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New gauge bosons coupled to heavy neutral leptons (HNLs) are simple and well-motivated exten-
sions of the Standard Model. In searches for HNLs in proton fixed-target experiments, we find that
a large population of gauge bosons (Z’) produced by proton bremsstrahlung may decay to HNLs,
leading to a significant improvement in existing bounds on the (munr,Us), where U, represent
the mixing between HNL and the active neutrinos with flavor . 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
Z'-mediated HNL production can bring the seesaw mechanism of the neutrino masses within a

broadened experimental reach.

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
(SM). A particularly well-studied possibility is the so-
called “seesaw” scenario in which new right-handed ster-
ile neutrinos mass mix with the left-handed neutrinos in
such a way as to explain the smallness of the neutrino
masses [1-3]. The existence of such states may be fur-
ther motivated by new gauge symmetries. In particular,
the combination of baryon and lepton number, B — L, is
non-anomalous in the SM, provided there exist three ad-
ditional right-handed neutrinos [4, 5], making it a favor-
able extension of the SM. Thus, gauging the combination
of B — L can provide yet additional motivation, beyond
neutrino masses, for the necessity of right-handed sterile
neutrinos.

Consider, for example, the right-handed (RH) neutri-
nos Ni 3, each with a B — L charge of —1. Let us
simplify the phenomenology of this scenario by only con-
sidering interactions with the lightest of the sterile neu-
trinos, suppose v4, which we identify as the HNL vy = N,
and denote its mixing matrix element relating it to the
active neutrino flavors o as U, = Uy, 4. The phenomeno-
logical Lagrangian involving a sterile mass eigenstate IV,
for which we take the mixings between vg o and IV to be
diagonal for simplicity, can then be expressed as
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where f = L,er, @, D,ug,dr for generations i = 1,2, 3.
Here Qs are the B — L charges (—1 for the leptons and
+1/3 for the quarks). Diagonalizing the mass matrix of
the neutrinos gives rise to an extended PMNS mixing ma-
trix that includes the elements U, , . between the right-
handed and left-handed neutrinos of each flavor. Models
of gauged B — L such as these that sit below the TeV
scale are possible with, for example, SO(10) embedding
of B — L [6], or leptogenesis scenarios [7], and the moti-
vation 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 rel-
evant physical phenomena described in terms of gg_g,
Uy, myz/, and my.

Ordinarily, the mixings U, 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 neu-
trinos from the decays of charged pions, the charged and
neutral kaons, and muons, which may take place via the
muon and electron mixings, U, ; and U, ;, respectively.
Tau mixings U, ;, on the other hand, could give rise to
sterile neutrino production from tau lepton decays and
D, 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
U(1)p—_1 symmetry, the massive Z' 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 contribu-
tion to enhanced HNL production due to the production
of a new vector, Z’, which could be produced from pro-
ton bremsstrahlung, electron/positron bremsstrahlung,



electron/positron annihilation, and neutral meson decays
in the proton beam target experiments. We adopt this
heuristic model setup of a Z’ with gauge coupling gg_r,
and a single HNL N with mixings to the active neu-
trinos U, and calculate the modified model parameter
space sensitivity of ongoing and future fixed target ex-
periments; namely, SBND [12], MicroBooNE [13], and
ICARUS [14] using the booster neutrino beam (BNB),
as well as the future DUNE experiment and its near de-
tector (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 § II, we discuss
the production of B— L gauge bosons, Z’, in proton beam
targets from a variety of production channels that arise
from the couplings to SM particles with B — L charge.
In § III, we discuss the subsequent decays to HNLs via
7' — NN, the propagation of HNLs to the detector and
their detection through decays to SM particles. In § 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 Z’ gauge boson
mass and gauge coupling. Finally, in § V, we summarize
our results with concluding remarks on future searches
for HNLs.

II. PRODUCTION CHANNELS OF 7’

In proton beam-dump experiments the new B — L
gauge boson can be produced either directly via pro-
ton bremsstrahlung or indirectly via secondary SM par-
ticles. The secondary particles we are interested in are
photons and positrons. In the context of B— L, each pho-
ton can be substituted by a Z’ when kinematics allows
it. In particular, we consider photons from neutral me-
son decays and electron bremsstrahlung. On the other
hand, positrons can lead to resonant production of Z’
through on-shell annihilation with electrons. Here we do
not consider Z’ 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 ne-
glect charged meson decays, but in § 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 N as
the number of particles X = 7%, 7%, e* in the i-th energy
bin and j-th angular bin as predicted by GEANT4, where
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FIG. 1. Proton bremsstrahlung via non-single diffractive
scatttering, producing the on-shell U (1) 5— 1, gauge boson that
promptly decays to NN pairs.
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the angle is formed by the original proton beam and the
outgoing photon propagation directions. We also define
the bin extrema to be [EM" EMaX] and [0;‘“”,0}““] for
i-th energy and j-th 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 production target is a 1.5 m long cylindrical
graphite rod with 1.7 cm diameter, following the descrip-
tion 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 di-
mensions a 4 m wide x 4 m tall x 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_A11HP physics list for the hadronic reac-
tion and G4EmStandardPhysics for the electromagnetic
interactions. In addition, we have developed an inher-
ited user-defined class of G4UserSteppingAction, de-
rived 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 electromag-
netic showering process. In order to reduce the compu-
tation required, we then bin these particles over their
energies and angles with respect to the beam axis, as de-
scribed previously, with an appropriate binning scheme
that is fine enough not to lose important spectral infor-
mation. The bin weights Ny serve as input weights to
calculate the Z’ production rate, as we describe in the
next section.

A. Proton Bremsstrahlung

First, we consider the Z’ bremsstrahlung of the pri-
mary beam protons, Fig. 1. The diffractive scattering
process is modeled in the quasi-real approximation by
considering producing the vector Z’ as initial state radi-
ation (see ref. [27] for details). We briefly summarize the



calculation as follows. The differential scattering cross-
section is given by

Po(pp — XZ') D(

_ 2 NSD ./
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pp
where wP (2, p?) is a splitting function over the longitu-
dinal momentum fraction z = pyz: /p of the outgoing 7’
momentum with respect to the initial proton momentum
p, pr is the transverse momentum of the outgoing Z’, and
s’ = 2my(p(1 — z) + my) where m,, is the proton mass.
In the construction of the splitting function w?(z, p2.) 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 magni-
tude of the cross section (up to an order of magnitude),
especially in the parameter A, ~ O(m,) 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, A, = 1.5 GeV.

In the integration of Eq. 2, certain cuts have to be
made to ensure the applicability of the quasi-real approx-
imation; following ref. [27], we define

ecuts =0 <O2 — Zm) @(02 - pT/EP)
X @(O.Z—mZ//EZ/) (3)

where H(z,p7) = pj + 2*m2 + (1 — z)m7, is a kinematic
structure function.

Assuming that most of the protons get absorbed in
the proton target, we can estimate the differential rate of
7' particles produced by proton bremsstrahlung as the
number of POT times the ratio of the bremsstrahlung
and total proton cross sections [20, 28];!

D?o(pp — XZ')
Op2.0z

X @cuts (4)

B. Neutral Meson Decay

The number of Z’ from N]i\}[j mesons in the (i, 7)-th
(energy, angle) bin of the neutral meson GEANT4 monte
carlo sample can be estimated by

” i Br(M — ~vZ")

Ny = Nyt 5
z MOBr(M — ~v) (5)
where M = 7% 7% and Br(M — ~vZ’) is the branching
ratio of the neutral meson decaying into a photon and a

1 During the completion of this work, other analyses have pro-
posed updated treatments of the form factors used proton
bremsstrahlung, see for example ref. [29] and refs. [30, 31]. The
potential impact of these new calculations is left to a future work.

N

FIG. 2. Neutral meson decay to a photon and a B — L gauge
boson Z’, and the subsequent on-shell decay to HNL pairs.

A A et N

FIG. 3. Left: Bremsstrahlung of Z’ off of secondary elec-
tron and positron in their interactions with the target atoms,
A ='2C (DUNE target), A =°Be (BNB target) or A ="°Fe
(DarkQuest), that radiate B — L Z' and subsequently decay
to HNLN N pairs. A similar diagram where the Z’ is radiated
off the e® final state also contributes. Right: positron anni-
hilation on target electrons to resonantly produce an on-shell
7' and its subsequent decay to NN pairs (right).

7', shown in Fig. 2. The branching ratio can be expressed
as

2 2 \3
Br(M —~Z') =2 (gB*L) (1 - mZ’) Br(M — 7),
(&

miy
(6)
where Br(7? — ~7) = 0.98823 and Br(n® — vv) =
0.3941 [32]. For each meson in the GEANT4 sample,
we perform a 2-body decay monte carlo for M — vZ’ in
the rest frame, then boost to the lab frame to simulate
the boosted spectrum of Z’.

C. Electron and Positron Bremsstrahlung

To calculate the number of Z’ bremsstrahlung off
of N4 electrons/positrons the (i,7)-th (E’.,6.) bin
(where 67, is the angle of the electron/positron with
respect to the proton beam axis) as depicted in Fig. 3
left, we integrate over the GEANT4-simulated e* fluxes,
convolving them with the differential cross section
0%0/(0E200:) for the process et N — et NZ'. 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 Z’



can be expressed as
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where N4 is Avogadro’s number, X, is the radiation
length of the electrons/positrons in the dump material,
A is the atomic weight, and Néi is the number of e*
with energy E! and angle 67 with respect to the beam

axis. I(t,E;, Ef) = 33(1‘];:"(7;{:;53(hrlEi/Ef)‘lt/?’_1 is the en-
ergy loss smearing function for the electron/positron ra-
diation length ¢ integrated up to target radiation thick-
ness T' [33]. This expression gives us the differential rate
of Z' over the differential angle dQ0z = d(cosfz/)d¢z
with respect to the e* direction QZ +; we can then trans-
form this angle to the lab frame in which the beam axis
points along the z-direction via

6'2P = arccos(cos 2 cos 67 + cos gz sinfy sing’ ).

(8)
Finally, we sum over the binned e* flux elements over 1, j
bins.

D. Resonant Production

A 7' can be produced on-shell through the process
et + e — Z' when E'Y = m3,/2m. — m. (Fig. 3,
right), which yields a mono-energetic Z’ with energy
Ez = m%,/2m.. In this case, the number of Z’' gen-
erated from the (4, j)-th bin is given by

X, [Ee T ,
Ny = 250 / / NIt B, B )orendtdE
m 0
(9)

The prefactors and energy loss function are the same
as those defined for electron/positron bremsstrahlung in
§ 1T C. 0.0 is the cross section for resonant production
and is given in [19];

Ne
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The delta function will then set E' = EX$ after integrat-

ing over dE’. As before, we then sum over the (4, j) bins
of the positron flux to determine the total number of Z’
produced at the monoenergetic resonant energy Ez and
angle equal to the incoming positron angle 92 .-

We note here that modeling the electron/positron en-
ergy loss for bremsstrahlung and resonant production us-
ing the track-length distribution function does not ac-
count for the random walk nature of the electromagnetic
showers in a beam target. Recently, in 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 momen-
tum direction in addition to losing energy as they trans-
port through material. We can heuristically account for
the broadening of the Z’ 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 t,,,x, regardless of the
original production point of positrons in the target. This
average (tmax) 18 calculated as the radiation lengths of
the target downstream of the 50% positron production
point. The final result is tp.x = 3.3. In the case of
the BNB dump, considering that secondary particles are
propagating through the relatively thick beam dump, we
take tmax = 5. In each case, we find an agreement with
the PETITE-derived fluxes to within 20% difference.

We show the rates of Z’ 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
(7% 1), and proton bremsstrahlung as a function of the
Z' 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 pro-
ton bremsstrahlung does grow at lower masses, shown by
the dashed line in Fig. 4, but we only consider this pro-
cess above mz: > 250 MeV, below which the appropriate
behavior becomes theoretically uncertain.
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FIG. 4. Number of Z' pointed within the solid angle of the
DUNE near detector as a function of my s for the different
production channels, assuming gg_ = 1 and 1.47 x 10%2
POT. In the case of proton bremsstrahlung, we do not use
this channel below mz = 250 MeV as per [27], but show the
behavior of the event rate (dashed red) here for the interest
of the reader.



III. HNL DECAYS IN THE DETECTOR

In the parameter space we are interested in (mz > 20
MeV and gg_z, > 1077), the Z’ decays promptly to lep-
tons and HNL, and we, therefore, neglect its propagation
distance before decay. Moreover, the Z’ decays isotropi-
cally in the center of mass frame (cm). We define Oy,

J

1 27 1 i
Nunp =) e / domr, / d cos 05, N5’ Brzrsuns O05Ry, + Oasin] O[5k, + Onens] Puns(Biivy,)
pr 0 1

where N;’,ij is the number of Z’ in the ij-th bin com-
ing from channel ¢, Brz/_,gny, is the branching ratio of
the decay of the Z’ to HNL, ©]z] is the Heaviside step
function and Puni(Emnr) is the decay probability of
the HNL with energy E%2R;;,. We report in Table I the
values of #4¢t and 04°t as well as the other detector
specifications and exposures used for DUNE-ND, SBND,
MicroBooNE, and ICARUS.
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FIG. 5. Branching ratios of the B — L Z’ to various final
states including the majorana right-handed neutrino N. Here
we take mz = 5my.

In the calculation of the total width of the decaying
7', we use the following partial decay width of the Z’ to
charged leptons

2 2
0(Z 1ty = IBL2 gy (T
127 myzg:

e \ 2
1+2( l)],
my
where | = e, pu, 7. For the decay width of Z/ — NN,
the decay width formula is calculated for right-handed

X

(12)

and ¢unt, as the angle with respect to the z-axis and the
azimuthal angle, respectively, either in the center of mass
frame or in the laboratory frame (lab). We assume that
the angular distribution of the Z’ only depends on its
propagation angle with respect to the z-axis, whereas it
is uniform in the azimuthal angle. Under these assump-
tions, the number of visible decays the HNL does in the
detector is given by

(11)

(

Majorana N final states;

2 2
9p_rmz my
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my 2
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while the decay to left-handed neutrinos is simply
2
T(Z' — vpiy) = 28112 (14)
24w

Lastly, the decays to hadrons are accessible for myz >
m, = 770 MeV. We use the R-ratio of hadronic to
muonic final states in eTe™ annihilation to parameter-
ize the hadronic matrix elements as per refs. [35-37];

2
(2’ — hadrons) = ZE2LT(2 =yt p™)R(m%,) (15)
e

The branching ratios of the Z’ 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 U, for a = e, u, 7.
There are many modes which we do not list in their en-
tirety here but are given in refs. [38—40]. Some dominant
decay modes and the approximate range of HNL masses
over which they are relevant (2 5 % branching ratio) are

N = v,vpig my 2 1eV
N —vaete” mpy € (1,175) MeV,

& my 2 680 MeV
N = vautu~ my 2 900 MeV
N — 7%, my € (150,1700) MeV

N —7FeT (a=e)
N =75 (a=
N = vgetp® (a=e,p)
N — v, + hadr.

N —e® + hadr. (o =e)
N = + hadr. (a = p)

(
mx € (150, 2000) MeV
) mx € (250,2000) MeV
my 2 2000 MeV
my 2 1300 MeV
my 2 1600 MeV
my = 1600 MeV
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FIG. 6. HNL branching fractions as a function of the HNL mass my. Final states are indicated on the plot, and all neutrino

flavors have been summed over.

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 X h is detector area perpendicular to the proton beam direction, and 053 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

gmax

(~ 4 m?) to determine 912,

and use two benchmark exposure targets of 10'® and 1020 POT.

Experiment d [m] L [m] w X h [m?] O3 [rad] POT
DUNE [20] 579 5 7x3 4.3 x 1073 1.47 x 10?2
SBND 110 5 4x4 2.1x1072 6.6 x 10%°
SBND Dump-mode 60 5 4x4 3.8 x 1072 6.6 x 10%°
MicroBooNE 470 10.4 2.3 x 2.6 2.9 x 1073 1.36 x 10%*
ICARUS-BNB 600 17.95 3.0 x 3.16 2.8 x 1073 6.6 x 10%°
DarkQuest 4 14 ~4 8 x 1072 10" (10%°)

where “hadr.” refers to 3 or more mesons in the final
state. Final states with flavor 8 are associated with in-
ternal electroweak vertices and are summed over, and the
relevant HNL mixing elements U, that drive the decay
are indicated wherever the a-flavored neutrino does not
appear in the final state, e.g., “a = e, u” indicates that
either U, or U, 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.

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 de-
cays with dominant mixings to either muon (U,) or tau
(U,) flavors for two mass ratio benchmarks myz /my =
2.1 and myz//my = 5 in Fig. 7, where the event rate is
driven by all the visible modes of the decaying HNL, in-
cluding both the leptonic and hadronic final states. In

calculating this number, we have adopted a 20% effi-
ciency 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 addi-
tion, a timing measurement of the HNL signal has been
demonstrated to significantly reduce backgrounds [44].
The sensitivity curves are then drawn from the iso-event
contours corresponding to 3 events, or a 95% confidence
level of a zero Poisson background after the signal effi-
ciency has been taken into account. Here we have fixed
the gauge coupling of the Z’ to be gg_, = 10~%. 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 produc-
tion, or neutral meson decays; the primary sensitivity
is due to Z’ production from proton bremsstrahlung of
the 8 GeV proton beam impinging on the beryllium tar-
get. We also indicate the region of the parameter space
where light neutrino masses can be explained by the see-
saw mechanism with the shaded band; the lower limit of
this region is obtained by considering the standard see-
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We fix the coupling of the Z’ to g = 107*. We also show the limit from MicroBooNE for HNL production driven by the |U,,|
mixing angle alone [41, 42]. For DarkQuest, we show the approved exposure benchmark of 10'® POT as well as the proposed,
larger exposure of 102° POT (green lines) in comparison with the forecasted limits using only the mixing (purple) [43].

saw formula
(16)

where Am3, = m3 — m? ~ 7.5 x 107 eV? is the mass
difference measured by solar neutrino experiments and
by KamLAND [45-47]. The upper limit is obtained by

|2 _ 0.23eV

|Ua
my

; (17)

where 0.23 eV is the current upper bound on the neutrino
mass from Planck [48].

We draw the existing constraints derived from solely
considering the mixing U, between the HNLs and the
active neutrino flavors in gray [49]. 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 in-
clude limits from PIENU [50, 51], PSI [52], E949 [53],
T2K [54], NA62 [55], MicroBooNE [41], NuTeV [56],
CHARM [57, 58], NOMAD [59], and BEBC [60, 61], 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 [41], shown in Fig. 7
by the teal dotted line. We wish to make clear that
the existing constraints shown in gray do not incorpo-
rate sensitivity to the gauge boson-driven production of
HNLSs, but in principle, a dedicated study for each ex-
periment could be performed to recast their bounds with
the physics of a Z’ in mind. This would place the com-
parison with our forecasted iso-event contours within the
same physics model, but at present, Fig. 7 is meant to



showcase how Z’-driven sensitivity compares relative to
the mixing-only sensitivities.

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 config-
uration would be similar in spirit to the beam-dump run
conducted at MiniBooNE [63] and the target-less config-
uration proposed for DUNE-ND in ref. [64] for their ad-
vantage 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 me-
ters. However, the beam power and exposure are ex-
pected to be limited in this configuration. As a realistic
estimate, we take an exposure of 2 x 1029 POT and oth-
erwise 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 target mode.

Lastly, we show the DarkQuest iso-event contour in
green in Fig. 7 for benchmark exposures of 10'® POT
and the proposed upgrade or extended run of 102° 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 drasti-
cally different signal efficiencies between the two detec-
tion 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
compared to the electroweak production from neutrino
mixing alone [43]. The 10?° 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.

We then show results for DUNE-ND sensitivity to HNL
decays with dominant mixings to either muon or tau fla-
vors in Fig. 8. Again, we show the iso-event contours for
the same two mass ratio benchmarks my: /my = 2.1 and
my /my = 5, this time broken up into event rate levels
of 3, 10, and 100 events observed over the integrated ex-
posure. 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, 62], shown in Fig. 8 by the teal dotted line.

We find that for smaller mass ratios between the
U(l)p—r Z' mass and the HNL mass, the proton
bremsstrahlung production channel at gg_7 = 1074 is
strong enough to probe the seesaw band. This sensitivity
is roughly independent of the dominant mixing flavor,
|Ue| or |U,|, 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 |U,|? would increase by 4 since the event rate is
roughly proportional to g% ;|Us|? in the limit of long
HNL lifetimes. Therefore we expect sensitivity to the
seesaw band for gauge couplings bigger than roughly
5 x 1075 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
Z'-driven production of HNLs gives us sensitivity to
larger HNL masses due to the kinematic reach of proton
bremsstrahlung in addition to a completely new reach
to U, flavor mixings. The existing constraints in the
U,-my parameter space are somewhat weaker than for
U, and U, such that the Z'-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 experi-
ments 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 param-
eter space of sterile neutrinos and generic HNLs, could
be enhanced under the presence of extra gauge forces
mediating HNL production in proton beam target envi-
ronments.

By simulating the production of gauge bosons
from  proton  bremsstrahlung, electron/positron
bremsstrahlung and annihilation, and neutral me-
son decays, we have computed the resulting enhanced
HNL flux from gauge boson decays. The flux is par-
ticularly enhanced from bremsstrahlung of the primary
proton beams, a channel that sets gauged B — L apart
from leptophillic models, for example [65]. If the B — L
gauge coupling is in the neighborhood of the existing
bounds, 107* — 107°, one could expect a significant
enhancement to the expected HNL flux relative to the
rates from standard electroweak production channels
via the mixings U,. For a large enough coupling, these
production rates are high enough to probe the parameter
space of realistic seesaw models. This may be possible
for experiments with high-intensity fluxes, as we have
shown for DUNE, DarkQuest, and SBND.
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