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Liquid argon time projection chambers
• Technology proposed by Carlo 

Rubbia in 1970s
• Bubble-chamber like images but 

with modern digitized charge 
readout
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Bubble chamber

LArTPC

100 keV hit 
thresholds

3mm resolution

Colour ∝ charge



LArTPC operation principle
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High voltage drift field

Ionisation charge 
& scintillation 
lightPMTs

~few metres



LArTPC operation principle
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Multiple planes of readout sense wires

Charge vs time 
information on the 
wires allows 3D 
reconstruction



Particle identification
• Excellent spatial and charge resolution allows for unprecedented PID
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muon

Four protons

Cannot resolve events 
like this with other 
typical neutrino 
detector technologies



MicroBooNE
• Construction completed in 2014, and in operation since 2015
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Cryostat
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Detector moving into 
position, June 2014

Drift direction



MicroBooNE and the Fermilab neutrino beamlines
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8 GeV protons

120 GeV protons

~500 mπ,K

NuMI
neutrino 

beam
π,K

Neutrinos for NOνA

Booster Neutrino Beam (BNB)

High intensity beams
O(1021) POT exposure

fixed target

~700 m

mesons 
focused 
forward



Cosmic Ray Tagger
• A cosmic ray tagger was installed after two years
– Plastic scintillator paddles surrounding the detector, to tag incoming 

muons with high-resolution timing
– Can greatly reduce cosmic backgrounds
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Timing of hits in CRT
Can see neutrino interaction excess



Data collected to date
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Operating for 5 years

Run
1

Run
2

Run
3

Run
4

Run
5

Data used in this 
seminar’s result 
from Runs 1 & 3

Cosmic Ray Tagger 
was installed



Primary goal
• The experiment was originally proposed to investigate the electron-

like excesses observed in short-baseline muon neutrino beams

• MicroBooNE will be unblinding these searches very soon!
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Electron-
photon 
separation

arXiv: 2101.04228

LSND: excess of positrons
MiniBooNE: excess of electron-like 
showers
(cannot distinguish electrons from 
photons)

Measurement of electron neutrino interactions



Recent results
• MicroBooNE has also 

excellent capability of 
performing cross 
section 
measurements, 
detector physics and 
R&D for future 
experiments

• Only a small sample of 
our many results last 
year
– 17 papers, 19 public 

notes
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Deep Learning 
to tag 
individual 
pixels

Muon neutrino 
charged current 
quasielastic cross 
section

Muon neutrino 
charged current 
pion-less cross 
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high-purtiy
reconstruction
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• However, these results are not the focus of my talk today
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• However, these results are not the focus of my talk today

• MicroBooNE can also do a host of other interesting new 
physics searches …
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Dark matter
• Evidence for dark matter, including:
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Could there be a dark sector of particles beyond the Standard Model?

How does our ordinary matter communicate with them?

Galaxy rotation curves Bullet cluster

Cosmic microwave background 
temperature fluctuations



Portals to the dark sector
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Standard 
Model

ν (neutrinos)

Aµ (photons)

H (Higgs)



Portals to the dark sector
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Portals to the dark sector
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Can you bridge 
the two sides?

Standard 
Model

Dark 
Sector?

ν (neutrinos)

Aµ (photons)

H (Higgs)

N?

Xµ?
S?

…?
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Search for heavy neutral leptons in decays of W

bosons produced in 13TeV pp collisions using prompt

and displaced signatures with the ATLAS detector

The ATLAS collaboration

E-mail: atlas.publications@cern.ch

Abstract: The problems of neutrino masses, matter-antimatter asymmetry, and dark

matter could be successfully addressed by postulating right-handed neutrinos with Ma-

jorana masses below the electroweak scale. In this work, leptonic decays of W bosons

extracted from 32.9 fb−1 to 36.1 fb−1 of 13TeV proton–proton collisions at the LHC are

used to search for heavy neutral leptons (HNLs) that are produced through mixing with

muon or electron neutrinos. The search is conducted using the ATLAS detector in both

prompt and displaced leptonic decay signatures. The prompt signature requires three lep-

tons produced at the interaction point (either µµe or eeµ) with a veto on same-flavour

opposite-charge topologies. The displaced signature comprises a prompt muon from the

W boson decay and the requirement of a dilepton vertex (either µµ or µe) displaced in the

transverse plane by 4–300 mm from the interaction point. The search sets constraints on

the HNL mixing to muon and electron neutrinos for HNL masses in the range 4.5–50GeV.

Keywords: Hadron-Hadron scattering (experiments)

ArXiv ePrint: 1905.09787

Open Access, Copyright CERN,

for the benefit of the ATLAS Collaboration.

Article funded by SCOAP3.

https://doi.org/10.1007/JHEP10(2019)265

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP-2021-018
28 January 2021

Search for K+ decays to a muon and invisible particles

The NA62 Collaboration

Abstract

The NA62 experiment at CERN reports searches for K+
! µ+N and K+

! µ+⌫X
decays, where N and X are massive invisible particles, using the 2016–2018 data set. The
N particle is assumed to be a heavy neutral lepton, and the results are expressed as upper
limits of O(10�8) of the neutrino mixing parameter |Uµ4|

2 for N masses in the range 200–384
MeV/c2 and lifetime exceeding 50 ns. The X particle is considered a scalar or vector hidden
sector mediator decaying to an invisible final state, and upper limits of the decay branching
fraction for X masses in the range 10–370 MeV/c2 are reported for the first time, ranging
from O(10�5) to O(10�7). An improved upper limit of 1.0⇥ 10�6 is established at 90% CL
on the K+

! µ+⌫⌫⌫̄ branching fraction.

To be submitted to Physics Letters B
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2020-194
LHCb-PAPER-2020-022

November 10, 2020

Search for heavy neutral leptons

in W+ ! µ+µ±
jet decays

LHCb collaboration†

Abstract

A search is performed for heavy neutrinos in the decay of a W boson into two muons
and a jet. The data set corresponds to an integrated luminosity of approximately
3.0 fb�1 of proton-proton collision data at centre-of-mass energies of 7 and 8TeV
collected with the LHCb experiment. Both same-sign and opposite-sign muons in
the final state are considered. Data are found to be consistent with the expected
background. Upper limits on the coupling of a heavy neutrino with the Standard
Model neutrino are set at 95% confidence level in the heavy-neutrino mass range
from 5 to 50GeV/c2. These are of the order of 10�3 for lepton-number-conserving
decays and of the order of 10�4 for lepton-number-violating heavy-neutrino decays.

Submitted to Eur. Phys. J. C

© 2020 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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“Heavy neutral leptons”

Standard 
Model

Dark 
Sector?

Neutrino portal
mixing of ν-N

ν (neutrinos)

Aµ (photons)

H (Higgs)

N?

Xµ?
S?

…?

Searches at colliders, beam dumps, neutrino facilities
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Search for A0 → μ +μ − Decays
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Searches are performed for both promptlike and long-lived dark photons, A0, produced in proton-proton
collisions at a center-of-mass energy of 13 TeV. These searches look for A0 → μþμ− decays using a data
sample corresponding to an integrated luminosity of 5.5 fb−1 collected with the LHCb detector. Neither
search finds evidence for a signal, and 90% confidence-level exclusion limits are placed on the γ–A0 kinetic
mixing strength. The promptlike A0 search explores the mass region from near the dimuon threshold up to
70 GeV and places the most stringent constraints to date on dark photons with 214 < mðA0Þ≲ 740 MeV
and 10.6 < mðA0Þ≲ 30 GeV. The search for long-lived A0 → μþμ− decays places world-leading
constraints on low-mass dark photons with lifetimes Oð1Þ ps.

DOI: 10.1103/PhysRevLett.124.041801

Substantial effort has been dedicated recently [1–3] to
searching for the dark photon (A^′), a hypothetical massive
vector boson that could mediate the interactions of dark
matter particles [4], similar to how the ordinary photon γ
mediates the electromagnetic (EM) interactions of charged
standard model (SM) particles. The dark photon does not
couple directly to SM particles; however, it can obtain a
small coupling to the EM current due to kinetic mixing
between the SM hypercharge and A0 field strength tensors
[5–12]. This coupling, which is suppressed relative to that
of the photon by a factor labeled ε, would provide a portal
through which dark photons can be produced in the
laboratory, and also via which they can decay into visible
SM final states. If the kinetic mixing arises due to processes
described by one- or two-loop diagrams containing high-
mass particles, possibly even at the Planck scale, then
10−12 ≲ ε2 ≲ 10−4 is expected [2]. Exploring this few-loop
ε region is one of the most important near-term goals of
dark-sector physics.
Dark photons will decay into visible SM particles if

invisible dark-sector decays are kinematically forbidden.
Constraints have been placed on visible A0 decays by
previous beam-dump [12–28], fixed-target [29–32], col-
lider [33–38], and rare-meson-decay [39–48] experiments.
These experiments ruled out the few-loop region for dark-
photon masses mðA0Þ≲ 10 MeV (c ¼ 1 throughout this
Letter); however, most of the few-loop region at higher
masses remains unexplored. Constraints on invisible A0

decays can be found in Refs. [49–61]; only the visible
scenario is considered here.
Many ideas have been proposed to further explore the

½mðA0Þ; ε2& parameter space [62–82]. The LHCb Coll-
aboration previously performed a search based on the
approach proposed in Ref. [76] using data corresponding
to 1.6 fb−1 collected in 2016 [83]. The constraints placed
on promptlike dark photons, where the dark-photon life-
time is small compared to the detector resolution, were the
most stringent to date for 10.6 < mðA0Þ < 70 GeV and
comparable to the best existing limits for mðA0Þ <
0.5 GeV. The search for long-lived dark photons was
the first to achieve sensitivity using a displaced-vertex
signature, though only small regions of ½mðA0Þ; ε2& param-
eter space were excluded.
This Letter presents searches for both promptlike and

long-lived dark photons produced in proton-proton, pp,
collisions at a center-of-mass energy of 13 TeV, looking for
A0 → μþμ− decays using a data sample corresponding to an
integrated luminosity of 5.5 fb−1 collected with the LHCb
detector in 2016–2018. The strategies employed in these
searches are the same as in Ref. [83], though the threefold
increase in integrated luminosity, improved trigger effi-
ciency during 2017–2018 data taking, and improvements in
the analysis provide much better sensitivity to dark pho-
tons. The promptlike A0 search is performed from near the
dimuon threshold up to 70 GeV, achieving a factor of 5 (2)
better sensitivity to ε2 at low (high) masses than Ref. [83].
The long-lived A0 search is restricted to the mass range
214 < mðA0Þ < 350 MeV, where the data sample poten-
tially has sensitivity and provides access to much larger
regions of ½mðA0Þ; ε2& parameter space.
Both the production and decay kinematics of the A0 →

μþμ− and γ' → μþμ− processes are identical, since dark
photons produced in pp collisions via γ–A0 mixing inherit

*Full author list given at the end of the article.
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Search for a narrow resonance decaying to a pair of muons
in proton-proton collisions at 13 TeV

The CMS Collaboration

Abstract

A search is presented for a narrow resonance decaying to a pair of muons using 13
TeV proton-proton collision data recorded by the CMS experiment at the CERN LHC.
The search in the 45 � 75 and 110 � 200 GeV resonance mass ranges uses fully re-
constructed event data, corresponding to an integrated luminosity of 137 fb�1. The
search in the 11.5 � 45.0 GeV mass range uses 96.6 fb�1 of data collected using a ded-
icated set of high rate dimuon triggers with low thresholds, which store a reduced
amount of trigger level information. No significant resonant peaks are observed. The
search sets the strongest constraints on a hypothetical dark photon heavier than 11.5
GeV.
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Several models of dark matter motivate the concept of hidden sectors consisting of SU(3)C × SU(2)L ×
U (1)Y singlet fields. The interaction between our and hidden matter could be transmitted by new abelian
U ′(1) gauge bosons A′ mixing with ordinary photons. If such A′’s with the mass in the sub-GeV range
exist, they would be produced through mixing with photons emitted in decays of η and η′ neutral
mesons generated by the high energy proton beam in a neutrino target. The A′’s would then penetrate
the downstream shielding and be observed in a neutrino detector via their A′ → e+e− decays. Using
bounds from the CHARM neutrino experiment at CERN that searched for an excess of e+e− pairs from
heavy neutrino decays, the area excluding the γ − A′ mixing range 10−7 ! ε ! 10−4 for the A′ mass
region 1 ! M A′ ! 500 MeV is derived. The obtained results are also used to constrain models, where
a new gauge boson X interacts with quarks and leptons. New upper limits on the branching ratio as small
as Br(η → γ X) ! 10−14 and Br(η′ → γ X) ! 10−12 are obtained, which are several orders of magnitude
more restrictive than the previous bounds from the Crystal Barrel experiment.

 2012 Elsevier B.V. All rights reserved.

The understanding of the origin of dark matter has great im-
portance for cosmology and particle physics. Several interesting
extensions of the Standard Model (SM) dealing with this problem
suggest the existence of ‘hidden’ sectors consisting of SU(3)C ×
SU(2)L × U (1)Y singlet fields. These sectors of particles do not
interact with the ordinary matter directly and couple to it by
gravity and possibly by other weak forces. For example, interac-
tion between our and hidden matter may be transmitted by a
new abelian U ′(1) gauge bosons A′ (or hidden photons for short)
mixing with ordinary photons, first discussed by Okun in his para-
photon model [1]. If the mixing strength is very weak or the mass
scale of a hidden sector is too high, it is experimentally unobserv-
able. However, in a class of models the A′ may have mass and
mixing strength lying in the experimentally accessible and theo-
retically interesting regions. This makes further searches for A′ ’s
interesting and attractive, for a recent review see [2], and refer-
ences therein.

In the Lagrangian describing the photon-hidden photon system
the only allowed connection between the hidden sector and ours
is given by the kinetic mixing [1–4]

Lint = −1
2
ε Fµν A′µν (1)

E-mail address: Sergei.Gninenko@cern.ch.

where F µν , A′µν are the ordinary and the hidden photon fields,
respectively, and ε is their mixing strength. In the interesting case
when A′ has a mass, this kinetic mixing can be diagonalized re-
sulting in a non-diagonal mass term that mixes photons with
hidden-sector photons. It means any source of γ ’s could produce
kinematically possible massive states A′ according to the appropri-
ate mixings. Then, when the mass differences are small, photons
may oscillate into hidden photons, similarly to vacuum neutrino
oscillations, with a vacuum mixing angle which is precisely ε . If
the mass differences are large, it could results in hidden photon
decays, e.g. into e+e− pairs.

Experimental bounds on the sub-eV and sub-keV hidden pho-
tons can be obtained from searches for an electromagnetic fifth
force [1,5,6], from experiments using the method of photon regen-
eration [7–11], and from stellar cooling considerations [12,13]. For
example, it has been pointed out that helioscopes searching for
solar axions are sensitive to the keV part of the solar spectrum of
hidden photons and the CAST results [14,15] have been translated
into limits on the γ − A′ mixing parameter [16–19]. Strong bounds
on models with additional A′ particles at a low energy scale could
be obtained from astrophysical considerations [20–22]. However,
such astrophysical constraints can be relaxed or evaded in some
models, see e.g. [23]. New tests on the existence of sub-eV hid-
den photons at new experimental facilities, such, for example, as
SHIPS [24] or IAXO [25] are in preparation.

The A′ ’s in the sub-GeV mass range, arising in some models, see
e.g. [26–29], can be explored through the searches for A′ → e+e−

0370-2693/$ – see front matter  2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.06.002
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Searches at colliders, beam dumps



Portals to the dark sector

June 17, 2021Pawel Guzowski - BNL Seminar 23

Standard 
Model

Dark 
Sector?

Higgs portal
mixing H-S

ν (neutrinos)

Aµ (photons)

H (Higgs)

N?

Xµ?
S?

…?



Higgs Portal
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Lagrangian

After electroweak symmetry breaking:

mixing anglescalar mass
coupling to SM fermions

Extension to the Standard Model



s
c, tW

S

`,⇡

`,⇡

qq

d
K ⇡

2

Kaon decays
• Light scalars (<~240 MeV) can be produced in kaon decays, 

via a top quark in a penguin decay
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Decay rate 



Aside: the KOTO anomaly
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2019/9/10 KAON2019 34

Preliminary

unblinded in the end of Aug. 2019

Satoshi Shinohara

(or scalar)

KOTO experiment at J-PARC is searching for 
rare neutral kaon decays

Observe 3 events (0.05 expected background)
Branching ratio ~2 orders of magnitude 
larger than SM  K0→π0νν

Kaon 2019 talk

The size of this excess has weakened recently
⇒ 1.22 expected background counts

https://indico.cern.ch/event/769729/contributions/3510939/attachments/1904988/3145907/KAON2019_shinohara_upload.pdf


Aside: the KOTO anomaly
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K+ decay measurements

ALP search reinterpretation

(2019)

You can explain this anomaly with a Higgs-portal scalar

Only a narrow window of allowed parameter range
remains, in the 100-200 MeV window

This is why we focused on this mass range for this first search

KOTO has now released updated results a few months ago, 
and the significance of the excess has decreased (p=0.13)
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Scalar decays
• Light scalars decay to electron-positron pairs, or di-muon or 

di-pion pairs if heavy enough
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arXiv:1909.11670

https://arxiv.org/abs/1909.11670


Current & Future experimental searches
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• Introduction to MicroBooNE
• The Higgs Portal to the dark sector
• New limits from MicroBooNE
• Other new physics models



Production of the scalar in our experiment
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Kaons decaying in flight

Kaons 
decaying 
at rest

For this first result, we are interested in scalars produced in the 
beam dump (hadron absorber) of the NuMI beam

Kaons will decay at rest, producing monoenergetic scalars – a 
unique signature in the detector

Neutrinos

Scalars
~100m

K→πS at rest ⇒ monoenergetic S



Example decay
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beam dump

standard neutrino direction

Scalar

Simulation of a 150 MeV 
scalar decaying to e+e- inside 
MicroBooNE



Selection philosophy
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look for the kink 
decay topology, 
pointing 
‘backwards’, of a 
pair of 
reconstructed 
objects

Scalar 
mass

Opening angle strongly 
depends on mass



Pandora reconstruction

June 17, 2021Pawel Guzowski - BNL Seminar 34

Pandora* is a toolkit to 
reconstruct LArTPC events, 
using particle flow 
algorithms based on ALICE 
experience

In our case, it produces 
“tracks” and “showers”

*https://github.com/PandoraPFA

https://github.com/PandoraPFA


Signal preselection
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• Pandora groups reconstructed 
objects together – “slice”
– matching to PMT signals, for 

event timing
– Cosmic ray tagger veto in Run 3

• Take all pairs of objects in 
the grouping
– Require distance between object 

ends less than 5 cm
– Reconstructed vertex inside TPC 

active volume
• Consider all possible passing 

pairs of objects at this stage
– Boosted Decision Tree to filter 

out backgrounds…
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Boosted decision tree inputs
• BDTs are trained with a “uniform” 

mass signal model between 100–
200 MeV

• 10 input variables
– Data/MC agreement for some of the 

most important shown here
• Trained using only geometrical 

quantities (e.g. no calorimetry used)
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Signal model uncertainty
• Largest uncertainty on the signal model is due to flux 

normalisation
• MiniBooNE measured the rate of KDAR neutrinos from the 

beam dump ⇒ 30% uncertainty
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Monoenergetic 
236 MeV 
muon neutrinos

MiniBooNE

Delayed signal 
due to kaon 
lifetime & 
time of flight

MiniBooNE; PRL 120, 141802 (2018)



Background model uncertainty
• In the signal region, we are 

stats dominated
– 2.0 expected events

• Largest uncertainties are due 
to flux, detector systematics, 
off-beam data statistics
– Flux uncertainties evaluated 

with “PPFX” framework used 
by Minerva and NoVA

– Cross-section uncertainties
evaluated with GENIE 
reweighting framework

– Detector uncertainties; 
resimulation with modified 
detector model

On-axis NuMI
flux sources of 
uncertainties, 
based on replica 
target studies

Alaliga et al, PRD 94, 092005 (2016)
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Tuning the 
neutrino 

interaction 
cross sections

+ model 
uncertainties 

with BNB data

MICROBOONE-NOTE-1074-PUB



BDT Results
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Results
• Looking in the signal region, we observed 2 events

– 1 is rejected as an obvious cosmic
• PMT timing is before the beam spill window

• We have looked at the surviving event, and it is consistent with 
background

• Limit with 1 events, with background expectation of 2.0±0.8
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Results
• Looking in the signal region, we observed 2 events
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• PMT timing is before the beam spill window
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• Limit with 1 events, with background expectation of 2.0±0.8
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Likely proton

Likely photon



5

TABLE I. Systematic uncertainties for the signal and back-
ground model in the signal region.

Uncertainty Background Signal
Flux (hadron production) 26.6% 30.0%
Cross section model 1.7% –
Detector model 70.0% 5.0%
Beam-o↵ statistics 38.0% –
Simulation statistics 28.2% < 2.0%

physics model parameters (both in GENIE and GEANT4)
are varied multiple times within their 1 standard devia-
tion uncertainties, and a weight is calculated for each sim-
ulated event between the central value and the modified
model. The uncertainty on the event count in the selec-
tion is calculated from the standard deviation of weighted
event counts across the variations. A similar procedure is
followed to estimate the uncertainty on the background
neutrino flux model due to hadron production uncertain-
ties, using PPFX [18].

Systematic uncertainties due to the modeling of the de-
tector are evaluated through modified simulations vary-
ing parameters of the detector model. They are esti-
mated to be 70% for the neutrino background simula-
tion (dominated by the low statistics of simulated neu-
trino events in the signal region after selection) and 5%
for the signal simulation, taken to be the relative dif-
ferences of event yields in the signal region between the
central value and ten detector model variations summed
in quadrature. The first five detector model variations
are: (1) uncertainties in the space charge mapping [29],
(2) the ion–electron recombination model, (3) a decrease
in light yield, (4) an increase in the Rayleigh scattering
length, and (5) changing the light attenuation between
anode and cathode side. We also modify the simulated
TPC wire waveform amplitudes and widths. The sizes
of the modifications are characterized in five dimensions
based on hit positions, track angles with respect to the
wires, and energy deposited per unit length. The modifi-
cation sizes are estimated by comparing orthogonal data
samples rich in protons and cosmic muons to the cen-
tral value simulation. These five wire modifications (each
dimension independently) are then applied to the signal
and background simulation and used to extract the event
yield variation. Although the uncertainty on the detec-
tor model for the background prediction is large, the final
result is statistics-limited and this uncertainty has min-
imal impact with respect to repeating the analysis with
zero detector uncertainty. The uncertainties in the sig-
nal region after the optimal BDT selection are given in
Table I.

After applying the BDT selection, the number of
events expected for each background contribution and for
several signal definitions are shown in Table II. The ta-
ble also presents the estimated signal selection e�ciency.

TABLE II. Estimated signal selection e�ciency for a scalar
boson decay inside the TPC, and event yield (unweighted
and beam-on exposure-weighted, with the expected signal for
✓KCV).

Event count
Category E↵. (%) Unwt. Exp. Wt.

Beam-o↵ dataset 10 1.1± 0.4
Neutrino simulation 16 0.8± 0.6
Signal (120 MeV/c2) 14.0± 0.8 7268 4.9± 1.5
Signal (160 MeV/c2) 14.9± 0.9 7654 12.2± 3.6
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FIG. 2. The 95% confidence level sensitivity and observed
limit of this search to the Higgs portal model parameter ✓.

The total expected background-only prediction is 1.9±0.8
candidate events.
In the beam-on dataset, we observe two candidates in

the signal region. We reject one candidate because its
flash time lies in the 0.3 µs window before the start of
the beam spill, making it an obvious cosmic background
interaction. When we manually inspect the TPC readout
of the other candidate event, the two objects have the
characteristics of a proton and a photon, and so it is
likely to be a neutrino-induced background.
With one observed event we set the 95% CL upper limit

on the Higgs portal model presented in Fig. 2. The ob-
served and expected limits for several scalar boson masses
are enumerated in Table III, and for a wider range of
masses in the Supplemental Materials [30]. The upper
limit is compared with ✓KCV, along with other experi-
mental limits, in Fig. 3.
The limit presented in this publication rules out the

remaining Higgs portal model parameter space required
to explain the central value of a mild excess in KOTO

Results
• Looking in the signal region, we observed 2 events

– 1 is rejected as an obvious cosmic
• PMT timing is before the beam spill window

• We have looked at the surviving event, and it is consistent with 
background

• Limit with 1 observed event, with a background.            
expectation of 1.9±0.8
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counting experiment

Systematic uncertainties
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The most important



Preliminary limit & KOTO parameter space
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This is with 
~10% of our 
NuMI dataset

Further details in our publication:
arXiv:2106.00568

Can exclude the KOTO (2019) 
allowed model parameters at 95% CL



Projected sensitivity (by phenomenologists)
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MicroBooNE,
using Booster 
Neutrino Beam

Batell, Berger, Ismail
PRD 100, 115039 (2019)

Current limit
(crudely drawn)

Di-muon, di-pion 
decay channels

Kaon decay-
in-flight 
based search



Reinterpretation

• Within weeks, we 
already have theorists 
reinterpreting our 
results, for other models
– Heavy neutral leptons →
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https://arxiv.org/abs/2106.06548

https://arxiv.org/abs/2106.06548
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• Introduction to MicroBooNE
• The Higgs Portal to the dark sector
• New limits from MicroBooNE
• Other new physics models



Heavy Neutral Leptons
• Very similar phenomenology to the Higgs Portal scalar
– Kaon decays to HNL; HNL decays to muon+pion

• Further strategies coming soon
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0 105 140 211245 388 493

MEV

K → μN

K → eN

N → eeν 

N → μeν 

N → eπ  

N → μμν   

N → μπ  
Only considered one 
production chanel and one 
decay channel so far

HNL mass
MicroBooNE limit

lower masses 
(compared to 
colliders)

Phys. Rev.D 101, 052001 (2020)

Approx. 3-
event 
sensitivity



Millicharged Particles
• A measurement performed by ArgoNeuT (another LArTPC

experiment); student is now a PDRA on MicroBooNE
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Search for collinear “blips” of charge deposit, in line with the production target

MCPs produced in neutral pion decays

Blips usually 
caused by nuclear 
de-excitation 
photons in 
neutrino scattering

Magill et al, PRL 122, 071801 (2019)



Dark Tridents
• Dark matter could be produced in the beams, from neutral pion or eta decays

– Via photon – dark photon mixing
• DM can scatter inside MicroBooNE, either elastically off electrons and nuclei, or 

inelastically to produce “trident” electron-positron signatures
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“Production” “Direct detection” 

De Gouvea, Fox, Harnik, Kelly
JHEP 2019, 1 (2019)

Expected 10-
interaction 
sensitivity in 
MicroBooNE



Heavy/dark neutrino decay
• “Bi-portal” model, combining Vector & Neutrino portals to dark sector
• Upscattering of neutrino to HNL
• Can decay to dark photons → e+e- pairs
• Could explain MiniBooNE excess
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Argon

Better fit for MiniBooNE angular 
distribution
Sensitivity in MicroBooNE still 
to be evaluated

MicroBooNE can 
identify e+e- pairs
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Further models
• There are also other interesting 

ideas we could investigate in the 
future
– Although we haven’t yet 

performed studies to see if there 
is sensitivity

• Example searches:
– Light Two-Higgs-Doublet BSM 

models
– Magnetic monopoles & Micro 

black holes
– Axion-like particles
– Dark photons
– Neutron-antineutron oscillation

• Many exciting physics models to 
explore in our five years of data!
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π+

π-

π0

π0

HNL
axion

Chang et al, arXiv:2102.05012

Abdallah et al, arXiv:2010.06159

https://arxiv.org/abs/2102.05012
https://arxiv.org/abs/2010.06159
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SUMMARY



Summary
• MicroBooNE has been running for five years
– many results on neutrino cross sections, 

detector physics and R&D
– on the way to examining the reported 

MiniBooNE low energy excess
• We can also search for many new physics 

models beyond the original goals of the 
experiment

• Have recently announced world-leading 
limits on the Higgs-Portal scalar model in the 
O(100 MeV) mass range
– Can exclude the parameters required to explain 

the KOTO mild anomaly in this model
• Many more New Physics searches to come!
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ADDITIONAL SLIDES
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