10

11

12

13

14

15

16

17

18

19

20

21

22

23

25

26

27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

First Search for Dark Sector e"e~ Explanations of the MiniBooNE Anomaly at
MicroBooNE

A. M. Abdullahi,'® P. Abratenko,*® D. Andrade Aldana,'” L. Arellano,?® J. Asaadi,*® A. Ashkenazi,**
S. Balasubramanian,'* B. Baller,'* A. Barnard,?® G. Barr,3® D. Barrow,?¢ J. Barrow,?? V. Basque,'*

J. Bateman,'®2® O. Benevides Rodrigues,'” S. Berkman,3' A. Bhat,® M. Bhattacharya,'* M. Bishai,® A. Blake,?*
B. Bogart,3° T. Bolton,2?? M. B. Brunetti,?>4® L. Camilleri,'? D. Caratelli,’ F. Cavanna,'* G. Cerati,'*

A. Chappell,® Y. Chen,*° J. M. Conrad,?® M. Convery,*’ L. Cooper-Troendle,>” J. I. Crespo-Anadén,® R. Cross,*
M. Del Tutto,’* S. R. Dennis,® P. Detje,® R. Diurba,? Z. Djurcic,! K. Duffy,3¢ S. Dytman,3” B. Eberly,*?
P. Englezos,? A. Ereditato,” 4 J. J. Evans,?® C. Fang,® W. Foreman,'”?> B. T. Fleming,® D. Franco,’

A. P. Furmanski,?? F. Gao,” D. Garcia-Gamez,'® S. Gardiner,™* G. Ge,'? S. Gollapinni,?® E. Gramellini,?®
P. Green,?® H. Greenlee,'* L. Gu,?* W. Gu,® R. Guenette,?® P. Guzowski,?® L. Hagaman,’ M. D. Handley,°
O. Hen,? C. Hilgenberg,?? J. Hoefken Zink,*3* G. A. Horton-Smith,?3> M. Hostert,'8 A. Hussain,?® B. Irwin,3?
M. S. Ismail,3” C. James,'* X. Ji,3? J. H. Jo,® R. A. Johnson,'? D. Kalra,'? G. Karagiorgi,'> W. Ketchum,'*
M. Kirby,® T. Kobilarcik,'* N. Lane,'®2® J-Y. Li,’® Y. Li,> K. Lin,® B. R. Littlejohn,'” L. Liu,'*

W. C. Louis,?® X. Luo,> T. Mahmud,?* C. Mariani,*” J. Marshall,*® N. Martinez,?* D. A. Martinez Caicedo,*!
S. Martynenko,® D. Massaro,” %27 A. Mastbaum,?® I. Mawby,?* N. McConkey,3® L. Mellet,3! J. Mendez,?%
J. Micallef,2?46 A, Mogan,!! T. Mohayai,?® M. Mooney,'! A. F. Moor,® C. D. Moore,'* L. Mora Lepin,2®
M. M. Moudgalya,?® S. Mulleriababu,? D. Naples,>” A. Navrer-Agasson,'® N. Nayak,? M. Nebot-Guinot,'?
C. Nguyen,®® J. Nowak,?* N. Oza,'? O. Palamara,'* N. Pallat,?? V. Paolone,>” A. Papadopoulou,’

V. Papavassiliou,® S. Pascoli,®?! H. B. Parkinson,'® S. F. Pate,?> N. Patel,>* Z. Pavlovic,'* E. Piasetzky,**
K. Pletcher,?! I. Pophale,2* X. Qian,? J. L. Raaf,'* V. Radeka,® A. Rafique,! M. Reggiani-Guzzo,'? J. Rodriguez
Rondon,*! M. Rosenberg,*® M. Ross-Lonergan,?® 1. Safa,'? D. W. Schmitz,” A. Schukraft,’* W. Seligman,'?
M. H. Shaevitz,'> R. Sharankova,'® J. Shi,® E. L. Snider,'* M. Soderberg,*? S. S6ldner-Rembold,'®
J. Spitz,3° M. Stancari,'* J. St. John,'* T. Strauss,’ A. M. Szelc,"® N. Taniuchi,® K. Terao,*® C. Thorpe,?®
D. Torbunov,? D. Totani,> M. Toups,'* A. Trettin,?® Y.-T. Tsai,*® J. Tyler,2®> M. A. Uchida,® T. Usher,*°
B. Viren,? J. Wang,?3 M. Weber,? H. Wei,?6 A. J. White,? S. Wolbers,'* T. Wongjirad,*¢ K. Wresilo,® W. Wu,3”
E. Yandel,>2?° T. Yang,'* L. E. Yates,'* H. W. Yu,®> G. P. Zeller,'* J. Zennamo,'* and C. Zhang®
! Argonne National Laboratory (ANL), Lemont, IL, 60439, USA
2 Universitit Bern, Bern CH-3012, Switzerland
3 Brookhaven National Laboratory (BNL), Upton, NY, 11973, USA
4 Dipartimento di Fisica e Astronomia, Universita‘ di Bologna, Bologna, Italy
5 University of California, Santa Barbara, CA, 93106, USA
8 University of Cambridge, Cambridge CB3 0HE, United Kingdom
" Information Technology Department, CERN, 1211 Geneva 23, Switzerland
8 Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas (CIEMAT), Madrid E-28040, Spain
9 University of Chicago, Chicago, IL, 60637, USA
10 Undversity of Cincinnati, Cincinnati, OH, 45221, USA
1 Colorado State University, Fort Collins, CO, 80523, USA
12 Columbia University, New York, NY, 10027, USA
13 Undversity of Edinburgh, Edinburgh EH9 8FD, United Kingdom
Y Fermi National Accelerator Laboratory (FNAL), Batavia, IL 60510, USA
15 Universidad de Granada, Granada E-18071, Spain
18 Harvard University, Cambridge, MA 02138, USA
Y Nlinois Institute of Technology (IIT), Chicago, IL 60616, USA
8 Imperial College London, London SW7 2AZ, United Kingdom
19 Instituto de Fisica Teorica (IFT), Madrid E-28049, Spain
20 Indiana University, Bloomington, IN 47405, USA
2LINFN, Sezione di Bologna, Bologna, Italy
22 The University of Kansas, Lawrence, KS, 66045, USA
2 Kansas State University (KSU), Manhattan, KS, 66506, USA
24 Lancaster University, Lancaster LA1 JYW, United Kingdom
?Los Alamos National Laboratory (LANL), Los Alamos, NM, 87545, USA
26 Louisiana State University, Baton Rouge, LA, 70803, USA
2T Centre for Cosmology, Particle Physics and Phenomenology -

CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
28 The University of Manchester, Manchester M13 9PL, United Kingdom



57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

7

78
79
80
81
82
83
84
85
86
87
88
89
90

92

93

o

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

2 Massachusetts Institute of Technology (MIT), Cambridge, MA, 02139, USA
30 University of Michigan, Ann Arbor, MI, 48109, USA
31 Michigan State University, East Lansing, MI 48824, USA
32 University of Minnesota, Minneapolis, MN, 55455, USA
38 Nankai University, Nankai District, Tianjin 300071, China
34 National Centre for Nuclear Research, ul. Pasteura 7, 02-093 Warsaw, Poland
35 New Mexico State University (NMSU), Las Cruces, NM, 88003, USA
36 University of Ozford, Ozford OX1 8RH, United Kingdom
3T University of Pittsburgh, Pittsburgh, PA, 15260, USA
38 Queen Mary University of London, London E1 4NS, United Kingdom
39 Rutgers University, Piscataway, NJ, 08854, USA
OSLAC National Accelerator Laboratory, Menlo Park, CA, 94025, USA
41 South Dakota School of Mines and Technology (SDSMT), Rapid City, SD, 57701, USA
12 University of Southern Maine, Portland, ME, 04104, USA
43 Syracuse University, Syracuse, NY, 13244, USA
M Tel Aviv University, Tel Aviv, Israel, 69978
4 University of Texas, Arlington, TX, 76019, USA
48 Tufts University, Medford, MA, 02155, USA
4T Center for Neutrino Physics, Virginia Tech, Blacksburg, VA, 24061, USA
48 University of Warwick, Coventry CV4 7AL, United Kingdom
(Dated: July 31, 2025)

We present MicroBooNE’s first search for dark sector e™e™ explanations of the long-standing

MiniBooNE anomaly. The MiniBooNE anomaly has garnered significant attention over the past
20 years including previous MicroBooNE investigations into both anomalous electron and photon
excesses, but its origin still remains unclear. In this letter, we provide the first direct test of dark
sector models in which dark neutrinos, produced through neutrino-induced scattering, decay into
missing energy and visible ete™ pairs comprising the MiniBooNE anomaly. Many such models have
recently gained traction as a viable solution to the anomaly while evading past bounds. Using an
exposure of 6.87 x 10%° protons-on-target in the Booster Neutrino Beam, we implement a selection
targeting forward-going, coherently produced e™e™ events. After unblinding, we observe 95 events,
which we compare with the constrained background-only prediction of 69.7 4+ 17.3. This analysis
sets the world’s first direct limits on these dark sector models and, at the 95% confidence level,
excludes the entirety of single dark neutrino, and majority of dual dark neutrino, parameter space

viable as a solution to the MiniBooNE anomaly.

The anomalous results obtained in the short-baselineus
MiniBooNE [1-3] and LSND [4] experiments have hinteds
at the existence of possible new physics beyond theur
standard model (BSM) for two decades. The discoveryus
of one or more new particles would represent the firstuo
laboratory evidence of a new paradigm in high energyi
physics since the detection of neutrino mass throughiz
oscillations with profound implications for particle,z
astrophysics, and cosmology. As such, a great deal ofi:
effort has been focused on confirming, or rejecting, vari-iz
ous interpretations of these anomalous excesses. Theses
efforts include the construction of the MicroBooNEs
experiment [5], an 85 metric ton active volume liquidiz
argon time projection chamber (LArTPC) situated inus
the Booster Neutrino Beam (BNB) at Fermilab [6]. Theus
MicroBooNE experiment has been specifically designediso
to study the MiniBooNE anomaly as its primary goal.in
Both detectors were located in the same neutrino beamuis
at a similar baseline. 133

134

Possible origins of the MiniBooNE anomaly through's
more traditional hypotheses, such as underestimatediss
backgrounds or systematic uncertainties [7, 8|, havei
been unable to explain the anomaly and its resolutioniss

remains unclear. MicroBooNE has previously reported
on searches for both an anomalous excess of electron-like
events [9-13], a subsequent direct search for a light
oscillating sterile neutrino in the BNB [14], as well
as a search for neutrino-induced neutral current (NC)
production of the A(1232) baryon resonance with
subsequent A radiative decay [15], the dominant source
of single photons predicted in both neutrino-argon and
neutrino-carbon scattering below 1 GeV [16]. While
these placed strong bounds on their respective channels,
MicroBooNE’s first single-photon search was a model
dependent search for NC A radiative decay specifically,
and the strength of its result relied heavily on observing
a proton in conjunction with the single-photon final
state. Although this first analysis did contain a zero-
proton sample, it had substantially more backgrounds.
As such, any coherent-like single-photon final states
without observable hadronic components were largely
unconstrained. This possibility remains a viable and
untested explanation of the MiniBooNE anomaly.

In recent years, there has been a rapidly growing in-
terest in using neutrino experiments as a probe into dark
sectors, hypothetical extensions of the standard model
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(SM) that introduce new particles and interactions belowirs
the electroweak scale. In many dark sector models;is
new unstable particles can be abundantly producediss
in neutrino-nucleus interactions through one or moreir
portals, renormalizable terms added to the interactionis
Lagrangian that couple the dark sector weakly to thein
SM, such as the vector, scalar and neutrino portals [17].1s
It was highlighted that, alongside the long discussedisa
electron and photon explanations of the MiniBooNEis:
anomaly, if a dark sector particle decays to electron-

positron (ete™) pairs with O(100) MeV energies [18, 19],

its signature can contribute to the excess of electron-like

events observed by the MiniBooNE experiment. Al-

though originally proposed to explain the MiniBooNE

excess, the development of such models has since gained,g,
traction within the community and now forms a diverse,,
class of theories that we are beginning to explore [20-30].

186
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FIG. 1. An example of the dark sector models being probed.
An incoming muon-neutrino from the BNB scatters off an ar-
gon target producing a dark neutrino. The subsequent decay201
of the dark neutrino leads to a visible eTe™ pair, mediated®®
via a new dark gauge boson (Z’). A simulated event is also®®
shown behind the ete™ arrows to represent what an e*e 20
pair would actually look like in our LArTPC detector afterzos
forming electromagnetic showers. 206
207
This letter describes the first experimental searchaos
for dark sector ete~™ explanations of the MiniBooNEaws
anomaly and complements and improves on previous phe-2i0
nomenological work [21, 31, 32]. We focus on the sce-au
nario in which active neutrinos from the BNB scatter toa2
produce one or two dark neutrinos, which subsequentlyzs
decay into missing energy and visible ete™ pairs. Itau
builds on prior MicroBooNE eTe™ searches utilizing theas
NuMI beamline [33-36]. While any dark sector may2s
be quite rich phenomenologically, here a minimal U(1)21r
gauge group is assumed with one or more dark neutrinoss
being the only particles carrying the group charge. Theao
combination of neutrino mixing between active and darkao
neutrinos (the neutrino portal) as well as kinetic mix-2z
ing between the dark gauge boson (Z’) and the standardaz
model photon (the vector portal) gives rise to the neces-»s
sary phenomenology to explain the MiniBooNE anomaly.2:

An example of how these dark sector models produce the
visible ete™ signal is shown in Fig. 1 for a single dark
neutrino. For dual dark neutrino models the outgoing
muon neutrino would be replaced by a second, lighter,
dark neutrino. To study these explanations, we use the
phenomenological model as described in Ref. [37] where
we parameterize the interaction Lagrangian that couples
the Z’ boson to both neutral leptons and to standard
model electromagnetic (EM) charge as:

3+n
! _— !
Ling D ZQDZMVUWY”V;‘ —ecZ, Jgns
%,

(1)

where n is the number of dark neutrino states, Jhy,
is the SM EM current with ¢ as the kinetic mixing,
Vii = Zzzo U;;Uy; is the interaction vertex for dark
current assuming dark neutrino states have a +1 charge
under the U(1)" group, and gp is the dark sector U(1)’
coupling constant which is set at 2 throughout this
paper. We adopt the same simplifying assumptions as
Ref. [37] in which dark neutrinos mix only with muon
neutrinos. More details of the model and simplifying as-
sumptions can be found in the Supplemental Materials.
In this simplified regime |V,4(5)| = |Uya(s)l, the latter
being a more familiar parameter from the literature in
heavy neutral leptons and the primary mixing element
probed in this result.

We consider models with one or two dark neutrinos.
In the single dark neutrino model, the dark neutrino vy
is long-lived unless it decays to an on-shell Z’ boson via
vy — v, (2" — eTe”). This need not be the case for
vs in the dual dark neutrino models since it decays via
vs — v4(Z' — ete). While the decay rate for vy is
proportional to the small coupling between active and
dark neutrinos, the decay rate for v5 is proportional to
an O(1) coupling between the dark sector vs and vy.
This allows us to explore regions of parameter space
where the Z' is heavy (mz = O(500) MeV) while still
targeting dark neutrinos that have a large probability to
decay inside the MicroBooNE detector after the initial
neutrino interaction.

The kinematics of the decay process is also differ-
ent between single and dual dark neutrino models.
The latter depends on a key dimensionless parameter
A = (ms — my4)/my, which controls the visible energy
release in the vs — vgeTe™ decays of interest. When
A > 1, the decay kinematics is reduced to that of a
single dark neutrino scenario, while for A < 1, the
energy release into the final state ete™ is suppressed.
A further description of the class of models, as well as
its ability to describe the MiniBooNE anomaly, can be
found in the Supplemental Materials as well as refer-
ences [20, 37, 38] and references therein with further
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discussions of UV completions of this phenomenologicalzs
model in [20, 22, 39]. 282
283
MicroBooNE uses a custom tune [40] of the GENIEss
neutrino event generator v3.0.6 [41, 42] to simulatezs
backgrounds from neutrino-argon interactions.  Thezss
BSM dark sector ete~ signal events were generatedas
with the open-source DARKNEWS [38] generator that isuss
integrated into the first stage of MicroBooNE’s LArTP Cos
simulation chain. The DARKNEWS generator outputaeo
was also validated with a GENIE implementation ofz
the same single dark neutrino phenomenological model.ze
Depending on the dark gauge boson mass, the initialses
scattering process on the nucleus can be predominantlyzes
coherent or incoherent, with the latter potentiallyos
resulting in multiple visible hadronic final states, ines
addition to the ete™ pair. This analysis focuses solelyzo
on coherent scattering with no associated hadronicoes
component for multiple reasons: (a) this is the least con-ae
strained channel by MicroBooNE’s prior results, (b) theso
DARKNEWS generator lacks a detailed treatment of theson
complex nuclear response of the incoherent regime, andse
(¢) when moving from carbon (Z¢c = 6, MiniBooNE’sss
primary target) to argon (Za, = 18, MicroBooNE’s:u
target) we expect a substantial enhancement to coherent,s
scattering that naively scales as atomic number squared,sq
(Zar/Zc)? = 9, helping MicroBooNE’s sensitivity t0s;
remain competitive by compensating for its lower activesy
mass of 85 metric tonnes compared to MiniBooNE’s 818
metric tonnes. 309
310
This coherent scattering tends to produce verysu
forward-going dark neutrinos due to the low momentums:.
exchange with the argon nucleus. When considering thess
subsequent dark neutrino decay, the model parameter
space is broadly split into two regimes: for very promptsu
decays, with proper lifetime ¢ << 10 cm, the scatteringss
on argon (~ 1.38 g/cm”) and subsequent decay boths
occur predominately inside the detector, and when thesy
proper lifetime grows, ¢ >> 10 c¢m, the portion of darkss
neutrino decays originating from neutrino scattering
on argon inside the detector is dwarfed by the flux ofss
long-lived dark neutrinos from neutrino scattering on thesxo
compacted soil and clay (=~ 2.25g/cm® sce [43-45] andsx
the Supplemental Materials) upstream of the detectors
and subsequently entering the MicroBooNE TPC. Botha.s
regimes are crucial for probing this class of models ands.
are fully simulated in this analysis. 35
326
A high statistics sample of dark sector signal events
were generated and passed through MicroBooNE’ss»
simulation and reconstruction suite. This sample wasss
distributed to cover the heavy (mz > mys)) and lightss
(mzr << mys)) kinematic regions of interest of, as wellsso
as single and dual dark neutrino scenarios. Due to thess:
high dimensionality of the dual dark neutrino parameterss

space, these simulated events were then reweighted to
any point in our target model parameter space based on
underlying true kinematic distributions.

The selection of ete™ events and rejection of cosmic
and neutrino backgrounds is built upon the framework
developed for MicroBooNE’s first generation NC A
radiative search [15]. Utilizing the Pandora pattern
recognition reconstruction framework [46], ionization
charge hits are first clustered and matched across three
2D projected views of the MicroBooNE active TPC
volume into 3D reconstructed objects. These are then
classified as tracks or showers based on a multivariate
classifier score and aggregated into candidate neutrino
interactions. While sufficiently overlapping ete™ pairs
are primarily reconstructed as single showers and are
practically identical to true photons in our detector,
ete™ pairs with wider opening angles can be recon-
structed as two-shower or one-shower plus one-track
events. This analysis utilizes all three of these expected
event topologies and is the first search for anomalous
events consistent with MiniBooNE that targets events
with two connected showers.

Once reconstructed, a series of four boosted decision
trees (BDTSs) are trained using the XGBoost [47] algo-
rithm to reject various background categories while se-
lecting dark sector ete™ events:

e Cosmic BDT: As a surface detector, there is a need
to reject cosmogenic activity that enters in time
with the TPC readout. It is trained on cosmic ray
data events collected when no neutrino beam was
present.

e Charged Current v, BDT: Although the most com-
mon interaction in the 99.5% v, BNB, CC v, events
are not a major background due the BDT being
able to easily identify and veto long muon tracks
[48].

e Charged Current v, BDT: As the primary source of
non-photon EM showers, it is vital to reject CC v,
interactions to build confidence that selected events
are truly eTe”. This BDT relies heavily on the
calorimetric capabilities of a LArTPC [49], sepa-
rating electrons from photons and eTe™ pairs by
their energy deposition (dE/dx) at the start of the
showering process.

e Neutral Current 7% BDT: Neutral pions are by

far the largest background to any photon or ete~
search. If one daughter photon from a 7% — vy de-
cay is not reconstructed or leaves the detector, the
remaining shower can be indistinguishable from our

signal.
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Events with BDT scores above a chosen threshold arese
kept, optimizing signal efficiency x purity over a largesmw
sample of dark sector parameter space, covering both
single and dual dark neutrino scenarios, as well as light
and heavy dark gauge boson masses. For a detailed
discussion into the most discriminating variables of each
BDT, the training process as well as the final BDT clas-
sifier distributions and critical threshold values, please
see the dedicated discussion included in supplemental
materials.

As this analysis is focused on coherent BSM signals,
we implement recently developed tools to search for low
energy deposits of charge (down to 10 MeV) in the back-
wards direction of the reconstructed object to help veto
any events with evidence of proton activity [50]. The to-
tal efficiency for selecting dark sector eTe™ events varies
across the model parameter space but is typically in thesn
range 20—40%. Figure 2 shows a representative efficiencysr
as a function of true eTe™ energy and overall angle withss

respect to the neutrino beam. 374
375
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387
FIG. 2. Relative signal efficiency as a function of (a) true_
ete” energy and (b) true ete™ 6 (angle with respect to neu-
trino beam) for a sample of dark sector signal events gener—389
ated uniformly inside the TPC and covering a wide range of*®
model parameter space. Shown also is the how the efficiency3%
varies when one splits the total efficiency into the three re-3o
constructible topologies this analysis targets. Total efficiencysos
is highly dependent on exact model parameters chosen which,g,
influence these variables as well as the eTe™ energy asymine-,
try. For more information see the Supplemental Materials.

8

95

397

Prior to unblinding the signal region, the analysisss
underwent a series of validations in background richseo
sideband channels designed to ensure our modeling ofso
NC 7° backgrounds was sufficient. In all sidebands:
studied, we observe good agreement between data andao
our simulation prediction within assigned uncertainties.aos
In addition to these dedicated background studies, a highaos
statistics two-shower sideband in which both daughteraos
photons of 7 decays were successfully reconstructedaos
is also employed to constrain the large cross-sectionao
uncertainties associated with NC 7° production. Forass
more details of this sideband and the constraint see theao

Supplemental Materials and [15, 51].

Background Events| |Uncertainty Breakdown
NC 177 42.3 Cross-Section 24.2%

Out of TPC| 11.8 Detector 19.9%
CC 177 6.9 Flux 8.0%
Cosmic 5.2 MC Stat. 5.5%
Other 10.2 Geant4 1.2%

Unconstrained Background: 76.4 + 25.0 (32.8%)
Constrained Background: 69.7 + 17.3 (24.9%)

TABLE I. Breakdown of expected background events and the
total associated systematic uncertainties for the final eTe™
selection both before and after applying the high statistics
NC 7° constraint. Percentages refer to the uncertainty on
the predicted number of events.

The effect of five categories of systematic uncertainties
on our predictions are included: neutrino flux, neutrino
interaction cross-sections, secondary interactions of
hadrons outside of the target nucleus during GEANT4
simulation [52], the detector response model, and finite
Monte-Carlo simulation statistics. The effect of the
detector response is estimated in the same manner [53]
as our prior NC A radiative analysis [15]. The exact
breakdown of expected backgrounds after selection
as well as the effect of the NC 7° constraint on the
predicted background and its uncertainty can be found
in Table. I. As with prior MicroBooNE photon searches,
the vast majority of remaining backgrounds are NC
70 events in which one photon either left the detector
(= 21%) or failed to be reconstructed (=~ 79%), leaving
a single shower to mimic the ete™ signal.

After unblinding data corresponding to an exposure
of 6.87 x 10?2 protons-on-target (POT) we observe 95
ete™ candidate events in the signal region, consistent
with a constrained background-only prediction of 69.7
4+ 17.3 at the 1.50 level. For the three signal event
topologies studied (single-shower, one-shower plus one-
track, two-shower) we observe 52, 26, and 17 data events
with constrained background predictions of 47.7 + 11.7,
15.5 £ 7.9, and 9.5 &+ 4.6 respectively. Distributions
showing observed spectra in total reconstructed visible
energy (defined as the sum of energies across all recon-
structed showers and tracks), reconstructed primary
shower angle, and NC 7¥ background rejection BDT can
be seen in Fig. 3. In all cases we see agreement between
observed data and our background-only prediction
within assigned uncertainties.

Studies of the sensitivity to these dark sector ete™ sig-
nals are performed using the total event rate, total recon-
structed visible energy, reconstructed angle, and NC 7°
rejection BDT score. The most sensitive variable tested,
the NC 70 rejection BDT score, is presented here in more
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FIG. 3. Final selected data and constrained background pre-,s,
diction for the e™e™ signal region. Shown is the reconstructed,,
total energy (a), the angle the primary reconstructed shower
makes with respect to the incoming neutrino beam (b) and
the NC 7° BDT rejection score (c¢). Shown also in green is"
a single dark neutrino example signal stacked on top of the*®
background prediction, chosen to lie just within our predicted4s9
95% C.L. sensitivity, with m4 = 106 MeV, mz = 30 MeV a0
|Upual® = 2.0 x 107%°, and € = 8 x 10™*. Equivalent spectra
for pre-constrained backgrounds can be found in the Supple-
mental Materials.

detail. The selected eTe™ candidates were fit alongsidess:
the two-shower NC 7° sidebands in order to constrainas
backgrounds using the combined Neyman-Person (CNP )ass
x? test statistic [54]. This test statistic includes all sys-ses
tematic uncertainties discussed above through a covari-ss
ance matrix. Excellent agreement with the constrainedass
background-only prediction was observed with a X%NP Ofa67
3.08 for 4 degrees-of-freedom (d.o.f.). Given this agree-ss
ment we calculate limits from a fit to the NC 70 rejectionuass
BDT score on both single and dual dark neutrino modelsso
of dark sector production in Fig. 4. We present the lim-n
its for six representative values of the mass of the darkar
gauge boson, Z’, and the dual dark neutrino result foras
fixed relative mass gap A = 1. This is both for simplic-s
ity of presentation and to allow direct comparison to theas
published MiniBooNE preferred regions of model param-ss
eter space that can explain the MiniBooNE low-energyar
anomaly [37]. , Limits are obtained for each Z' masses
individually by placing cuts on szch < 9.99, corre-sn

sponding to a 95% C.L assuming Wilk’s theorem for 2
d.o.f. MicroBooNE places world leading exclusion limits
on this class of models, with the MicroBooNE 95% confi-
dence level exclusion limits ruling out this interpretation
of the MiniBooNE anomaly for the single dark neutrino
scenario and extremely constrains the broader dual dark
neutrino scenario. We note that the results of this pa-
per are robust to the simplifying assumptions made in
the parameter space. While variations in the values of
gD, €, and no longer enforcing V45 = U,4,5 would alter
the MiniBooNE-allowed regions, they would also shift the
MicroBooNE limits in the same direction and magnitude,
thereby preserving the overall conclusions.

This letter has presented the first dedicated analysis
exploring eTe™ explanations for the short-baseline Mini-
BooNE anomaly, as suggested by non-minimal dark sec-
tor models. By expanding beyond past single-photon
searches at MicroBooNE to a broader e*e™ signal topol-
ogy containing also two-shower and one-shower, one-
track events, a significant increase in efficiency is achieved
for very forward-going, coherently-produced eTe™ pairs.
For these models predicting such a signature, we find
no evidence of a signal consistent with MiniBooNE’s ob-
servation. This result holds for both scenarios involving
light Z’ mediators and those with heavier Z’ states. Our
analysis significantly constrains the majority of the model
phase space motivated by the MiniBooNE anomaly. Nev-
ertheless, alternative dark sector models with different
mediators, such as scalar mediators or those dominated
by incoherent scattering leading to distinct energy and
angular distributions, are not constrained by this result
and remain promising avenues for future exploration.
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FIG. 4. The resulting MicroBooNE 95% C.L. exclusion con->*
tours for a single dark neutrino model (a) and representative®®
A = 1 dual dark neutrino scenario (b). Each solid line rep-**'
resents MicroBooNE limits for one of six values of the dark®?
gauge boson mass (my/) varying from 30 MeV to 1.25 GeV,**
with everything above the solid line being excluded at above®*
the 95% C.L. The corresponding MiniBooNE allowed regions®*
for each dark gauge boson mass indicate the 95% C.L. pre->*
ferred region of parameter space that offers a viable explana->*’
tion to the MiniBooNE anomaly, taken from [37], with each®®
star showing the MiniBooNE best fit for that single value®®
of Mz:. The green plus in (a) indicates the example model®®
point used in Fig. 3. The gray solid regions indicate model-**"
independent limits on dark neutrinos [55-60] prior to this re-**
sult. The 30 MeV Z’ contour in (a) corresponds to the dark™

neutrino model introduced in Ref. [18]. 53
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