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Heavy Neutral Leptons via Axionlike Particles at Neutrino Facilities
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Heavy neutral leptons (HNLs) are often among the hypothetical ingredients behind nonzero neutrino
masses. If sufficiently light, they can be produced and detected in fixed-target-like experiments. We show
that if the HNLs belong to a richer—but rather generic—dark sector, their production mechanism can
deviate dramatically from expectations associated with the standard-model weak interactions. In more
detail, we postulate that the dark sector contains an axionlike particle (ALP) that naturally decays into
HNLs. Since ALPs mix with the pseudoscalar hadrons, the HNL flux might be predominantly associated
with the production of neutral mesons (e.g., z°, 77) as opposed to charge hadrons (e.g., z*, K*). In this case,
the physics responsible for HNL production and decay are not directly related and experiments like DUNE
might be sensitive to HNLs that are too weakly coupled to the standard model to be produced via weak
interactions, as is generically the case of HNLs that play a direct role in the type-I seesaw mechanism.
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Introduction—The discovery of neutrino oscillation [1—
3], and the confirmation of nonzero neutrino masses,
implies the existence of fields beyond those of the standard
model (SM) of particle physics. While little is known about
these new degrees of freedom, a plethora of extensions have
been proposed to explain the origin of the neutrino mass.
Many of these extensions invoke the existence of SM-
singlet fermions, commonly referred to as right-handed, or
sterile, neutrinos. Popular examples of such models include
the type-1 seesaw mechanism [4—12] and other seesaw
variants [9-16]. Depending on their properties, these
singlet fermions may help shed light on other outstanding
problems in particle physics, including the abundance of
dark matter [17-20] and the baryon asymmetry of the
Universe [21,22].

SM-singlet fermions can interact with SM particles
through Yukawa interactions involving the Higgs-doublet
H and the lepton doublets L, in what is known as the
neutrino portal. Such a coupling induces a mixing between
the active neutrinos v, , . and the SM-singlet fermions N 5

j=1,...,n, generating a Dirac mass for the neutrinos
after electroweak symmetry breaking. The singlet fermions
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may or may not have a Majorana mass, although such a
mass term is always permitted by symmetry. We are left
with mass eigenstates v;, with masses m;, that are linear

superpositions of the active and singlet states, v; = Uliua,
where o now runs over a =e,|,7,Sy,52, .., S, The
transformation is parametrized by the unitary (3 + ny) x
(3 + n,) matrix, with components U ;. Henceforth, we will
restrict our discussions to ny = 1 and refer to the new
fermion as N. We are interested in mass scales of order
1 MeV to 1 GeV for the new particle, a region of parameter
space that has garnered particular interest in recent years as
it lies within reach of a number of search programs,
including fixed-target, meson decay, and collider experi-
ments [23-29]. In this mass region, the N is often referred
to as a heavy neutral lepton (HNL) and it is the U .4 element
of the mixing matrix that typically governs its production in
fixed-target experiments, along with its scattering cross
section in the detector and its decay properties.

The existence of SM-singlet fermions invites one to
consider a richer “dark sector” with its own particle content
and interactions [30-43] (see also Ref. [44] and references
therein for more general dark sector models on HNLs).
Generically, it is useful to allow for the possibility that N,
while a SM singlet, is charged under a “dark™ gauge group
and interacts with other particles that are also SM singlets.

We will concentrate on dark sectors that also contain a
new pseudoscalar a, with nonzero mass, sometimes
referred to as an axionlike particle (ALP). We will further
assume that a couples to N and that its mass is such that it
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decays predominantly to pairs of HNL. This is not an
especially extraordinary hypothesis as it mimics the SM. In
the SM, the strong interactions confine and the lightest
propagating hadronic degrees of freedom are pseudoscalars
(pions, kaons, etc.). The lightest among these are restricted
to decaying weakly into pairs of leptons (e.g., #7 — u"v)
or electromagnetically into photons (e.g., 7° — yy). If the
dark sector is anything like the SM, it is easy to imagine
scenarios where a — NN is similarly inevitable. A com-
plete chiral dark sector model with these characteristics was
proposed and explored in Ref. [45]. There, the ALPs were
referred to as “dark pions” and the HNLs as “dark
neutrinos.” We will refer to Ref. [45] when discussing
concrete realizations of the scenario of interest, but empha-
size that our results remain general and not tied to any
specific model.

In the absence of the ALP, in fixed-target-like experi-
ments and for HNL masses below a GeV, the HNLs are
typically produced in the decay of charged mesons (e.g.,
zt — uN). In this case, the production rate is proportional
t0 |U ,4|?. Further downstream, the N can be detected via its
decays to SM particles, with the N partial widths also
proportional to |U 4 |*. If a kinematically accessible ALP is
now added to the picture, we allow for a new HNL
production mechanism in fixed-target-like experiments.
The ALPs mix with neutral pseudoscalar mesons (z°, 7,
etc.) and are produced in tandem with light hadrons at the
target. This production rate is, of course, independent of
Uy The ALPs then decay to HNL pairs with large
branching ratios and HNL decays downstream can lead
to an observable signal in the detector.

While generic ALP-HNL couplings have been studied in
the literature, the focus has typically been on the constraint
posed by experiment on the coupling itself [46,47] or the
contribution to existing processes coming from such a
coupling [48]. In this Letter, we focus on the impact of an
ALP-HNL coupling on the discovery potential of HNLs in
fixed-target-like experiments. We explore the consequences
of this new HNL production mechanism at the DUNE
near-detector complex, taken as a particularly relevant
experimental setup. Figure 1 provides a schematic of the
production-decay-detection process. We find that, depend-
ing on the ALP properties, one can explore previously
inaccessible regions of the HNL parameter space, including
the region preferred by the type-I seesaw model for
neutrino masses.

Heavy ALP production—The ALP a is a pseudoscalar
field and mixes with the SM pseudoscalar mesons, includ-
ing the 7° and the 7. Following Refs. [49-51] and
especially Ref. [52], the relevant mixing contributions of
the SM mesons to the ALP can be defined as

ﬂo _)”0+glma’ (1)

n =+ gyaa. (2)
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T

FIG. 1. Schematic description of the production of ALPs (a)
followed by the production of heavy neutral leptons (N), in a
fixed-target experimental setup. In the DUNE near-detector
complex, a beam of 120 GeV protons impinges on a target,
producing charged and neutral mesons. ALP production is
proportional to that of neutral mesons: the crosses represent a-
neutral-meson mixing. The ALP travels toward the detector and
decays into a pair of HNLs a distance /& from the target. The
HNLs that reach the detector (width AL, a distance L from the
target) may decay inside the detector volume into SM particles,
yielding an observable signal. Not to scale.

where the meson mixing parameters are [52]

1f m?
=tz Ta 3
9 = . mit =, (3)
_ 1 f, mz—gmio ()
I = Ve fa \m2—m2 )

In order to estimate the ALP production rate at a fixed-
target facility, we assume that the probability of producing
an a particle with three-momentum p,, is the same as that to
produce a pseudoscalar m with the same three-momentum,
up to a scaling factor gZ,,. This is a good approximation as
long as the mass of the ALP is similar to the hadronic
pseudoscalar masses. With this in mind, the ALP differ-
ential flux is proportional to that of the pseudoscalar m,

Phy o Ea
dE,do, ™ E_dE.de,

(5)

where ¢, are the ALP and meson fluxes, E,,, their
respective energies, and 6, = 6, is the angle defined by the
outgoing ALP-meson three-momentum and the direction of
the incoming proton beam. For meson fluxes at the DUNE
near-detector facility, assuming the SM, we used the results
from Refs. [53,54], obtained with GEANT4 [55].
Integrating Eq. (5) over 8, and E,, Fig. 2 depicts the
ALP flux as a function of the ALP mass m,, considering
the contributions from ALP-z° (dotted orange curve) and
ALP-n (dashed blue curve) mixing. We assume a proton-
on-target (POT) rate of 1.1 x 10! per year for a period of
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FIG. 2. Expected ALP flux at the DUNE near-detector facility
as a function of the ALP mass m,. The dotted orange (dashed
blue) curve corresponds to the contribution from ALP-z° (ALP-
n) mixing, while the total flux is depicted with the solid red curve.
We assume a total exposure of 1.1 x 10??> protons on target and
f.=1TeV. The ALP flux is proportional to f72, see text for
details.

10 yr [56] and choose f, =1 TeV. The ALP flux is
proportional to ;2 [see Egs. (3)—(5)]. We restrict the plot to
m, values under a few GeV since the mixing formalism
discussed above fails for larger values of m,,.

HNL production—Once produced, we assume that the
ALP decays exclusively into a pair of HNLs. For the decay
rate, we use the model discussed in Ref. [45], where ALP
decays into HNLs parallel the decays of charged pions into
lepton pairs, mediated by W-boson exchange. The partial
width is given by

['(a - 2N) = fam,m%. (6)

4
4oy,

Here, vj, is the vacuum expectation value of the dark sector
Higgs-like scalar and my is the HNL mass. Here we assume
vp to be much larger than the weak scale [45]. Like SM
pion decay, a — 2N is chirality suppressed. For very small
my values, the four-body decay a — 4N is significant or
even dominant (one SM parallel to this decay mode is
7’ — Z*Z* — 4v). See Ref. [45] for details. Here, we
restrict our discussion to regions of parameter space where
the two-body final state dominates.

The probability that the ALP decays inside an
infinitesimal interval A% a distance h from the production
target is

dPy ,y) ( r
eca; Ah — e_rah/(ﬂy)a> Ah, 7
( dh (BY)a .

where ', is the ALP decay width and (fy), = |P.|/m, is
the boost-velocity factor. We are interested in decays that
occur before the detector, a distance L away: 0 < 7 < L.In
the case of DUNE, L = 574 m.

In the ALP rest frame, the two HNLs are produced back-
to-back and the decay is, of course, isotropic. In order to
compute the HNL flux, we simulate ALP decays in the
lab frame and assume the detector to be a cylinder with
radius r, aligned with the beam direction (“on axis”).
Since the HNLs are produced at a distance % from the target
(see Fig. 1), HNLs reach the detector as long as their
production angles (relative to the beam direction) in the lab
frame are smaller than the opening angle of the detec-
tor 04, = arctan(r/L — h).

The total flux of HNLs arriving at the detector can be
computed by combining the differential ALP flux and the
decay rate. It is

J2¢ dPgeca
= in 6 g Y dE,do
N / S g a0, an e
dQ
X ®(9det - Q)Pé\{lr_dh’ (8)
47
where dQ and 0 refer to the direction of the HNL and PY,, is
the probability that an HNL reaches the detector before
decaying,

PN, = o Tw(L=)/ 1)y 9)

'y, (By)y are, respectively, the decay width and boost-
velocity factor of the HNL.

Figure 3 depicts the HNL flux at the detector as a
function of the HNL mass my, for different values of f,

15[ |
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FIG. 3. HNL flux at the detector as a function of the HNL mass

my, assuming a total exposure of 1.1 x 10*? protons on target.
Different colors correspond to different values of f, and vp
(labeled), while the solid (dashed) curves correspond to
m, = 0.2(0.8) GeV.
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and vp, for m, = 0.2(0.8) GeV [solid (dashed) curves] and
|U4|? equals one for all @ = e, y, 7. The HNL flux gets
enhanced for m, = 0.5 due to the resonancelike behavior in
Fig. 2. The ALP production rate is proportional to 1/f2,
while the ALP decay rate into HNLs is proportional to
(fa/v3)? exp=(famamy/v%)?h/|p,|. For our choices of
parameters, ALP always decays between the source and the
detector.

HNL event rates—HNLs decay via SM interactions
through their mixing with the active neutrinos; we assume
the dark sector parameters are such that there are no other
allowed decay modes. The total and partial decay widths
are governed by the HNL mass my and the elements of the
mixing matrix Uy, @ = e, p, 7 [28,45,57,58]. HNL decays
inside the detector are potentially observable and constitute
our signal.

For a given exposure time 7, the total event rate from
HNL decays into a final state X, N,nq (X), at the detector is
given by a convolution of the decay probability of the HNL
into X and the HNL flux, Eq. (8),

d2¢a dPgecay
dE,d0, dh
dQ
X O(04e — O) PN —dh
4z

x PY. BN = X). (10)

Nignal(X) = T/ sind, dE,d0O,

where B(N — X) is the branching ratio of the HNL decay
into X and the probability the decay happens inside the
volume of the detector, with the length AL, is

Py = e THLR )y [1 _ e—rﬁm‘AL/(/fy)N] (11)

The HNL lifetimes and the various branching fractions can
be found in Appendix A of Ref. [45]; we depict different
branching ratios as a function of my in Fig. 5 of the
Appendix in the End Matter. We consider the charged-
current mediated channels X = etz T, y* 77, vetuT, the
neutral-current mediated channel Xvz°, the “mixed” chan-
nels X =vft¢~ (£ =e, p), and the one-loop channel
X = vy. We pay special attention to X = vete™ since it has
the largest branching fraction for my below m, and
contributes appreciably for larger masses. At small my,
X = vy is also of interest, even though it has a much smaller
branching smaller.

DUNE analysis and results—In order to estimate the
sensitivity of the DUNE near-detector facility to HNLs
produced via ALP decays, we assume a cylindrical (radius
r =2.6 m and length AL = 10 m), on axis, 50 ton liquid
argon near detector, located L = 574 m from the target. We
assume 10 yr of data taking with an exposure of 1.1 x
10?! POT/yr [56]. We estimate the sensitivity to the HNL
parameter space using a naive y” analysis based on the

expected HNL rate Ny, where for 90% confidence level
and 2 degrees of freedom we use Nyn;, = 4.61. The model
of interest contains eight assumed-to-be-uncorrelated
parameters: (f,, vp, m,, my, |Ugl?), @ = e, u, 7. For each
final state, we perform an independent analysis and “‘turn
on” only one |U|? at a time (i.e., only one among |U,|?,
|U,n|? and |U,y|?* are nonzero at a given analysis). Unless
otherwise noted, we fix m, = 3my, for concreteness.

For simplicity, we do not include backgrounds in our
analyses. We expect this to be a reasonable assumption for
some HNL-decay final states, including eTe™v, but are
quite confident this is not the case for other final states,
where significant beam-induced backgrounds are expected.
A dedicated study is necessary for properly estimating the
different backgrounds. We leave such background studies
for future work.

Our results in the my x |Uy|* plane, for fixed f, = 1
and vp = 10? TeV are depicted in Fig. 4. The top,
middle, and bottom panels correspond z,-coupled, v,-
coupled, and v,-coupled HNLs, respectively. For very
small |U |, HNL production is severely suppressed since
the HNLs are too long-lived to decay inside the detector.
There are regions of enhanced sensitivity at my ~ 40 and
mpy ~ 200 MeV. These correspond to the resonant-pro-
duction peaks observed in Fig. 2 when m, ~ 120 and
~600 MeV, respectively. For my smaller than, roughly,
the pion mass, only the vete™ and vy channels are open.
These remain competitive for larger values of my but are
superseded by decay modes with larger branching ratios.
Results for v, = 10° TeV are depicted in Fig. 6 of the
Appendix in the End Matter.

Regardless of whether the HNL is purely v, coupled
(only |U.4| # 0), v, coupled (only |U,4| # 0), or v, coupled
(only |U,4| # 0), the overall sensitivities are approximately
the same. This is to be contrasted with the standard scenario
in which the HNLs are the product of charged-meson
decays. There, due to the comparative sizes of the respec-
tive parent meson fluxes, the sensitivity to v,-coupled
HNLs is superior to that of v,-coupled HNLs, which is in
turn superior to that of v,-coupled HNLSs. This is especially
relevant for z-coupled HNLs whose production is severely
suppressed by the flux of charm mesons (e.g., D) at the
target or, in the case of lower-energy facilities, completely
absent. The enhanced production of z-coupled HNLs
makes it possible to better probe the |U,4| coupling, as
well as search for the potential detector signatures of the =
lepton [59-64].

For the ALP parameters of choice, in this Letter we are
sensitive to significantly smaller |U,,| values. This is
expected. For charged-meson-produced HNLs, the signal
rate is naively proportional to |Uul|*, while for neutral-
meson-produced HNLs, the signal rate is naively propor-
tional to |U,|?. For the scenario considered here, we find
that DUNE is sensitive to HNLs whose parameters
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FIG. 4. The sensitivity of the DUNE near detector to the HNLs
produced from the dark pion decay, assuming a total of
1.1 x 10?2 POT. The panels correspond to different HNL mixing
structures, namely, mixing only with v, (top), Yy (middle), and v,
(bottom), respectively.

naturally agree with expectation from the naive type-I
seesaw. These regions of parameter space are highlighted in
gray in Fig. 4 and correspond to |Uy4[> < 0.1 eV/my [28].

Conclusion—SM-singlet fermions are often among the
ingredients behind nonzero neutrino masses. If this is the
case, and if these new particles are light enough, they can
be produced and detected in fixed-target-like experiments,
like the DUNE near-detector facility. Here, we explore the
fact that the production and detection of SM-singlet
fermions are model dependent. We show that, if these
belong to a richer—but rather generic—dark sector, it is
possible that an experiment like DUNE can explore regions
of parameter space relevant for the neutrino mass puzzle.

In more detail, after electroweak symmetry breaking,
SM-singlet fermions, also referred to as HNLs, naturally
mix with SM neutrinos. If these are light enough, they can
be produced via the weak interactions in the decay of
charged mesons (e.g., z* — p*N) and decay via the weak
interactions into leptons and other light states. On the other
hand, ALPs will naturally decay, often with large branching
ratio, into HNLs if these belong to the same dark sector.
Since ALPs mix with the SM neutral pseudoscalar hadrons,
we explored for the first time the consequences of the fact
that the HNL flux at a fixed-target-like facility might be
predominantly associated with the production of neutral
mesons, including the z° and the #. If this is the case, the
physics responsible for HNL production and decay is not
directly related and the production rate is not suppressed by
the active-sterile mixing parameters. Furthermore, experi-
ments like DUNE might be sensitive to HNLs that are too
weakly coupled, directly, to the SM to be produced in the
decay of charged mesons. This is naively expected, for
example, of HNLs that play a direct part in the type-I
seesaw mechanism.

Our analyses are confined to the DUNE experiment, but we
anticipate that the HNL-ALP connection will lead to interest-
ing consequences across the spectrum of neutrino facilities,
including ICARUS, SBND, xBooNE, COHERENT, CCM,
and FASERv and provide a new avenue for future research
and experimentation in the quest to uncover the mysteries of
HNLSs and their role in particle physics.
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End Matter

Appendix—For the expressions of the partial HNL
decay widths we have wused the expressions in
Appendix A of [45], as well as Refs. [28,57,58]. In
general, with all the decay channels that are kinetically
allowed for the mass range we consider in this Letter,
the total decay width reads

[Towl =2 Z [F(N—)yaﬂv) +T(N-vyy)+T(N— l/aﬂo):|

a=e.u.t

+2 Z [F(N—nﬁfa) +D(N—>£5¢10)

a=e.u

+F(N—>f;f+u)+F(N—>vazf—f+)], (A1)
where the overall factor of 2 accounts for the fact that the
HNLs are Majorana fermions. We have shown the
branching fractions in Fig. 5, where we have assumed all
the mixing angles |U,|?> are equal and can be canceled
from the expressions of the branching fractions.
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FIG. 5. Branching fractions for different decay modes of the

HNL, as a function of the HNL mass my.

To demonstrate the dependence of our final results on the
value of the dark vacuum expectation value vj, we have
made Fig. 6, for which all the parameters are the same as in
Fig. 4, but v, = 103 TeV.
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