðKþ → πþφÞ

Γ̂N→νeþe−

Γ̂φ→eþe−
; ðC5Þ

where Γ̂ is the decay rate normalized by the relevant mixing
angle. This neglects the contribution from KL as well as K−

decays, as well as hadron regeneration, and so provides a
conservative estimate for the bound on θ. These effects,
can contribute as much as a factor of 2 to the total rate,
since 0.065 Kþ, 0.032 K−, and 0.044 KL are produced per
proton on target according to [84]. For our PS191 constraint,
Eq. (C5) gives θ2<2.8×10−7 formφ¼150MeV. Including
a naive factor of 2 in the rate for the other kaon sources, this
translates to θ2 < 2 × 10−7. These values are not far from
the constraints found in [84]. In fact, using the naively
rescaled PS191 constraints on HNLs, we would have found
θ < 4 × 10−8, which is much stronger than the quoted value
in [84].

3. Reproducing the T2K limits

We now discuss the consistency between our limits in
Fig. 2 and the official T2K result [60]. A direct comparison
between our limit and the figures in [60] would not be fair
because of the different physical and methodological
assumptions. Figure 11 illustrates the individual effect of

FIG. 10. Comparison between the MicroBooNE and T2K
efficiencies used in this work. Black triangles indicate the official
efficiencies quoted in Ref. [20], averaged according to the POT in
neutrino and antineutrino mode. The green curve has been
obtained from the analysis of Ref. [67].

FIG. 11. Several differences between our analysis and the T2K
official result lead to a conservative limit. The T2K official result
sets the limit for Majorana neutrinos in a Bayesian fashion (black
solid), which is stronger than using a frequentist limit (orange
dashed) and is about a factor of

ffiffiffi
2

p
stronger than the limit

for Dirac neutrinos (green dashed). Our flux estimation is
conservative at large HNL mass and matches the full simulation
at lower masses (blue dashed). Excluding all decay modes aside
for eþe− (pink line) leads to a conservative limit above the muon
mass and matches well with the equivalent T2K constraints below
the pion mass.
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each different ingredient and in what limit we reproduce the
T2K official result correctly.
First, T2K performs a Bayesian analysis for Majorana

neutrinos, while we are showing a frequentist analysis for
Dirac neutrinos. Moreover, T2K shows both marginalized
limits, where the posterior is integrated over the parameters
not shown in the current figure (UeN and UτN for our case)
and profiled limits where the posterior density is shown
after conditioning on the values of the parameters not
shown equal to zero (UeN ¼ UτN ¼ 0). The second case is
appropriate for our comparison, and we were able to plot it
from the data release (black solid line). From the data
release, we also obtained the flux and the efficiency in the
mass range considered for the analysis, from which we
extracted a frequentist limit without considering system-
atics and backgrounds (orange dashed line), which play a

minor role in this analysis. The difference between a Dirac
and a Majorana (green dashed curve) analysis is a factor of
2 in the HNL rate—aside for a small difference in
efficiency between charge conjugate channels for eμ,
eπ, and πμ channels—and becomes exactly a factor of
2 for the eþe− channel. We reproduce the T2K HNL flux
using Eq. (8), which largely underestimates the flux at
large masses, but becomes accurate within 10% at mN ¼
150 MeV (blue dashed line curve). Eventually, consider-
ing only the eþe− decay mode gives the most conservative
limit, as we are not adding contributions from eμ, eπ, πμ,
and μμ. However, below the muon mass, since eþe− is
the only kinematically allowed decay mode, the limit
matches the case where all decay modes are considered, as
shown by comparing the pink solid line with the blue
dashed line.
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