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New gauge bosons coupling to leptons are simple and well-motivated extensions of the Standard Model.
We study the sensitivity to gauged L, — L,, L, — L, and L, — L, both with the existing beam dump mode
data of MiniBooNE and with the DUNE near detector. We find that including bremsstrahlung and resonant
production of Z' which decays to e* and y* final states leads to a significant improvement in existing
bounds, especially for L, — L, and L, — L, for DUNE while competitive constraints can be achieved with

the existing data from the MiniBooNE’s beam dump run.
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I. INTRODUCTION

Despite the presence of several hints in favor of the
existence of physics beyond the Standard Model (BSM),
such as neutrino masses, dark matter, and dark energy, the
scale at which this new physics resides is unknown. The
searches at neutrino experiments with high intensity beams
offer a possibility of finding new physics at relatively low
energy scales with small couplings to the SM.

One generic possibility for BSM physics is additional
gauge symmetries. Typically, new gauge symmetries come
with their related anomaly cancellation requirements,
implying the need for a number of new fermions.
However, one class of symmetries which can be gauged
without implying any new fermions are those associated
with the lepton number [1,2]. In this case, pairs of the
individual lepton flavor numbers are gauged, with each pair
having an equal and opposite charge assignment, i.e.,
L,—Lg, where a,f=e, pu, v. The gauging of such
symmetries only directly predicts the existence of a new
Z' gauge boson associated with the symmetry. The SM
Lagrangian is thus extended by

",
2

1
L= Lsw— ZZMUZ:SW +—F 2520+ Z55 . (1)
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where m is the mass of the new gauge boson and J_ pisa
current defined as

Jg_ﬁ = gaﬂ(za}/éla + DayépLya - Zﬂ}/ﬁlﬂ - Dﬁ}/aPLVﬂ)’ (2)

with g, being the coupling between Z’ and both charged
leptons /, and neutrinos v,. The symmetries of the model
allow for kinetic mixing between the Z’ and the SM gauge
bosons. This corresponds to the following extra term of the
Lagrangian

‘ce = _ngﬁz/yév (3)

where F; is field strength of hypercharge. Unless explic-
itly specified, in this work we assume a vanishing tree level
contribution to e, which is then only generated at the loop
level, and it is given by

€Jqy 1 mg —X(l —X)q
e(q?) = 27[2/}/0 dxx(1—x)log—5———>5, (4)

where e is the electric charge, m, , . is the mass of a charged
lepton, and ¢ is the momentum transfer.

The presence of leptophilic gauge bosons has been
extensively looked for in lepton colliders or fixed target
beam dump experiments, as well as in neutrino experiments
(see [3] for a detailed review of the current experimental
bounds). In general, for m, € [1,10°] MeV and g,5 <
1075 the most stringent constraints come from electron
beam dump experiments, such as E137 [4], with a worse
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sensitivity for L, — L, because of the coupling to electrons
being possible only at the loop level. It has recently been
shown in [5] that DUNE [6-9] might play a role in
constraining L, — Lg models.

In particular, it has been pointed out that the charged
mesons created in proton beam interactions can produce a
relatively large number of Z’, whose subsequent decay into
lepton pairs induces a sizeable signal in the detector. This
will improve current constraints, but only for L, — L, and
only in a narrow window of masses around 5-10 MeV. At
the same time, in [10,11] the relevance as production
channels of e* bremsstrahlung, as well as of on-shell
resonance has been noted in the context of dark photon
models. Despite the fact that such channels can dominate
over charged meson decays, especially in the context of
L,-L,and L, — L., they have not been included in [5].
On the other hand, in [10,11] the main focus is on a generic
kinetic mixing model in the context of light dark matter.

The purpose of our work is to show that the Z'’
production from both bremsstrahlung and on-shell reso-
nance in DUNE can significantly improve the prospective
sensitivity to L, — Ly gauge boson. Another result of our
work is that the existing data collected in the beam dump
mode of MiniBooNE [12] provides already competitive
bounds. We note that experiments such as DUNE and
MiniBooNE will have sensitivity to a variety of BSM
physics, including heavy neutral leptons [13—17], axionlike
particles [18,19], dark matter [15,20-26], and millicharged
particles [27]. Finally, we note that additional, comple-
mentary signatures of Z’s can arise from modifications to
the neutrino scattering cross section [28,29].

The structure of the paper is as follows. In Sec. II, we
briefly outline the physics models used in the GEANT4
simulation of the proton beam interactions with both the
graphite target in DUNE and the beam dump in
MiniBooNE with their material and geometries imple-
mented. In Sec. III, we describe how we convert the
products of proton interactions, e.g., photons, into a
corresponding number of Z’ entering the neutrino detectors.
In Sec. IV, we present the mathematical framework for
calculating the expected number of lepton pairs produced
by Z' decays in a detector. In Sec. V, we perform an
estimate of the sensitivity to the my and g, of both
MiniBooNE and DUNE. A direct comparison with the
results and simulations obtained in [5,11] is also presented,
along with constraints from astrophysical observations and
electron beam dump experiments. In Sec. VII, we discuss
the detailed assumptions underlying these constraints and
compare them to the MiniBooNE and DUNE sensitivity
obtained in this work.

II. GEANT4 SIMULATION

The neutrinos in MiniBooNE and DUNE are produced
from the decays of the secondary mesons generated by the

protons interactions in the target, as in all neutrino experi-
ments. In order to simulate the production of all particles in
the proton beam interactions, we used GEANT4 simulation
tool kit [30-32]. For the MiniBooNE beam dump mode, we
implemented the target, namely the beam dump geometry
as described in Ref. [33]. The MiniBooNE dump dimen-
sion is 4 m(width) x 4 m(height) x 4.21 m(length) of
which the upstream most 2.64 m is stainless steel, followed
by a 0.91 m thick concrete and finally a 0.66 m thick
stainless steel layers along the beam direction. The imple-
mented DUNE neutrino production target is a 1.5 m long
cylindrical graphite rod with 1.7 cm diameter, following the
description in the LBNF beamline design [34].

For both MiniBooNE and DUNE simulations, we used
QGSP_BIC Al1HP physics list for the hadronic reaction
and G4EmStandardPhysics for the electromagnetic
interactions. In addition, we have developed an inheri-
ted 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 photons produced in the target
from the primary proton interaction to electromagnetic
showering process since these are used to calculate the Z’
production, as described in the next section.

III. PRODUCTION CHANNELS OF Z’

The secondary particles we are interested in are photons
and positrons. In the context of L, — Lz models, each
photon can be substituted by a Z’ 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 Z’ through on-
shell annihilation with electrons. In general, we find that the
production channel from meson decays is almost negli-
gible, but it provides a useful term of comparison with the
results available in literature. Here we do not consider Z’
production through Compton scattering [11], since it 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 [5] where such a channel is studied in detail.

In this section, we provide a brief description of the
calculation method we employ for each channel. First, let
us define Ny as the number of photons in the ith energy
bin and jth angular bin, from the production channel a, 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 [EMi, FMaX]
and [9}“1“, ¢7%*] for ith energy and jth angular bins,
respectively. For meson decays and bremsstrahlung, we
assume that the Z’' has the same angular and energy
distributions of the corresponding photons. Analogously,
we define N ’eﬁ as the number of positrons and assume that
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all the Z’ from resonant production have the same propa-
gation direction of the incoming positron.

A. Neutral meson decay

The number of Z' in the ijth bin produced by neutral
meson decays can be estimated by

Br(M — yZ')

NM Jdj
2Br(M — yy)

M.ij
o =Ny

(5)

where M = 7°,1° and Br(M — yZ') is the branching ratio
of the neutral meson decaying into a photon and a Z’, given
by

2

mZ/ 3
=) Br(M = yy),  (6)
my,

Br(M — yZ') = 2¢ (mZ,)(

where ¢ is calculated using Eq. (4). We take Br(z’ —
yy) = 0.98823 and Br(n° — yy) = 0.3941 [35]. Note that
Eq. (5) is only valid as a first approximation. However,
the flux N;””’ , which we obtain from GEANT, not only
includes the primary photons from meson decays, but also
the secondary ones produced in the showers. Nevertheless,
Eq. (5) represents a more conservative estimate of the
number of Z’, which is not dominantly produced from
meson decays.

B. Bremsstrahlung

To calculate the number of Z’ in the ijth bin produced by
electron and positron bremsstrahlung, we adopt the same
approach proposed in [36]

brem,ij __ ysbrem,ij g 2 mgz
v ()0

where e is the electric charge, the function f(x)=
1154 exp(—24.42x%317%) is taken from Fig. 9 in [36] and
represents a phase space factor, and (E,) = 1.0773E, +
13.716 [MeV] is the average electron or positron energy. g
is the coupling strength to electron and positrons, which
depends on the model under consideration: g = gﬂe(ger) for
L,—L,(L,—L,), g=ee(m) forL,—L,.

C. Resonant production

A 7’ can be produced on-shell through the process e™ +
e~ - Z' when E' = ES’ =m2,/2m,. In this case the
number of Z’ in the jth angular bin is given by

ZX max
NP =Y [ avinE e e (®)

where A and Z are the mass and atomic number of the
nuclei in the proton beam target (or beam dump),

respectively, X, is the radiation length of the same target,
m,, is the mass of proton, / (E;, E,+, 1) is the probability that
a positron with initial energy E; (the average energy of the
ith bin) has a final energy E,+ after propagating ¢ radiation
lengths, and t,,,, is the maximum number of radiation
lengths traveled by a positron in the target. The latter
probability is taken from Eq. (2) in [10]. o is the cross
section for resonant production and is given in [11]

2 2
ﬂg m-,
Ores — 2me 5<Ee+ - 2ni> ) (9)
where g = g,.(9,.) for L, - L, (L,—L,), g= ee(m%,)

for L, —L,.

For the sake of simplicity, in the case of DUNE, we use a
single value for ?,,,,, regardless of the original production
point of positrons in the target. This average (f;.) 1S
calculated as the radiation lengths of the target downstream
of the 50% positron production point. The final result is
tmax = 3.3. In the case of MiniBooNE, considering that
secondary particles are propagating through the relatively
thick beam dump, we take f,, = 5. Larger values of
tmax = 5 would not lead to any significant difference.

D. Comparison of production channels

The top left panel of Fig. 1 displays the number of Z’ as a
function of my in the context of L, — L, from each
production channel, entering the MiniBooNE detector.
The number of Z’' is in units of gfw and refers to an
exposure of 1.86 x 10%° protons on target (POT). For
my < 20 MeV, the dominant channel is resonant produc-
tion, whereas bremsstrahlung provides the biggest contri-
bution for higher masses. Resonant production decreases
faster since only positrons with energy E™ = m2,/(2m,)
are able to produce the Z’' on shell, whereas for brems-
strahlung all charged leptons with E,- > my can in
principle contribute. Neutral meson decays are subdomi-
nant because they occur only through kinetic mixing, and
their number per each proton on target is smaller than the
one of electrons and positrons.

The top right panel of Fig. 1 refers to L, — L,. In this
case, the pion decay channel is not significantly modified
with respect to L, — L,. On the other hand, both brems-
strahlung and resonant production take place only through
kinetic mixing and they receive a ~10* suppression factor.

The bottom panels of Fig. 1 refer to DUNE. In this case,
the number of Z’ is normalized to 1.47 x 10?> POT. Apart
from a higher number of POT, DUNE has a 120 GeV
proton beam, whereas MiniBooNE uses one with 8 GeV,
therefore in the former case, we have an overall increased
number of Z', especially for large masses which are
kinematically suppressed in MiniBooNE. Finally, we point
out that for L, — L, (not shown), we expect the same
number of Z’ obtained for L, — L,.
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Top: number of Z’ entering the MiniBooNE detector, as a function of m for each production channel. Left panel refers to

L, — L,, whereas the right one refers to L, — L,. Bottom: same as the panels in the top row, but for DUNE.

IV. Z' DECAYS IN THE DETECTOR

The number of leptons (I = e, u) produced by Z' — 1~
decays in the detector is given by

Ny =Y Np/nPy_p (ES.0;)
J
+ 3 (NG + NPy (EL.6))(10)
i.j

where n; = n)(Ez, EM, 6,,0,) is the number of leptons per
Z' decay with an energy E; greater than the detection thre-
shold E'" and going into an angle cone between 6, and 0, (see
Eq. (Al)), E%’ is the energy of the Z' for resonance pro-
duction, E!, = 1 (EM" 4 EM) is the center of the ith energy
bin, and P, _,;+- is the probability that a Z’ decays inside the
detector. The latter is calculated with the following equation

LO(Z -1T17)

",
Py _-(Ez.0) = (1 —e 'z )

_d(a)r(zblﬂ—)mz/ r Z/ l+l—
xe s Q, (11)
Ftot

where L(0) is distance traveled in the detector, which
depends on the Z’ propagation angle 6, d(0) is the distance
traveled between the target (or beam dump) and the detector,
pz is the momentum of the Z', ', and I'(Z' — [7]7) are the
total and partial decay widths, respectively.

In Eq. (10), the sum over j is performed considering
only those propagation directions of the Z' within the
detector coverage, i.e., those having a propagation angle
with respect to the beam 6, < 0,,. Assuming the sym-
metry axis of a detector is aligned with the direction of the
beam and that it has a width 2w, we can estimate its angular
size as Oge ~ 4.

The partial decay width to charged leptons is

2 , 2 2
e T ()
T mgy mgy

where l = e, u, 7, 9, = g, = gy, for L, — L,, whereas g, =
ee(m%,) and g, = g,, for L, — L,. For a neutrino v;, the
partial decay width is equal to the one in Eq. (12) divided

115010-4



EXTENDING THE REACH OF LEPTOPHILIC BOSON SEARCHES ...

PHYS. REV. D 104, 115010 (2021)

by 2. For both models, the total decay width is given by the
sum of the partial widths of each lepton, since the
contribution from hadrons is negligible.

V. MINIBOONE AND DUNE SENSITIVITIES

Let us first consider MiniBooNE. We consider the data
sample corresponding to 1.86 x 10?° POT collected by the
MiniBooNE collaboration in the beam dump mode [12].
We focus on the data corresponding to the v — e elastic
scattering channel which contains only 2 events, as
reported in Fig. 18 of Ref. [12]. This sample refers to
electrons with energies between 75 and 850 MeV, which
are produced in a narrow angular cone cos § > 0.99 around
the original proton beam direction. Adopting such kin-
ematic cuts, a 10% efficiency in e* detection and other
experimental properties listed in Table I, we evaluate
Eq. (10) as a function of my and of the coupling.

Figure 2 shows the results of such a calculation in the
case of L, —L, in black contours. In general, all the
electrons come from Z’ produced through bremsstrahlung,
except for my 29 MeV and g,, < 1077 in which the
dominant contribution comes from resonant production.
The reason why the latter plays a role only for my, 2
9 MeV is that to produce electrons with energy E; > EI"
one needs a ES* = m2/(2m,) greater than the energy
threshold of 75 MeV. The solid colored regions represent
the area of the parameter space (mz, g,.) already excluded.
We give more details about such constraints in Sec. VII.

A remark is in order. In Fig. 1, we show that resonant
production channel dominates for m, € [0,30] MeV. This
seems in contrast with what is displayed in Fig. 2, where
this channel only contributes from my, = 9 MeV. This
apparent disagreement is justified by the fact that in Fig. 1
we show only the number of Z’ that are traveling in the
solid angle identified by the detector, without taking into
account any decay and kinematic cuts to the decay
products.

Assuming to be in the currently allowed region of the
parameter space, Z' decays in MiniBooNE provide no more
than 1 electron event, which is comparable to the ~2 events
expected as background. Therefore, the bounds one can
derive from MiniBooNE are similar to current ones for
L,—-L,. For L,— L, (not shown), for which both the

TABLE L.

Z' production and decay channels involving electrons
are suppressed by kinetic mixing, no constraint can be
set. In both models, the expected number u* produced is
negligible.

For DUNE, we assume an exposure of 1.47 x 10> POT
and study Z' decays in the multipurpose near detector
filled with gaseous argon (GAr). Concerning detection
thresholds, we take 0.2 MeV and 2 MeV for e* and u*,
respectively [5], which stem from the assumption of 2 cm
as a reasonable length for track identification. These
and other experimental specifications used in evaluating
Eq. (10) are summarized in Table I. A careful evaluation of
backgrounds in the GAr detector is mandatory. This has
already been done in [5]. Here we just report a brief
summary. Concerning Z' decays to e®, the main back-
ground comes from neutral pions produced in neutrino
interactions, for which few x10° events per ton-year are
expected.

Despite the large statistics, a #” event can be misinter-
preted only under the following circumstances. The first
possibility is the absence of other hadronic activity, or
one photon from z° is either missed by the calorimeter
surrounding the GAr detector or cannot be associated to the
same vertex of the other photon. The second case occurs
when only one of the two photons convert in the gas, which
occurs 12% of the time. Taking into account such require-
ments, the number of background events is reduced to few
thousands. Further reduction might come from considering
only those events inside an angular cone centered on the
original proton beam direction, since the nuclear processes
producing neutral pions are usually isotropic, whereas the
Z' decay is mostly forward. If one considers the opening
angle of this cone to be equal to the angular resolution
(4 mrad), then the number of photons from z° is suppressed
to 0.01%. Even a conservative 5° angular cut provides
about 50 background events. Here, we propose to use
10 e* events as nominal threshold for defining the con-
straints on leptophilic gauge bosons.

For Z' decaying to u*, the main background comes
from muon neutrinos charged current (CC) interactions
with pion production. For these events, both the presence
of nuclear activity and kinematic cuts can significantly
reduce the number of background events, which is other-
wise O(10°) per ton-year. Furthermore, the calorimeter

0

Experimental details of MiniBooNE and DUNE used for evaluating Eq. (10) and (11). L is the length of the detector, d is the

distance from the target or the beam dump to the detector, w is half the width of the detector perpendicular to the proton beam direction,
O4e is the angular size of the detector as seen from the target or the beam dump, E'" and EM™ are the minimum and maximum energies
we consider for charged leptons [* (I = e, u) from Z' decays, 6, and 6, are minimum and maximum propagation angles of the charged
leptons, with respect to the proton beam direction, and POT is the number of protons on target.

Experiment L [m] d[m] w([m] 04 [rad] E}h [MeV] EM™ [MeV] [0,,6,] [rad] Efficiency POT
MiniBooNE [12] 12 490 6 0.012 75 850 [0,0.14] 10% 1.86 x 1020
DUNE [5] 5 579 25 0.004 0.2 (%), 2 (u*) [0, %] 100%  1.47 x 10%
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# electron events in MiniBooNE, L, — L,

SN1987a
B e~ beam dump
— levent
--- 10 events .
-— 1000 events
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10°6

108

107°

10! 102 103
mz [MeV]

FIG. 2. The black contours display the number of electron
events in the MiniBooNE detector from Z’ decays as a function of
my and the coupling constant g, in the context of L, — L,. The
solid filled areas represent the region of the parameter space
already excluded by electron beam dump experiments [3] and
SN1987a [37]. See Sec. VI for more details concerning such
external constraints.

surrounding the argon gas will have the capability to
distinguish between muon and pion events, with a prob-
ability of 70% [5]. Finally, adding the proposed muon
tagger after the GAr detector would strongly improve the
rejection of background. In the end, we adopt the same 10
events uT threshold, as done for e pairs and as in [5] to be
conservative.

The expected number of electrons from Z’ decays in
DUNE for L, - L, and L, — L, is shown in the left
and right panel of Fig. 3, respectively. In contrast to
MiniBooNE, for L, — L, the contribution from resonant
production dominates over bremsstrahlung for my >
2 MeV. The reason is that in the resonance case the

# electron events in DUNE, L, — L.

s BBN 3
SN1987a

B e~ beam dump

— 1levent

--- 10 events

W\ —'— 1000 events
107 i
]
3
(@)
108\ =TT i
10—9 u
10—10 . 1
10! 102 103 104
mz [MeV]
FIG. 3.

case, the BBN constraints are taken from [39].

7' has a specific energy (m%, /2m,), which for m, <
2 MeV is not enough to allow for a decay to e* in a
5 degree cone (see the 6, 8, column of Table I). According
to our nominal 10 event threshold, DUNE can extends
beyond the current exclusion region from electron beam
dump experiments to values of g,, ten times smaller in the
mass range my € [1,10°] MeV. While part of the param-
eter space is disfavored by observations of neutrinos from
SN1987a [37], it is worthwhile to note that the DUNE
sensitivity extends up to significantly higher m.

In the L, — L, case, on the other hand, the improvement
over the current constraints dominated by electron beam
dump experiments is marginal. Nevertheless, as shown in
[5], the Z' production channels from charged meson decays
to muons (M* — u*v,Z', M = x, K) are not suppressed by
kinetic mixing and a more significant improvement can be
obtained. This hierarchy of production channels can change
if one allows for a tree level contribution to the kinetic
mixing. For instance, in the right panel of Fig. 3, we show
that for € = —g,,/15 (dot-dashed line) the sensitivity of
DUNE would be comparable to the BBN constraints [39].
In this case, however, the electron beam dump constraints
also need to be properly rescaled.

Figure 4 displays the number of muons produced in the
L, — L, case. This number is comparable to the one of
electrons shown in the left panel of Fig. 3 for the mass
range my > 200 MeV. This is expected because the
branching ratios to electrons and muons are equal to each
other.

In our sensitivity study of DUNE, so far we have not yet
discussed the Z’ decays in the liquid argon near detector
(LAr). Such a detector can in principle observe the number
of decays comparable to the one for the GAr detector, due
to its similar volume and distance from the production
target. The LAr detector, however, will suffer from larger
backgrounds resulting from higher number of neutrino

BBN

e~ beam dump
1 event

3 events

€= —gud15
(10 events)

1076

10!
mz [MeV]

Left: same as Fig. 2, but for DUNE. The BBN bounds are taken from [38]. Right: same as the left panel, but for L, — L.. In this
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______________

103
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FIG. 4. Same as the left panel of Fig. 3 but for the muons
produced by Z’ decaying in the detector.

interactions than in the GAr detector. Nevertheless,
since the LAr detector will be the first available for
data taking for DUNE, it makes sense to provide a
brief discussion concerning its potential. As for the GAr
detector, the main background for e* pairs is 7z° decay.
Assuming 7° can be reconstructed with a high degree
of accuracy as in MicroBooNE [40], one can remove
them efficiently using suitable invariant mass choices.
Consequently, a large region of the parameter space
(mz > 200 MeV) can still be explored with a similar
sensitivity to that of the GAr, because of the similar
number of observable Z' decays.

VI. MAIN RESULTS

Prospective constraints of DUNE on both L, — L, and
L, — L, were already derived in [5], thus a comparison with
the results obtained therein is in order. The main difference
our study, however, lies in the production channels of Z’
under consideration. In our case, the main channels are the
electron bremsstrahlung and the resonant production.
These channels have not been considered in [5] where
instead the bulk of Z’' comes from charged meson decays.
For L, — L, we find that the number of Z’ produced in the
target is five orders of magnitude larger than the one
connected to charged mesons estimated in [5]. This is
clearly seen by comparing our bottom left panel of Fig. 1
with Fig. 5.2 in [5]. Such a difference explains why we
conclude that DUNE can improve current constraints in the
parameter space (my, g,.), Whereas the opposite is stated in
[5]. Comparing our calculation for L, — L., shown in the
bottom right panel of Fig. 1, with Fig. 5.4 in [5], we find
that the number of Z’ from charged mesons is similar to the
one from electrons. This happens because the charged
meson decays involving muons are not suppressed by
kinetic mixing, whereas a suppression is indeed present for
both the bremsstrahlung and resonant channels.

A remark is in order. Both here and in [5], the number of
7' produced by neutral meson decays is calculated, but we
find it to be about one order of magnitude larger. A similar
comparison can be made with Fig. 6 in [11], though in the
context of a generic kinetic mixing model and only for
MiniBooNE. In this case, the difference is just a factor of
two. The reason for the larger discrepancy with [5] is
probably due to a different numerical approach: we have
used GEANT4 as a tool to simulate secondary particle
production in proton interactions, whereas in [5] Pythia is
employed. As far as we understand, Pythia is harder to use
for our purposes, because it simulates only a single event of
particle collisions, thus essential inputs like target geometry
or target material are not required. We emphasize that
GEANT4 is also used in [11] with which we are in
relatively good agreement.

Finally, despite not being explicitly displayed, the
sensitivities of DUNE and MiniBooNE in the context
of L, —L, are expected to be the same as L, —L,.
This happens because the dominant production channels
(bremsstrahlung and resonance) are characterized by the
same coupling strength g,, = g,.

VILI. CURRENT CONSTRAINTS ON L, -Lg

Currently, in our region of interest the best sensitivity is
obtained in the electron beam dump experiments E137 [4]
and Orsay [41]. In both cases, the bounds are taken from [3]
where a recasting of the original limits for dark photons
[42,43] has been performed following the approach pro-
posed in [44].

In terms of astrophysical constraints, lower values of the
couplings g,, and g,, are in principle probed by the
observations of neutrinos from a core-collapse supernova.
The floor of these constraints refer to the case where the
extra cooling of the protoneutron star, induced by Z’
production exceeds the one observed in neutrinos. On
the other hand, the ceiling of the constraints corresponds to
aregime in which Z’ bosons are trapped inside the star, and
they are reemitted with a blackbody spectrum from a sphere
similar to the neutrinosphere. The observations of about 20
neutrino events from SN1987a have been first used for
deriving constraints on L, — L, in [39]. These have very
recently been updated in [37] taking into account also the
non-negligible muon population in the core of the super-
nova, which allow for an extra source of production and
scattering of the Z'.

In this work, we refer to the updated constraints in [37]
and assume that those for L, — L, which are not presented
therein are equivalent to those obtained in the context of
L, — L. This is a conservative assumption for the follow-
ing reason. Being strongly dependent on the production
rate of the Z', the floor of the constraints are not expected
to change for L, — L,, because no significant charged 7
leptons are created, and the potential contribution of
electrons to the production rate is suppressed by their
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degeneracy. Electron degeneracy, however, is only present in
the core, which means that the Z’ scattering rate at larger radii
is strongly modified by the direct coupling to e, effectively
moving the trapping regime to lower values of the couplings
and correspondingly the ceiling of the bounds. An accurate
determination of the ceiling, however, would require a
dedicated study, which is beyond the scope of this work.

For lower Z' masses (<10 MeV), we also have con-
straints from BBN due to the Z"’s decaying into neutrinos
and electrons which contribute to both neutrinos and
photon evolution at around the MeV scale. The recent
accurate measurement of the light degrees of freedom N
by Planck [45] constrains the coupling and mass of Z/,
which determine its likelihood to be in the equilibrium with
the SM particles at the MeV scale. In our work, for L, — L,
we show the BBN limits from Ref. [39]. In particular, we
refer to the bound corresponding to AN ¢ > 0.2 which is
similar to the current precision of Planck [45]. Whereas for
L, - L,, we take the constraints derived in Ref. [38] for
B — L which also apply to our case.

We emphasize that both the BBN and SN1987a limits
are model dependent. For example, the SN1987a can be
weakened by the chameleon effect which depends on the
environmental matter density [46], whereas the BBN
constraints can be weakened by late reheating [47].

VIII. CONCLUSIONS

The existence of an additional anomaly-free U(1) gauge
group which only couple to leptons is a well motivated
extension of the Standard Model. Such a model predicts the
existence of a new gauge boson Z’ which can be dominantly
produced by and can decay into leptons. In this work, we
have focused on L, — Ly, where the new charges are
associated to the lepton number difference between flavor
a and . We have studied current and future constraints from
MiniBooNE and DUNE, respectively, on mz and g, i.e.,
the mass and coupling to leptons of the new gauge boson.

For DUNE, we have calculated the number of charged
lepton pairs produced by Z’ decays in the GAr detector
which provides an excellent particle identification and
tracking capabilities. We have shown that the Z’ produced
by e® bremsstrahlung and on-shell resonance give the
largest contributions in the contextof L, — L, and L, — L.
This is our main result, since a similar study performed in
[5] neglected these production channels (focusing mostly
on charged mesons decays) and found that DUNE is not
able to extend current constraints in the parameter space
[mz,g,.] and [mz, g,.]. Whereas we find that, when both
bremsstrahlung and on-shell resonance are taken into
account, DUNE sensitivity goes beyond the current most
stringent limits from electron beam dump experiments. We
have also shown that such prospective constraints will even
extend to larger m, beyond the astrophysical bounds from
SN1987a and BBN.

Concerning L, — L., we observe that our Z’ production
channels endow DUNE with a sensitivity comparable to
current constraints. Therefore, in this case the charged
meson decay channel presented in [5] provides a slightly
better reach. These results might change when considering
an extra source of kinetic mixing in the context of a UV
complete model.

Finally, we have explored the same experimental sig-
natures from Z’' decays in MiniBooNE. In particular, we
have selected the neutrino-electron elastic scattering data
sample collected in the beam dump mode, corresponding to
an exposure of 1.86 x 10?° POT. Despite the very low
background (2 events), the maximum number of charged
leptons from Z' decays expected in the currently allowed
parameter space is O(1). Thus, the sensitivity is compa-
rable to the current bounds.

As future prospects for our work, the following pos-
sibilities are available. First, one can study Z’ decays in
the context of DUNE-PRISM [15,26,48], i.e., a near
detector complex which will be able to take data at off-
axis angles up to a few degrees by moving a set of detectors
perpendicular to the beam axis. Since our GEANT4
simulation shows that most of the Z’' from bremsstrahlung
and resonant production are generated outside of the solid
angle coverage of the GAr, PRISM might provide a further
enhancement of the sensitivity.

Second, one can consider DUNE taking data in a beam
dump mode, as already done for MiniBooNE. In this case,
the neutrino flux, which represents the main source of
background to our Z' searches, is significantly reduced.
Moreover, the positrons produced as secondary particles in
proton interactions would travel through more radiation
lengths compared to the target mode due to the significantly
deeper depth of the dump, thus increasing the number of Z’
produced through resonance.
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APPENDIX: Z' DECAY KINEMATICS

Let us assume that Z’ decays are isotropic in the center of
mass frame, so that we can take the angular distribution of
leptons to be dN,/dcos@" = 1, where 0" represents the
decay angle with respect to the proton beam in this frame.
Note that the distribution is normalized to 2 leptons being
produced per each decay. The number of leptons per decay
being emitted in an angular cone [cos@;,cos6,] in the
laboratory frame by a Z' with energy E, is equal to:
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cos b dN; dcost*
E, EM 60,0 :/ dcos® L 277 HIE(E,)—Eb
nl( Z 1 1 2) cos6), dcose* dcosg [ l( Z) l]
1"z
cos E?,
= / dcos® z H[E/(Ez) — EM, (A1)
cos ) 4m} Pz \2
: 1/1—”12:(1—0051915—;)
|
where E'' is the energy threshold for the detection of lepton cos@; = max(cos &b cos Okin ), (A3)
l = e, u, H is the Heaviside function, and E;(E) is the
lepton energy in the laboratory frame. The latter is equal to
E, Dy cos 0, = min(cos O, cos OKn ), (A4)
E(Ey) =— <E1* + 2 pj cos ‘9*>’ (A2)
mz Ey

where Ef = my /2 and p; = \/E;?> —m3 are the energy

and the momentum of the lepton in the center of mass
frame, respectively. Finally we take

exp
where cos @ .

. . .. kln
the experiment is sensitive to, whereas cos@f - re-

present the limits of the angular cone given by the
kinematics of the decay.
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