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New gauge bosons coupled to heavy neutral leptons (HNLs) are simple and well-motivated extensions of
the StandardModel. In searches for HNLs in proton fixed-target experiments, we find that a large population
of gauge bosons (Z0) produced by proton bremsstrahlung may decay to HNLs, leading to a significant
improvement in existing bounds on the (mHNL; Uα), where Uα represent the mixing between HNL and the
active neutrinos with flavor α. We study this possibility in fixed target experiments with the 8 GeV proton
beams, including SBND, MicroBooNE, and ICARUS, as well as DUNE and DarkQuest at 120 GeV. We
find the projected sensitivities to additional Z0-mediated HNL production can bring the seesaw mechanism
of the neutrino masses within a broadened experimental reach.
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I. INTRODUCTION

The observation of neutrino flavor oscillations implies the
existence of neutrino masses. While a large number of
possible scenarios can account for neutrino masses, all of
them require physics beyond the Standard Model (BSM).
A particularly well-studied possibility is the so-called
“seesaw” scenario in which new right-handed sterile neu-
trinos mass mix with the left-handed neutrinos in such a way
as to explain the smallness of the neutrinomasses [1–3]. The
existence of such states may be further motivated by new
gauge symmetries. In particular, the combination of baryon
and lepton number, B − L, is nonanomalous in the SM,
provided there exist three additional right-handed neutrinos
[4,5], making it a favorable extension of the SM. Thus,
gauging the combination of B − L can provide yet addi-
tional motivation, beyond neutrino masses, for the necessity
of right-handed sterile neutrinos.

Consider, for example, the right-handed (RH) neutrinos
N1;2;3, each with a B − L charge of −1. Let us simplify the
phenomenology of this scenario by only considering
interactions with the lightest of the sterile neutrinos, suppose
ν4, which we identify as the heavy neutral lepton (HNL)
ν4 ≡ N, and denote its mixing matrix element relating it to
the active neutrino flavors α as Uα ≡Uα;4. The phenom-
enological Lagrangian involving a sterile mass eigenstateN,
for which we take the mixings between νR;α and N to be
diagonal for simplicity, can then be expressed as

LB−L ⊃ −
1

4
F0
μνF0μν þ 1

2
m2

Z0Z0
μZ0μ þ gB−LZ0

μ

X
i

Qffiγμfi

− gB−LZ0
μNγμN; ð1Þ

where f ¼ L; eR;Q;D; uR; dR for generations i ¼ 1, 2, 3.
Here Qf are the B − L charges (−1 for the leptons and
þ1=3 for the quarks). Diagonalizing the mass matrix of the
neutrinos gives rise to an extended Pontecorvo-Maki-
Nakagawa-Sakata mixing matrix that includes the elements
Ue;μ;τ between the right-handed and left-handed neutrinos
of each flavor. Models of gaugedB − L such as these that sit
below the TeV scale are possible with, for example, SOð10Þ
embedding of B − L [6], or leptogenesis scenarios [7], and
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the motivation for a comprehensive search for HNLs down
to the ∼MeV mass scale is clear [8–10]. In this work, we
take a relatively model agnostic set of parameters to search
for HNLs in the MeV–GeV mass range, with the relevant
physical phenomena described in terms of gB−L, Uα, mZ0 ,
and mN .
Ordinarily, the mixings Uα alone can give rise to the

production of sterile neutrinos from any process that would
also produce active neutrinos. For example, in accelerator
targets, one may produce heavy sterile neutrinos from the
decays of charged pions, the charged and neutral kaons, and
muons, which may take place via the muon and electron
mixings, Uμ;i and Ue;i, respectively. Tau mixings Uτ;i, on
the other hand, could give rise to sterile neutrino production
from tau lepton decays and Ds meson decays [11]. The
sterile neutrino or HNL decay could then proceed via the
same mixings in electroweak mediated decays.
If the heavy neutrino states are connected to a broken

Uð1ÞB−L symmetry, the massive Z0 gauge boson could,
therefore, contribute additional production mechanisms for
the sterile neutrinos if the gauge coupling is not too small. It
is this possibility which is the focus of the present study. In
this work, we investigate the contribution to enhanced HNL
production due to the production of a new vector, Z0, which
could be produced from proton bremsstrahlung, electron/
positron bremsstrahlung, electron/positron annihilation, and
neutral meson decays in the proton beam target experi-
ments. We adopt this heuristic model setup of a Z0 with
gauge coupling gB−L and a single HNL N with mixings to
the active neutrinos Uα and calculate the modified model
parameter space sensitivity of ongoing and future fixed
target experiments; namely, SBND [12], MicroBooNE [13],
and ICARUS [14] using the booster neutrino beam (BNB),
as well as the future DUNE experiment and its near detector
(ND) [15], and the DarkQuest experiment that enjoys a
much shorter distance from the beam target to detector [16].
Similar studies focused on probing gauged B − L with
HNLs at the LHC and SHiP [17,18] have indicated that
sensitivity to the seesaw parameter space is possible, and in
the present work we show that the aforementioned fixed
target experiments will also probe the seesaw parameter
space through complimentary HNL production channels.
This paper is organized as follows. In Sec. II we discuss

the production of B − L gauge bosons, Z0, in proton beam
targets from a variety of production channels that arise from
the couplings to SM particles with B − L charge. In Sec. III
we discuss the subsequent decays to HNLs via Z0 → NN,
the propagation of HNLs to the detector and their detection
through decays to SM particles. In Sec. IV we show findings
for the sensitivity reach of the ongoing MicroBooNE
experiment, as well as future proton beam fixed target
experiments SBND, ICARUS, DarkQuest, and DUNE, to
HNL decays in the parameter space of their mixing angles
and masses for a given Z0 gauge boson mass and gauge

coupling. Finally, in Sec. V, we summarize our results with
concluding remarks on future searches for HNLs.

II. PRODUCTION CHANNELS OF Z0

In proton beam-dump experiments the new B − L gauge
boson can be produced either directly via proton brems-
strahlung or indirectly via secondary SM particles. The
secondary particles we are interested in are photons and
positrons. In the context of B − L, each photon can be
substituted by a Z0 when kinematics allows it. In particular,
we consider photons from neutral meson decays and
electron bremsstrahlung. On the other hand, positrons
can lead to resonant production of Z0 through on shell
annihilation with electrons. Here we do not consider Z0
production through Compton scattering [19], since it has a
smaller cross section relative to the other processes and
does not change our conclusions in the relevant region of
the parameter space. We also neglect charged meson
decays, but in Sec. V, we compare our final results with
those obtained in Ref. [20], where such a channel is
studied in detail.
This Section briefly describes the calculation method we

employ for each channel. First, let us define Nij
X as the

number of particles X ¼ π0; η0; e� in the ith energy bin and
jth angular bin as predicted by Geant4, where the angle is
formed by the original proton beam and the outgoing
photon propagation directions. We also define the bin
extrema to be ½Emin

i ; Emax
i � and ½θmin

j ; θmax
j � for ith energy

and jth angular bins, respectively.
In order to simulate the production of all particles in the

proton beam interactions, we used the Geant4 simulation
toolkit [21–23]. The implemented DUNE neutrino produc-
tion target is a 1.5 m long cylindrical graphite rod with
1.7 cm diameter, following the description in the LBNF
beamline design [24]. For the BNB experiments, we take a
beryllium target cylinder 193 cm long and 1 cm in diameter
[25]. We are also interested in HNL production utilizing the
BNB beam dump of dimensions a 4 m wide ×4 m tall
×4.21 m long, of which the upstream most 2.64 m long
portion stainless steel, followed by a 0.91 m thick concrete
and finally a 0.66 m thick stainless steel layers along the
beam direction [26].
For both the BNB and DUNE target simulations, we used

QGSP_BIC_AllHP physics list for the hadronic reaction
and G4EmStandardPhysics for the electromagnetic
interactions. In addition, we have developed an inherited
user defined class of G4UserSteppingAction, derived
from G4SteppingAction, to trace and record all the
particles produced in the proton beam interactions as they
progress throughout the target. In particular, we recorded
4-momenta of all particles of interest (neutral mesons,
electrons, and positrons) produced in the target from the
primary proton interaction to the electromagnetic showering
process. In order to reduce the computation required, we
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then bin these particles over their energies and angles with
respect to the beam axis, as described previously, with an
appropriate binning scheme that is fine enough not to lose
important spectral information. The bin weightsNij

X serve as
input weights to calculate the Z0 production rate, as we
describe in the next section.

A. Proton bremsstrahlung

First, we consider the Z0 bremsstrahlung of the primary
beam protons, Fig. 1. The diffractive scattering process is
modeled in the quasireal approximation by considering
producing the vector Z0 as initial state radiation (see
Ref. [27] for details). We briefly summarize the calcu-
lation as follows. The differential scattering cross-section
is given by

∂
2σðpp → XZ0Þ

∂p2
T∂z

¼ wDðz; p2
TÞ × σNSDpp ðs0Þ; ð2Þ

where wDðz; p2
TÞ is a splitting function over the longi-

tudinal momentum fraction z ¼ pZ0=p of the outgoing Z0
momentum with respect to the initial proton momentum p,
pT is the transverse momentum of the outgoing Z0, and
s0 ¼ 2mpðpð1 − zÞ þmpÞ where mp is the proton mass. In
the construction of the splitting function wDðz; p2

TÞ in
Ref. [27], there are hadronic form factors introduced to
capture timelike momentum transfer as well as the off
shell momentum in Fig. 1. The parametrization of the form
factors can have a significant impact on the magnitude of
the cross section (up to an order of magnitude), especially
in the parameter Λp ∼OðmpÞ which acts as a cutoff scale
for the off shell behavior. In this work we take the central
value in the range considered by Ref. [27] for the cutoff
scale, Λp ¼ 1.5 GeV.
In the integration of Eq. (2), certain cuts have to be made

to ensure the applicability of the quasireal approximation;
following Ref. [27], we define

Θcuts ≡ Θ
�
0.2 −

Hðz; p2
TÞ

4zð1 − zÞ2p2

�
Θð0.2 − pT=EpÞ

× Θð0.2 −mZ0=EZ0 Þ; ð3Þ

where Hðz; p2
TÞ≡ p2

T þ z2m2
p þ ð1 − zÞm2

Z0 is a kinematic
structure function.
Assuming that most of the protons get absorbed in the

proton target, we can estimate the differential rate of Z0
particles produced by proton bremsstrahlung as the number
of protons on target (POT) times the ratio of the brems-
strahlung and total proton cross sections [20,28],1

∂
2NZ0

∂p2
T∂z

¼ NPOT ×
1

σtotðsÞ
×
∂
2σðpp → XZ0Þ

∂p2
T∂z

× Θcuts: ð4Þ

B. Neutral meson decay

The number of Z0 from Ni;j
M mesons in the ði; jÞth

(energy, angle) bin of the neutral meson Geant4

Monte Carlo sample can be estimated by

NM;ij
Z0 ¼ Nij

M
BrðM → γZ0Þ
2BrðM → γγÞ ; ð5Þ

where M ¼ π0; η0 and BrðM → γZ0Þ is the branching ratio
of the neutral meson decaying into a photon and a Z0,
shown in Fig. 2. The branching ratio can be expressed as

BrðM→ γZ0Þ ¼ 2

�
gB−L
e

�
2
�
1−

m2
Z0

m2
M

�
3

BrðM→ γγÞ; ð6Þ

where Brðπ0 → γγÞ ¼ 0.98823 and Brðη0 → γγÞ ¼ 0.3941
[32]. For each meson in the Geant4 sample, we perform a
2-body decay Monte Carlo for M → γZ0 in the rest frame,
then boost to the lab frame to simulate the boosted
spectrum of Z0.

C. Electron and positron bremsstrahlung

To calculate the number of Z0 bremsstrahlung off of Nij
e�

electrons/positrons the ði; jÞ-th ðEi
e� ; θ

j
e�Þ bin (where θ

j
e� is

the angle of the electron/positron with respect to the proton

FIG. 1. Proton bremsstrahlung via nonsingle diffractive scatt-
tering, producing the on shell Uð1ÞB−L gauge boson that
promptly decays to NN pairs.

FIG. 2. Neutral meson decay to a photon and a B − L gauge
boson Z0, and the subsequent on shell decay to HNL pairs.

1During the completion of this work, other analyses have
proposed updated treatments of the form factors used proton
bremsstrahlung, see for example Refs. [29–31]. The potential
impact of these new calculations is left to a future work.

ENHANCING THE SENSITIVITY TO SEESAW MECHANISM … PHYS. REV. D 111, 055036 (2025)

055036-3



beam axis) as depicted in Fig. 3 left, we integrate over the
Geant4-simulated e� fluxes, convolving them with the
differential cross section ∂

2σ=ð∂EZ0∂ΩZ0 Þ for the process
e�A → e�AZ0 off an atomic target A. The energy loss of
the electrons and positrons in the material during particle
transport must also be folded into the event rate calculation.
The differential number flux of Z0 can be expressed as

∂
2Nbrem;ij

Z0

∂EZ0∂ΩZ0
¼ NAX0

A

Z
Ei
e�

me

Z
T

0

Nij
e�Iðt; Ei

e� ; E
0Þ

×
d2σðE0Þ
dEZ0dΩZ0

dtdE0; ð7Þ

where NA is Avogadro’s number, X0 is the radiation length
of the electrons/positrons in the dump material (g=cm2), A
is the atomic weight (g/mol), and Ni

e� is the number of e�

with energy Ei
e and angle θje with respect to the beam axis.

Iðt; Ei; EfÞ ¼ θðEi−EfÞ
EiΓð4t=3Þ ðlnEi=EfÞ4t=3−1 is the energy loss

smearing function, integrated over the dimensionless num-
ber of radiation lengths t up to the radiation length of the
target, T [33]. This expression gives us the differential rate
of Z0 over the differential angle dΩZ0 ¼ dðcos θZ0 ÞdϕZ0 with
respect to the e� direction θje� ; we can then transform this
angle to the lab frame in which the beam axis points along
the z-direction via

θlabZ0 ¼ arccosðcosθZ0 cosθje� þ cosϕZ0 sinθZ0 sinθje�Þ: ð8Þ

Finally, we sum over the binned e� flux elements over
i, j bins.

D. Resonant production

A Z0 can be produced on shell through the process eþ þ
e− → Z0 when Eres

eþ ¼ m2
Z0=2me −me (Fig. 3, right), which

yields a monoenergetic Z0 with energy EZ0 ¼ m2
Z0=2me.

In this case, the number of Z0 generated from the ði; jÞth bin
is given by

Nres;ij
Z0 ¼ ZX0

A

Z
Ei
eþ

me

Z
T

0

Nij
eþIðt; Ei

eþ ; E
0ÞσresdtdE0: ð9Þ

The prefactors and energy loss function are the same as
those defined for electron/positron bremsstrahlung in
Sec. II C. σres is the cross section for resonant production
and is given in [19],

σres ¼
πg2B−L
2me

δ

�
E0 −

m2
Z0

2me
þme

�
: ð10Þ

The delta function will then set E0 ¼ Eres
eþ after integrating

over dE0. As before, we then sum over the ði; jÞ bins of the
positron flux to determine the total number of Z0 produced
at the monoenergetic resonant energy EZ0 and angle equal
to the incoming positron angle θjeþ .
We note here that modeling the electron/positron energy

loss for bremsstrahlung and resonant production using the
track-length distribution function does not account for the
random walk nature of the electromagnetic showers in a
beam target. Recently, Ref. [34] showed using the PETITE

package that more explicit modeling of the electromagnetic
shower in the production of feebly coupled vector particles
can yield significantly different fluxes of the produced
boson due to the random walk of the parent electrons/
positrons deviating in their momentum direction in addition
to losing energy as they transport through material. We can

FIG. 3. Left: Bremsstrahlung of Z0 off of secondary electron
and positron in their interactions with the target atoms, A ¼ 12C
(DUNE target), A ¼ 9Be (BNB target), or A ¼ 56Fe (DarkQuest),
that radiate B − L Z0 and subsequently decay to HNLNN pairs. A
similar diagram where the Z0 is radiated off the e� final state also
contributes. Right: Positron annihilation on target electrons to
resonantly produce an on shell Z0 and its subsequent decay to NN
pairs (right).

FIG. 4. Number of Z0 pointed within the solid angle of the
DUNE near detector as a function of mZ0 for the different
production channels, assuming gB−L ¼ 1 and 1.47 × 1022 POT.
In the case of proton bremsstrahlung, we do not use this channel
below mZ0 ¼ 250 MeV as per [27], but show the behavior of the
event rate (dashed red) here for the interest of the reader.
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heuristically account for the broadening of the Z0 angular
distribution that would occur this way by limiting the
number of track lengths integrated over in the above flux
calculations. In the case of DUNE, we use a single value for
tmax, regardless of the original production point of positrons
in the target. This average (tmax) is calculated as the
radiation lengths of the target downstream of the 50%
positron production point. The final result is tmax ¼ 3.3. In
the case of the BNB dump, considering that secondary
particles are propagating through the relatively thick beam
dump, we take tmax ¼ 5. In each case, we find an agreement
with the PETITE-derived fluxes to within 20% difference.
We show the rates of Z0 that are produced and have

3-momentum that points within the solid angle of the
DUNE near detector in Fig. 4 for resonant production,
electron/positron bremsstrahlung, neutral meson decay
(π0; η), and proton bremsstrahlung as a function of the Z0
mass. We find that the electron/positron channels contribute
mainly to the low mass limit, while proton bremsstrahlung
dominates the production for 250 MeV–1 GeV masses. The

extrapolated cross section for proton bremsstrahlung does
grow at lower masses, shown by the dashed line in Fig. 4,
but we only consider this process above mZ0 > 250 MeV,
below which the appropriate behavior becomes theoretically
uncertain.

III. HNL DECAYS IN THE DETECTOR

In the parameter space we are interested in
(mZ0 > 20 MeV and gB−L > 10−7), the Z0 decays promptly
to leptons and HNL, and we, therefore, neglect its propa-
gation distance before decay. Moreover, the Z0 decays
isotropically in the c.m. frame. We define θHNL and ϕHNL as
the angle with respect to the z-axis and the azimuthal angle,
respectively, either in the c.m. frame or in the laboratory
frame (lab). We assume that the angular distribution of the
Z0 only depends on its propagation angle with respect to the
z-axis, whereas it is uniform in the azimuthal angle. Under
these assumptions, the number of visible decays the HNL
does in the detector is given by

NHNL ¼
X
ij

1

4π

Z
2π

0

dϕcm
HNL

Z
1

−1
d cos θcmHNLN

c;ij
Z0 BrZ0→HNLΘ½θlabHNL þ θdetmin�Θ½−θlabHNL þ θdetmax�PHNLðElab

HNLÞ; ð11Þ

where Nc;ij
Z0 is the number of Z0 in the ijth bin coming from

channel c, BrZ0→HNL is the branching ratio of the decay of
the Z0 to HNL, Θ½x� is the Heaviside step function and
PHNLðEHNLÞ is the decay probability of the HNL with
energy Elab

HNL. We report in Table I the values of θdetmin and
θdetmax as well as the other detector specifications and
exposures used for DUNE-ND, SBND, MicroBooNE,
and ICARUS.
In the calculation of the total width of the decaying Z0,

we use the following partial decay width of the Z0 to
charged leptons,

ΓðZ0 → lþl−Þ ¼ g2B−LmZ0

12π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

�
ml

mZ0

�
2

s

×

�
1þ 2

�
ml

mZ0

�
2
�
; ð12Þ

where l ¼ e, μ, τ. For the decay width of Z0 → NN, the
decay width formula is calculated for heavy N final states,

TABLE I. Experimental details of DUNE and ICARUS used for evaluating Eq. (11). L is the length of the detector, d is the distance
from the target or the beam dump to the detector, w × h is detector area perpendicular to the proton beam direction, and θmax

det is the
approximate angle of the detector with respect to the proton beam axis determined by taking the radius of a circle whose area is the
detector area. For DarkQuest, the tracking and calorimetry system is of variable dimension, so we use the area of the first tracking plane
(∼4m2) to determine θmax

det , and use two benchmark exposure targets of 1018 and 1020 POT.

Experiment d [m] L [m] w × h [m2] θmax
det [rad] POT

DUNE [20] 579 5 7 × 3 4.3 × 10−3 1.47 × 1022

SBND 110 5 4 × 4 2.1 × 10−2 6.6 × 1020

SBND Dump-mode 60 5 4 × 4 3.8 × 10−2 6.6 × 1020

MicroBooNE 470 10.4 2.3 × 2.6 2.9 × 10−3 1.36 × 1021

ICARUS-BNB 600 17.95 3.0 × 3.16 2.8 × 10−3 6.6 × 1020

DarkQuest 4 14 ∼4 8 × 10−2 1018 (1020)
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ΓðZ0 → NNÞ ¼ g2B−LmZ0

24π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

�
mN

mZ0

�
2

s

×

�
1 −

�
mN

mZ0

�
2
�
; ð13Þ

while the decay to the light neutrinos is simply

ΓðZ0 → ννÞ ¼ g2B−LmZ0

24π
: ð14Þ

Lastly, the decays to hadrons are accessible for
mZ0 > mρ ¼ 770 MeV. We use the R-ratio of hadronic
to muonic final states in eþe− annihilation to parametrize
the hadronic matrix elements as per Refs. [35–37],

ΓðZ0 → hadronsÞ ¼ g2B−L
e2

ΓðZ0 → μþμ−ÞRðm2
Z0 Þ: ð15Þ

The branching ratios of the Z0 to each of these final states
are shown in Fig. 5.
Now we discuss the possibility of HNL decays in the

detector. We consider all possible decay modes of the HNL
mediated by its mixing angle Uα for α ¼ e, μ, τ. There are
many modes which we do not list in their entirety here but
are given in Refs. [38–40]. Some dominant decay modes
and the approximate range of HNL masses over which they
are relevant (≳5 % branching ratio) are

N → νανβν̄β mN ≳ 1 eV;

N → ναeþe− mN ∈ ð1; 175Þ MeV

& mN ≳ 680 MeV;

N → ναμ
þμ− mN ≳ 900 MeV;

N → π0να mN ∈ ð150; 1700Þ MeV;

N → π�e∓ðα ¼ eÞ mN ∈ ð150; 2000Þ MeV;

N → π�μ∓ðα ¼ μÞ mN ∈ ð250; 2000Þ MeV;

N → νβe�μ∓ðα ¼ e; μÞ mN ≳ 2000 MeV;

N → να þ hadr: mN ≳ 1300 MeV;

N → e� þ hadr:ðα ¼ eÞ mN ≳ 1600 MeV;

N → μ� þ hadr:ðα ¼ μÞ mN ≳ 1600 MeV;

where “hadr.” refers to three or more mesons in the final
state. Final states with flavor β are associated with internal
electroweak vertices and are summed over, and the relevant
HNL mixing elementsUα that drive the decay are indicated
wherever the α-flavored neutrino does not appear in the
final state, e.g., “α ¼ e, μ” indicates that either Ue or Uμ

can drive the decay mode. We plot the branching ratios of
each mode in Fig. 6 up to around 2.2 GeV in the HNL mass
where the HNL becomes too short-lived and long baseline
fixed target experiments begin to lose sensitivity.
The reader may also wonder if contributions to the HNL

decay width can come from the Z0 in addition to the mixing
with electroweak diagrams. For the small gauge coupling
we have adopted, gB−L ∼Oð10−4Þ, the contribution to the
HNL branching ratios should go like g2B−L=m

2
Z0 ≪ g2=m2

W
for most of the parameter space we have considered. Since
in the following analysis we consider mZ0 ≳ 100 MeV, the
contribution is limited in comparison with the electroweak
factor of g2=m2

W ≃ 6.5 × 10−5 GeV−2.
As for the case mZ0 < mHNL, this could be another

interesting possibility that we do not consider here. In this
case, the production mechanism could still arise from
proton bremsstrahlung to a virtual Z0 that pair produces
NN, which would be phase space suppressed relative to
the on-shell Z0 we consider here, or via the usual charged
meson decays with the mixing Uα driving the production
rate. So, the light mZ0 limit would likely capture the same
sensitivity as the Uα-only sensitivity, however with the
presence of some additional HNL decay channels that now
get a less suppressed contribution from the Z0 in addition
to the exclusively electroweak andUα-driven decay modes
(e.g. N → Z0να). These new modes may change the
lifetime slightly and offer new final states for the experi-
ments to search for. Other signals could arise from long-
lived Z0 → lþl− decays, though these would be indepen-
dent of the HNL decay signal and the HNL param-
eter space.

FIG. 5. Branching ratios of the B − L Z0 to various final
states including the majorana right-handed neutrino N. Here
we take mZ0 ¼ 5mN .
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IV. MAIN RESULTS

We first show results for the SBN program (SBND,
MicroBooNE, ICARUS-BNB) experiments, and for the
DarkQuest experiment, in their sensitivity to HNL decays
with dominant mixings to either muon (Uμ) or tau (Uτ)
flavors for two mass ratio benchmarks mZ0=mN ¼ 2.1 and
mZ0=mN ¼ 5 in Fig. 7, where the event rate is driven by all
the visible modes of the decaying HNL, including both the
leptonic and hadronic final states. In calculating this
number, we have adopted a 20% efficiency factor. This
mimics the cuts one needs to apply to bring the background
from neutrino interactions to a negligible level. In principle,
the efficiency should depend on the decay channel and the
mass of the HNL, but as shown in [11,38], using 20% is still
conservative. In addition, a timing measurement of the HNL
signal has been demonstrated to significantly reduce back-
grounds [41]. In the present work, we take this signal
efficiency as an assumption, as it would be subject to change
given a realistic dedicated background reduction analysis by
the experiments. The sensitivity curves are then drawn from
the isoevent contours corresponding to three events, or a
95% confidence level of a zero Poisson background after the
signal efficiency has been taken into account.
Here we have fixed the gauge coupling of the Z0 to be

gB−L ¼ 10−4, which is not yet excluded by laboratory
bounds but well within potential reach of future Z0

searches, e.g. LDMX and Belle-II [45], though constraints
from Texono, Borexino, and CHARM II do exclude this
coupling for masses below mZ0 ≲ 100 MeV [35,37].
Therefore, we limit our considerations to heavier masses,
or mN > 50 MeV to be conservative given the mass ratio
benchmarks mentioned above. For the SBN program
experiments shown, which use the 8 GeV BNB proton
beam, we do not find significant sensitivity from electron/
positron bremsstrahlung, resonant production, or neutral
meson decays; the primary sensitivity is due to Z0

production from proton bremsstrahlung of the 8 GeV
proton beam impinging on the beryllium target. We also
indicate the region of the parameter space where light
neutrino masses can be explained by the seesaw mecha-
nism with the shaded band; the lower limit of this region is
obtained by considering the standard seesaw formula,

jUαj2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

p
mN

; ð16Þ

where Δm2
21 ¼ m2

2 −m2
1 ≃ 7.5 × 10−5 eV2 is the mass

difference measured by solar neutrino experiments and
by KamLAND [46–48]. The upper limit is obtained by

jUαj2 ¼
0.23 eV
mN

; ð17Þ

where 0.23 eV is the current upper bound on the neutrino
mass from Planck [49].
We draw the existing constraints derived from solely

considering the mixing Uα between the HNLs and the
active neutrino flavors in gray [50]. These come from a
variety of different experiments, including beam target or
beam dump experiments that looked for HNLs being both
produced and detected through their mixings; i.e., their
production through meson decays to HNLs in the beam
target and their subsequent decays to the same final states
that we consider in this work. These include limits from
PIENU [51,52], PSI [53], E949 [54], T2K [55], NA62
[56], MicroBooNE [42], NuTeV [57], CHARM [58,59],
NOMAD [60], and BEBC [61,62], for example. One
can also contrast the sensitivity from only considering
the B−L production channels (our curves) with the
mixing-only sensitivity in this fashion, like the sensitivity
derived by MicroBooNE [42], shown in Fig. 7 by the teal
dotted line.

FIG. 6. HNL branching fractions as a function of the HNLmassmN . Final states are indicated on the plot, and all neutrino flavors have
been summed over.
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We wish to make clear that the existing constraints
shown in gray do not incorporate sensitivity to the gauge
boson-driven production of HNLs, but in principle, a
dedicated study for each experiment could be performed
to recast their bounds with the physics of a Z0 in mind.
This would place the comparison with our forecasted
isoevent contours within the same physics model, but at
present, Fig. 7 is meant to showcase how Z0-driven
sensitivity compares relative to the mixing-only sensitiv-
ities. However, we argue that for many of the existing
experiments the limits would not be enhanced signifi-
cantly due to the presence of the Z0. PSI, PIENU, and
E949, for instance, all rely on the observation of π or K
meson decays directly, and are more sensitive to the HNL
mixing as opposed to e.g., π� → Z0νl� decays, which are
suppressed with couplings at the level of 10−4 through (if
even kinematically allowed). Experiments like BEBC,
PS191, T2K, CHARM, and NA62, however, constrain the
heavier HNL masses and do involve powerful proton

beam dumps that could potentially be sensitive to
Z0 → NN production via Z0 proton bremsstrahlung as
we have considered. Out of these, since the T2K near
detector (T2K-ND280) and CHARM are off-axis, while
NA62 and PS191 make use of lower proton beam energies
than BEBC, we estimate that BEBC would be the most
promising of the existing experiments to gain Z0-driven
modifications to their limits. We performed a parameter
scan using the BEBC detector and beam configurations
[61,62] and found the limit due to Z0-produced HNLs in
the jUαj2 −mHNL plane is primarily relevant for the Uτ

mixing at lower mZ0=mN mass ratios; see Fig. 7, upper
right. The limit would modestly exclude parameter space
beyond the mixing-only limits, and in line with the
aforementioned argument, the other fixed target experi-
ments mentioned are unlikely to see limits changed as
significantly by the Z0-driven HNL production. For the
other benchmarks we found no additional sensitivity
beyond the mixing-only limits from BEBC.

FIG. 7. Background-free sensitivity contours at 90% C.L. for SBND, MicroBooNE, ICARUS-BNB, and DarkQuest as a function of
mN and jUμj2 (left column) and jUτj2 (right column). Top panels refer to mZ0

mN
¼ 2.1 while bottom ones refer to mZ0

mN
¼ 5. We fix the

coupling of the Z0 to g ¼ 10−4. We also show the limit from MicroBooNE for HNL production driven by the jUμj mixing angle alone
[42,43]. For DarkQuest, we show the approved exposure benchmark of 1018 POT as well as the proposed, larger exposure of 1020 POT
(green lines) in comparison with the forecasted limits using only the mixing (purple) [44].
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Additionally, we wish to motivate the possibility of
running SBND in a beam-dump or target-less mode,
whereby the BNB target would be removed, and the
magnetic horns turned off such that the proton beam
impinges directly onto the steel beam dump. This con-
figuration would be similar in spirit to the beam-dump run
conducted at MiniBooNE [63] and the target-less con-
figuration proposed for DUNE-ND in Ref. [64] for their
advantage in low neutrino backgrounds for BSM searches.
The advantage of running in this mode lies in the much
shorter distance between the HNL production site and the
SBND detector, now foreshortened to only ∼50 meters.
However, the beam power and exposure are expected to be
limited in this configuration. As a realistic estimate, we
take an exposure of 2 × 1020 POT and otherwise the same
detector specifications. The resulting sensitivity for the
SBND beam-dump mode run is shown by the dashed line
in Fig. 7; we see that for only a third of the POT, the reach

is roughly equivalent to the standard exposure in tar-
get mode.
Lastly, we show the DarkQuest isoevent contour in

green in Fig. 7 for benchmark exposures of 1018 POT and
the proposed upgrade or extended run of 1020 POT
(depending on the duty and plans for the Fermilab main
injector beam). Note that this predicted event rate is again
based on measuring all visible decay channels, both
leptonic and hadronic, and we do not assume drastically
different signal efficiencies between the two detection
channels due to the detector capability. We find that the
HNL production can also be enhanced from B − L gauge
boson production through proton bremsstrahlung com-
pared to the electroweak production from neutrino mixing
alone [44]. The 1 × 1020 POT benchmark, if it can be
achieved, is especially attractive for its sensitivity to larger
mass HNLs which is comparable to the DUNE-ND reach
as we see next in Fig. 8.

FIG. 8. Number of particles from all visible decays in DUNE as a function ofmN and jUμj2 (left column) and jUτj2 (right column). Top
panels refer to mZ0

mN
¼ 2.1 while bottom ones refer to mZ0

mN
¼ 5. We fix the coupling of the Z0 to g ¼ 10−4. The solid, dashed, and dotted

lines correspond to the isoevent contours for 3, 10, and 100 events, respectively, separated by production channel (neutral meson decays,
electron/positron bremsstrahlung and resonant production, and proton bremsstrahlung). We also show the forecasted DUNE-ND
sensitivity to HNLs produced only from the jUμj mixing-angle driven channels (teal dotted line) [11,65].
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We then show results for DUNE-ND sensitivity to HNL
decays with dominant mixings to either muon or tau flavors
in Fig. 8. Again, we show the isoevent contours for the
same two mass ratio benchmarks mZ0=mN ¼ 2.1 and
mZ0=mN ¼ 5, this time broken up into event rate levels
of 3, 10, and 100 events observed over the integrated
exposure. We again adopt a 20% efficiency factor as we did
for the SBN experiments. This time, the high-intensity
beam and larger energies give us sensitivity to the B − L
driven production in both proton and e� bremsstrahlung.
One can also consider the mixing-only sensitivity in this
fashion for the DUNE-ND, which has been studied in
Refs. [11,65], shown in Fig. 8 by the teal dotted line.
We find that for smaller mass ratios between theUð1ÞB−L

Z0 mass and the HNL mass, the proton bremsstrahlung
production channel at gB−L ¼ 10−4 is strong enough to
probe the seesaw band. This sensitivity is roughly inde-
pendent of the dominant mixing flavor, jUμj or jUτj, but is
more sensitive to different gauge coupling strengths. For
example, if the B − L gauge coupling is reduced by a factor
of 1=2, the sensitive C.L. on jUαj2 would increase by 4
since the event rate is roughly proportional to g2B−LjUαj2 in
the limit of long HNL lifetimes. Therefore we expect
sensitivity to the seesaw band for gauge couplings bigger
than roughly 5 × 10−5 before the event rates would be too
suppressed. In comparison with the mixing-produced HNL
scenario projected for DUNE-ND in teal, we note that the
Z0-driven production of HNLs gives us sensitivity to larger
HNL masses due to the kinematic reach of proton brems-
strahlung in addition to a completely new reach toUτ flavor
mixings. The existing constraints in the Uτ-mN parameter
space are somewhat weaker than for Uμ and Ue such that
the Z0-driven production has a much stronger relative reach.

V. CONCLUSIONS

While testing seesaw neutrino mass models has long
been out of reach of modern experiments, many of the next
generation of accelerator and beam target experiments
designed to test neutrino physics and BSM physics are
coming into position to test this parameter space for the first
time. In this study, we point out that sensitivity to seesaw
mass models, as well as to the greater parameter space of
sterile neutrinos and generic HNLs, could be enhanced
under the presence of extra gauge forces mediating HNL
production in proton beam target environments.

By simulating the production of gauge bosons from
proton bremsstrahlung, electron/positron bremsstrahlung
and annihilation, and neutral meson decays, we have
computed the resulting enhanced HNL flux from gauge
boson decays. The flux is particularly enhanced from
bremsstrahlung of the primary proton beams, a channel
that sets gauged B − L apart from leptophilic models, for
example [66]. If the B − L gauge coupling is in the
neighborhood of the existing bounds, 10−4 − 10−5 and
the gauge boson mass relative to the HNL mass is not too
large, one could expect a significant enhancement to the
expected HNL flux relative to the rates from standard
electroweak production channels via the mixings Uα. For
a large enough coupling, these production rates are high
enough to probe the parameter space of realistic seesaw
models, while direct searches for Z0 that couple to baryons
and leptons are complementarily motivated and are well
within future experimental reach, e.g., at Belle-II, LHCb,
NA64μ, and LDMX [37,45]. Sensitivity in this parameter
space may be possible for experiments with high-intensity
fluxes, as we have shown for DUNE, DarkQuest, and
SBND.
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