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We present MicroBooNE’s first search for dark sector e+e− explanations of the long-standing78

MiniBooNE anomaly. The MiniBooNE anomaly has garnered significant attention over the past79

20 years including previous MicroBooNE investigations into both anomalous electron and photon80

excesses, but its origin still remains unclear. In this letter, we provide the first direct test of dark81

sector models in which dark neutrinos, produced through neutrino-induced scattering, decay into82

missing energy and visible e+e− pairs comprising the MiniBooNE anomaly. Many such models have83

recently gained traction as a viable solution to the anomaly while evading past bounds. Using an84

exposure of 6.87× 1020 protons-on-target in the Booster Neutrino Beam, we implement a selection85

targeting forward-going, coherently produced e+e− events. After unblinding, we observe 95 events,86

which we compare with the constrained background-only prediction of 69.7 ± 17.3. This analysis87

sets the world’s first direct limits on these dark sector models and, at the 95% confidence level,88

excludes the entirety of single dark neutrino, and majority of dual dark neutrino, parameter space89

viable as a solution to the MiniBooNE anomaly.90

The anomalous results obtained in the short-baseline91

MiniBooNE [1–3] and LSND [4] experiments have hinted92

at the existence of possible new physics beyond the93

standard model (BSM) for two decades. The discovery94

of one or more new particles would represent the first95

laboratory evidence of a new paradigm in high energy96

physics since the detection of neutrino mass through97

oscillations with profound implications for particle,98

astrophysics, and cosmology. As such, a great deal of99

effort has been focused on confirming, or rejecting, vari-100

ous interpretations of these anomalous excesses. These101

efforts include the construction of the MicroBooNE102

experiment [5], an 85 metric ton active volume liquid103

argon time projection chamber (LArTPC) situated in104

the Booster Neutrino Beam (BNB) at Fermilab [6]. The105

MicroBooNE experiment has been specifically designed106

to study the MiniBooNE anomaly as its primary goal.107

Both detectors were located in the same neutrino beam108

at a similar baseline.109

110

Possible origins of the MiniBooNE anomaly through111

more traditional hypotheses, such as underestimated112

backgrounds or systematic uncertainties [7, 8], have113

been unable to explain the anomaly and its resolution114

remains unclear. MicroBooNE has previously reported115

on searches for both an anomalous excess of electron-like116

events [9–13], a subsequent direct search for a light117

oscillating sterile neutrino in the BNB [14], as well118

as a search for neutrino-induced neutral current (NC)119

production of the ∆(1232) baryon resonance with120

subsequent ∆ radiative decay [15], the dominant source121

of single photons predicted in both neutrino-argon and122

neutrino-carbon scattering below 1 GeV [16]. While123

these placed strong bounds on their respective channels,124

MicroBooNE’s first single-photon search was a model125

dependent search for NC ∆ radiative decay specifically,126

and the strength of its result relied heavily on observing127

a proton in conjunction with the single-photon final128

state. Although this first analysis did contain a zero-129

proton sample, it had substantially more backgrounds.130

As such, any coherent-like single-photon final states131

without observable hadronic components were largely132

unconstrained. This possibility remains a viable and133

untested explanation of the MiniBooNE anomaly.134

135

In recent years, there has been a rapidly growing in-136

terest in using neutrino experiments as a probe into dark137

sectors, hypothetical extensions of the standard model138
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(SM) that introduce new particles and interactions below139

the electroweak scale. In many dark sector models,140

new unstable particles can be abundantly produced141

in neutrino-nucleus interactions through one or more142

portals, renormalizable terms added to the interaction143

Lagrangian that couple the dark sector weakly to the144

SM, such as the vector, scalar and neutrino portals [17].145

It was highlighted that, alongside the long discussed146

electron and photon explanations of the MiniBooNE147

anomaly, if a dark sector particle decays to electron-148

positron (e+e−) pairs with O(100) MeV energies [18, 19],149

its signature can contribute to the excess of electron-like150

events observed by the MiniBooNE experiment. Al-151

though originally proposed to explain the MiniBooNE152

excess, the development of such models has since gained153

traction within the community and now forms a diverse154

class of theories that we are beginning to explore [20–30].155

156

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 decay
of the dark neutrino leads to a visible e+e− pair, mediated
via a new dark gauge boson (Z′). A simulated event is also
shown behind the e+e− arrows to represent what an e+e−

pair would actually look like in our LArTPC detector after
forming electromagnetic showers.

This letter describes the first experimental search157

for dark sector e+e− explanations of the MiniBooNE158

anomaly and complements and improves on previous phe-159

nomenological work [21, 31, 32]. We focus on the sce-160

nario in which active neutrinos from the BNB scatter to161

produce one or two dark neutrinos, which subsequently162

decay into missing energy and visible e+e− pairs. It163

builds on prior MicroBooNE e+e− searches utilizing the164

NuMI beamline [33–36]. While any dark sector may165

be quite rich phenomenologically, here a minimal U(1)′166

gauge group is assumed with one or more dark neutrinos167

being the only particles carrying the group charge. The168

combination of neutrino mixing between active and dark169

neutrinos (the neutrino portal) as well as kinetic mix-170

ing between the dark gauge boson (Z ′) and the standard171

model photon (the vector portal) gives rise to the neces-172

sary phenomenology to explain the MiniBooNE anomaly.173

An example of how these dark sector models produce the174

visible e+e− signal is shown in Fig. 1 for a single dark175

neutrino. For dual dark neutrino models the outgoing176

muon neutrino would be replaced by a second, lighter,177

dark neutrino. To study these explanations, we use the178

phenomenological model as described in Ref. [37] where179

we parameterize the interaction Lagrangian that couples180

the Z ′ boson to both neutral leptons and to standard181

model electromagnetic (EM) charge as:182

Lint ⊃
3+n∑
i,j

gDZ ′
µVijνiγ

µνj − eεZ ′
µJ

µ
EM, (1)

where n is the number of dark neutrino states, Jµ
EM183

is the SM EM current with ε as the kinetic mixing,184

Vij =
∑n

k=0 U
∗
kiUkj is the interaction vertex for dark185

current assuming dark neutrino states have a +1 charge186

under the U(1)′ group, and gD is the dark sector U(1)′187

coupling constant which is set at 2 throughout this188

paper. We adopt the same simplifying assumptions as189

Ref. [37] in which dark neutrinos mix only with muon190

neutrinos. More details of the model and simplifying as-191

sumptions can be found in the Supplemental Materials.192

In this simplified regime |Vµ4(5)| = |Uµ4(5)|, the latter193

being a more familiar parameter from the literature in194

heavy neutral leptons and the primary mixing element195

probed in this result.196

197

We consider models with one or two dark neutrinos.198

In the single dark neutrino model, the dark neutrino ν4199

is long-lived unless it decays to an on-shell Z ′ boson via200

ν4 → νµ(Z
′ → e+e−). This need not be the case for201

ν5 in the dual dark neutrino models since it decays via202

ν5 → ν4(Z
′ → e+e−). While the decay rate for ν4 is203

proportional to the small coupling between active and204

dark neutrinos, the decay rate for ν5 is proportional to205

an O(1) coupling between the dark sector ν5 and ν4.206

This allows us to explore regions of parameter space207

where the Z ′ is heavy (mZ′ ≳ O(500) MeV) while still208

targeting dark neutrinos that have a large probability to209

decay inside the MicroBooNE detector after the initial210

neutrino interaction.211

212

The kinematics of the decay process is also differ-213

ent between single and dual dark neutrino models.214

The latter depends on a key dimensionless parameter215

∆ = (m5 − m4)/m4, which controls the visible energy216

release in the ν5 → ν4e
+e− decays of interest. When217

∆ ≫ 1, the decay kinematics is reduced to that of a218

single dark neutrino scenario, while for ∆ < 1, the219

energy release into the final state e+e− is suppressed.220

A further description of the class of models, as well as221

its ability to describe the MiniBooNE anomaly, can be222

found in the Supplemental Materials as well as refer-223

ences [20, 37, 38] and references therein with further224
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discussions of UV completions of this phenomenological225

model in [20, 22, 39].226

227

MicroBooNE uses a custom tune [40] of the genie228

neutrino event generator v3.0.6 [41, 42] to simulate229

backgrounds from neutrino-argon interactions. The230

BSM dark sector e+e− signal events were generated231

with the open-source DarkNews [38] generator that is232

integrated into the first stage of MicroBooNE’s LArTPC233

simulation chain. The DarkNews generator output234

was also validated with a GENIE implementation of235

the same single dark neutrino phenomenological model.236

Depending on the dark gauge boson mass, the initial237

scattering process on the nucleus can be predominantly238

coherent or incoherent, with the latter potentially239

resulting in multiple visible hadronic final states, in240

addition to the e+e− pair. This analysis focuses solely241

on coherent scattering with no associated hadronic242

component for multiple reasons: (a) this is the least con-243

strained channel by MicroBooNE’s prior results, (b) the244

DarkNews generator lacks a detailed treatment of the245

complex nuclear response of the incoherent regime, and246

(c) when moving from carbon (ZC = 6, MiniBooNE’s247

primary target) to argon (ZAr = 18, MicroBooNE’s248

target) we expect a substantial enhancement to coherent249

scattering that naively scales as atomic number squared,250

(ZAr/ZC)
2 = 9, helping MicroBooNE’s sensitivity to251

remain competitive by compensating for its lower active252

mass of 85 metric tonnes compared to MiniBooNE’s 818253

metric tonnes.254

255

This coherent scattering tends to produce very256

forward-going dark neutrinos due to the low momentum257

exchange with the argon nucleus. When considering the258

subsequent dark neutrino decay, the model parameter259

space is broadly split into two regimes: for very prompt260

decays, with proper lifetime cτ << 10 cm, the scattering261

on argon (≈ 1.38 g/cm
3
) and subsequent decay both262

occur predominately inside the detector, and when the263

proper lifetime grows, cτ >> 10 cm, the portion of dark264

neutrino decays originating from neutrino scattering265

on argon inside the detector is dwarfed by the flux of266

long-lived dark neutrinos from neutrino scattering on the267

compacted soil and clay (≈ 2.25g/cm
3
see [43–45] and268

the Supplemental Materials) upstream of the detector269

and subsequently entering the MicroBooNE TPC. Both270

regimes are crucial for probing this class of models and271

are fully simulated in this analysis.272

273

A high statistics sample of dark sector signal events274

were generated and passed through MicroBooNE’s275

simulation and reconstruction suite. This sample was276

distributed to cover the heavy (mZ′ > m4(5)) and light277

(mZ′ << m4(5)) kinematic regions of interest of, as well278

as single and dual dark neutrino scenarios. Due to the279

high dimensionality of the dual dark neutrino parameter280

space, these simulated events were then reweighted to281

any point in our target model parameter space based on282

underlying true kinematic distributions.283

284

The selection of e+e− events and rejection of cosmic285

and neutrino backgrounds is built upon the framework286

developed for MicroBooNE’s first generation NC ∆287

radiative search [15]. Utilizing the Pandora pattern288

recognition reconstruction framework [46], ionization289

charge hits are first clustered and matched across three290

2D projected views of the MicroBooNE active TPC291

volume into 3D reconstructed objects. These are then292

classified as tracks or showers based on a multivariate293

classifier score and aggregated into candidate neutrino294

interactions. While sufficiently overlapping e+e− pairs295

are primarily reconstructed as single showers and are296

practically identical to true photons in our detector,297

e+e− pairs with wider opening angles can be recon-298

structed as two-shower or one-shower plus one-track299

events. This analysis utilizes all three of these expected300

event topologies and is the first search for anomalous301

events consistent with MiniBooNE that targets events302

with two connected showers.303

304

Once reconstructed, a series of four boosted decision305

trees (BDTs) are trained using the XGBoost [47] algo-306

rithm to reject various background categories while se-307

lecting dark sector e+e− events:308

• Cosmic BDT: As a surface detector, there is a need309

to reject cosmogenic activity that enters in time310

with the TPC readout. It is trained on cosmic ray311

data events collected when no neutrino beam was312

present.313

• Charged Current νµ BDT: Although the most com-314

mon interaction in the 99.5% νµ BNB, CC νµ events315

are not a major background due the BDT being316

able to easily identify and veto long muon tracks317

[48].318

• Charged Current νe BDT: As the primary source of319

non-photon EM showers, it is vital to reject CC νe320

interactions to build confidence that selected events321

are truly e+e−. This BDT relies heavily on the322

calorimetric capabilities of a LArTPC [49], sepa-323

rating electrons from photons and e+e− pairs by324

their energy deposition (dE/dx) at the start of the325

showering process.326

• Neutral Current π0 BDT: Neutral pions are by327

far the largest background to any photon or e+e−328

search. If one daughter photon from a π0 → γγ de-329

cay is not reconstructed or leaves the detector, the330

remaining shower can be indistinguishable from our331

signal.332
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Events with BDT scores above a chosen threshold are333

kept, optimizing signal efficiency × purity over a large334

sample of dark sector parameter space, covering both335

single and dual dark neutrino scenarios, as well as light336

and heavy dark gauge boson masses. For a detailed337

discussion into the most discriminating variables of each338

BDT, the training process as well as the final BDT clas-339

sifier distributions and critical threshold values, please340

see the dedicated discussion included in supplemental341

materials.342

343

As this analysis is focused on coherent BSM signals,344

we implement recently developed tools to search for low345

energy deposits of charge (down to 10 MeV) in the back-346

wards direction of the reconstructed object to help veto347

any events with evidence of proton activity [50]. The to-348

tal efficiency for selecting dark sector e+e− events varies349

across the model parameter space but is typically in the350

range 20−40%. Figure 2 shows a representative efficiency351

as a function of true e+e− energy and overall angle with352

respect to the neutrino beam.353

354
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FIG. 2. Relative signal efficiency as a function of (a) true
e+e− energy and (b) true e+e− θ (angle with respect to neu-
trino beam) for a sample of dark sector signal events gener-
ated uniformly inside the TPC and covering a wide range of
model parameter space. Shown also is the how the efficiency
varies when one splits the total efficiency into the three re-
constructible topologies this analysis targets. Total efficiency
is highly dependent on exact model parameters chosen which
influence these variables as well as the e+e− energy asymme-
try. For more information see the Supplemental Materials.

355

356

Prior to unblinding the signal region, the analysis357

underwent a series of validations in background rich358

sideband channels designed to ensure our modeling of359

NC π0 backgrounds was sufficient. In all sidebands360

studied, we observe good agreement between data and361

our simulation prediction within assigned uncertainties.362

In addition to these dedicated background studies, a high363

statistics two-shower sideband in which both daughter364

photons of π0 decays were successfully reconstructed365

is also employed to constrain the large cross-section366

uncertainties associated with NC π0 production. For367

more details of this sideband and the constraint see the368

Supplemental Materials and [15, 51].369

370

Background Events Uncertainty Breakdown
NC 1π0 42.3 Cross-Section 24.2%

Out of TPC 11.8 Detector 19.9%
CC 1π0 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 e+e−

selection both before and after applying the high statistics
NC π0 constraint. Percentages refer to the uncertainty on
the predicted number of events.

The effect of five categories of systematic uncertainties371

on our predictions are included: neutrino flux, neutrino372

interaction cross-sections, secondary interactions of373

hadrons outside of the target nucleus during Geant4374

simulation [52], the detector response model, and finite375

Monte-Carlo simulation statistics. The effect of the376

detector response is estimated in the same manner [53]377

as our prior NC ∆ radiative analysis [15]. The exact378

breakdown of expected backgrounds after selection379

as well as the effect of the NC π0 constraint on the380

predicted background and its uncertainty can be found381

in Table. I. As with prior MicroBooNE photon searches,382

the vast majority of remaining backgrounds are NC383

π0 events in which one photon either left the detector384

(≈ 21%) or failed to be reconstructed (≈ 79%), leaving385

a single shower to mimic the e+e− signal.386

387

After unblinding data corresponding to an exposure388

of 6.87 × 1020 protons-on-target (POT) we observe 95389

e+e− candidate events in the signal region, consistent390

with a constrained background-only prediction of 69.7391

± 17.3 at the 1.5σ level. For the three signal event392

topologies studied (single-shower, one-shower plus one-393

track, two-shower) we observe 52, 26, and 17 data events394

with constrained background predictions of 47.7 ± 11.7,395

15.5 ± 7.9, and 9.5 ± 4.6 respectively. Distributions396

showing observed spectra in total reconstructed visible397

energy (defined as the sum of energies across all recon-398

structed showers and tracks), reconstructed primary399

shower angle, and NC π0 background rejection BDT can400

be seen in Fig. 3. In all cases we see agreement between401

observed data and our background-only prediction402

within assigned uncertainties.403

404

Studies of the sensitivity to these dark sector e+e− sig-405

nals are performed using the total event rate, total recon-406

structed visible energy, reconstructed angle, and NC π0
407

rejection BDT score. The most sensitive variable tested,408

the NC π0 rejection BDT score, is presented here in more409
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FIG. 3. Final selected data and constrained background pre-
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 π0 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 predicted
95% C.L. sensitivity, with m4 = 106 MeV, mZ′ = 30 MeV,
|Uµ4|2 = 2.0 × 10−10, and ϵ = 8 × 10−4. Equivalent spectra
for pre-constrained backgrounds can be found in the Supple-
mental Materials.

detail. The selected e+e− candidates were fit alongside410

the two-shower NC π0 sidebands in order to constrain411

backgrounds using the combined Neyman-Person (CNP)412

χ2 test statistic [54]. This test statistic includes all sys-413

tematic uncertainties discussed above through a covari-414

ance matrix. Excellent agreement with the constrained415

background-only prediction was observed with a χ2
CNP of416

3.08 for 4 degrees-of-freedom (d.o.f.). Given this agree-417

ment we calculate limits from a fit to the NC π0 rejection418

BDT score on both single and dual dark neutrino models419

of dark sector production in Fig. 4. We present the lim-420

its for six representative values of the mass of the dark421

gauge boson, Z ′, and the dual dark neutrino result for422

fixed relative mass gap ∆ = 1. This is both for simplic-423

ity of presentation and to allow direct comparison to the424

published MiniBooNE preferred regions of model param-425

eter space that can explain the MiniBooNE low-energy426

anomaly [37]. , Limits are obtained for each Z ′ mass427

individually by placing cuts on ∆χ2
CNP < 5.99, corre-428

sponding to a 95% C.L assuming Wilk’s theorem for 2429

d.o.f. MicroBooNE places world leading exclusion limits430

on this class of models, with the MicroBooNE 95% confi-431

dence level exclusion limits ruling out this interpretation432

of the MiniBooNE anomaly for the single dark neutrino433

scenario and extremely constrains the broader dual dark434

neutrino scenario. We note that the results of this pa-435

per are robust to the simplifying assumptions made in436

the parameter space. While variations in the values of437

gD, ϵ, and no longer enforcing Vµ4,5 ≡ Uµ4,5 would alter438

the MiniBooNE-allowed regions, they would also shift the439

MicroBooNE limits in the same direction and magnitude,440

thereby preserving the overall conclusions.441

This letter has presented the first dedicated analysis442

exploring e+e− explanations for the short-baseline Mini-443

BooNE anomaly, as suggested by non-minimal dark sec-444

tor models. By expanding beyond past single-photon445

searches at MicroBooNE to a broader e+e− signal topol-446

ogy containing also two-shower and one-shower, one-447

track events, a significant increase in efficiency is achieved448

for very forward-going, coherently-produced e+e− pairs.449

For these models predicting such a signature, we find450

no evidence of a signal consistent with MiniBooNE’s ob-451

servation. This result holds for both scenarios involving452

light Z ′ mediators and those with heavier Z ′ states. Our453

analysis significantly constrains the majority of the model454

phase space motivated by the MiniBooNE anomaly. Nev-455

ertheless, alternative dark sector models with different456

mediators, such as scalar mediators or those dominated457

by incoherent scattering leading to distinct energy and458

angular distributions, are not constrained by this result459

and remain promising avenues for future exploration.460
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(a) Single dark neutrino scenario, ε = 8× 10−4, gD = 2

(b) Dual dark neutrino scenario, ∆ = 1, ε = 8× 10−4,gD = 2.

FIG. 4. The resulting MicroBooNE 95% C.L. exclusion con-
tours for a single dark neutrino model (a) and representative
∆ = 1 dual dark neutrino scenario (b). Each solid line rep-
resents MicroBooNE limits for one of six values of the dark
gauge boson mass (mZ′) 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].
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Pavón, Effective portals to heavy neutral leptons, JHEP711

09, 001, arXiv:2304.06772 [hep-ph].712


