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LArTPC Features
• LAr: large interaction rate 

• Modular and scalable

• Nearly fully instrumented

• Millimeter resolution

• Calorimetric measurement

• e/γ separation

• Low detection threshold 
for protons

• Supernova νe (E~10 MeV)

• Charge collection at 
millisecond time-scale
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C. Electron-photon separation

A key requirement of any analysis searching for electron
neutrinos is the ability to differentiate electrons originating
from νe CC interactions from photons originating from any
backgrounds. The two main features that separate inter-
actions containing electrons from those with photons are
the dE/dx at the start of the shower and the distance
between the shower and the interaction vertex. The latter is
only well defined when another charged particle is present
at the interaction vertex. Electron-photon separation in a
LArTPC has previously been demonstrated using a semi-
automated reconstruction chain [35] and only leveraging
the dE/dx.
In this measurement, we demonstrate for the first time

both of the electron-photon separation techniques that the
LArTPC technology offers using a fully automated analy-
sis chain.
The distribution of the dE/dx at the start of the shower, at

the stage listed in Table I, is shown in Fig. 11. In this figure,
a notable feature is the large population of leading showers
with a dE/dx of nearly 0 MeV=cm. This population is
caused by tracks and showers that are nearly perpendicular
to the z axis of the TPC (60° < θ < 120°) where it is
challenging to measure dE/dx. In future analyses, this effect
can be mitigated with the use of all three wire planes to
measure dE/dx. The use of calorimetry on both collection
and induction planes is enabled by using methods such as
2D deconvolution as laid out in Refs. [32,33].
To examine the performance of the electron-photon

separation variables, we isolate the dE/dx and shower
vertex distance selection steps on the leading shower by
moving them to the end of the analysis chain; this ensures
that the upstream part of the selection chain identifies
neutrino interactions with a well-defined leading shower.
Additionally, we highlight the dE/dx separation power
performance by selecting the angular phase space which
boosts good reconstructed showers on the collection plane
alone; i.e., for this study, we require the leading shower θ to
be between 0° and 60°. This choice allows us to focus on
topologies unaffected by the absence of dynamically
induced charge in our simulation chain and with dE/dx
best reconstructed on the collection plane wires.
Figure 15 shows the stacked data versus MC prediction

where θ is between 0° and 60°. This slice of θ is the
most populated region and has considerably higher purity
than the rest of the phase space. As the dE/dx distribution
at this angular slice includes showers running roughly
perpendicular to the collection plane wires, a very small
fraction of showers have an unphysically low dE/dx, which
demonstrates the angular dependence of the dE/dx calcu-
lation in this analysis. The very good agreement between
the data and MC samples allows us to utilize the MC
sample, which provides true information about the nature
of the leading shower, to determine the power of the two
separation methods.

After applying the νe þ ν̄e CC selection without the dE/
dx and shower vertex distance selection steps, we obtain a
sample of 1995 simulated neutrino events. In this sample,
the true particle responsible for the leading shower is
an electron in 48% of cases and a photon in 39% of cases
with 13% remaining for other particles. We then examine
the individual and combined effect of applying the dE/dx
and the shower to vertex distance selection requirements
on these three groups. The value of dE/dx is required to
be between 1.4 and 3 MeV=cm and the distance between
the shower and the vertex to be less than 4 cm apart. The
combination of these two requirements selects 59% of
electron-neutrino events and rejects 81% of photon back-
grounds and over 61% of other backgrounds. When
applying the requirements individually, the dE/dx is the
significantly more powerful method of rejecting events
with photons removing 73% of those backgrounds by itself
compared to 28% for the shower distance to vertex. It is
also responsible for the bigger drop in our efficiency to
select electrons: 35% compared to 11%. We also inves-
tigate the effect of the shower to vertex distance selection
requirement on a subset of events with at least one
candidate track present. For this sample, the selection
requirement has an improved performance in rejecting
photon backgrounds with 47% rejected compared to
28% for events where we do not require the presence of
a reconstructed track. The summary of the performance for
each selection requirement applied individually and com-
bined can be found in Table II.
We find that the dE/dx variable is more effective in

removing photon-induced backgrounds. Figure 15 illus-
trates its separation power in rejecting the photonlike

0

20

40

60

80

100

E
nt

rie
s

Beam-On Data (Stat.)
Out-of-Cryostat
Beam-Off Data
Neutron
Muon
Kaon
Pion
Photon
Proton
Electron

Stat. Uncertainty
MC + Beam-Off

 POT2010×MicroBooNE NuMI Data 2.4

o < 60θ < o0

0 1 2 3 4 5 6 7 8 9 10
Leading Shower dE/dx (Collection Plane) [MeV/cm]

1−
0.5−

0

0.5

1

(D
at

a 
- 

M
C

) 
/ M

C
 

FIG. 15. dE/dx of leading showers for neutrino candidates
broken down by particle type. This plot is made for leading
shower θ between 0° and 60° where the reconstruction of showers
is good. Electrons are gathered in the MIP peak, while most
photons are around 4 MeV=cm.

P. ABRATENKO et al. PHYS. REV. D 104, 052002 (2021)

052002-12

Phys. Rev. D 
104, 052002

e γ→e+e-

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
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Not Ideal for Natural Source

Cold DM
Atmospheric or 

astrophysical neutrinos, 
boosted dark matter 

produced at the Sun or 
Galaxy Center, etc.Cold DM

Cold DM

Boosted DM

Boosted DM or
SM particle

Boosted DM, e, or ν
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Cold DM

SM particle

DM, e, or ν

SM particle’

Require massive, underground 
LArTPCs (i.e. DUNE far detector)



Neutrino Beam

• High intensity proton beam + fixed target

• Produce charged and neutral mesons: π±, K±, π0, etc.

• BSM particles produced via Higgs, vector, neutrino, 
ALP portals, dark neutrinos, νphilic mediators, etc. 

• Detect SM particles from interactions or decays of 
the BSM particles

10

target decay volume dirt, shielding detector

proton 
beam
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Visible interaction or decay products



Detection: Interaction

• BSM-electron scattering: e signature

• BSM-nucleon scattering: typically neutral current-like

• Nuclear effects smear the topology

• Challenging on modeling BSM signals, and reducing 
and precisely constraining neutrino background
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Detection: Decay Products
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Detection: Decay Products
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A decay channel

Effectively event rate 
production x decay rate.
Example: heavy neutral 

lepton (N) decays into μπ



Short Baseline Program

• eV-scale sterile ν: measured by νμ→νe oscillation

• Measure ν-Ar cross section

• BNB νμ: 8 GeV protons, ν energy peak at ~600 MeV

• 3 LArTPC detectors on surface in different baselines

MicroBooNE
85t, 470m
2015-2021

SBND 
112t, 100m
start 2023

ICARUS T600
476t, 600m

started!!

13

BNB neutrinos



Free Neutrinos from NuMI

• NuMI νμ: 120 GeV protons

• Off-axis neutrino beams for MicroBooNE and ICARUS

• ν-Ar cross section measurements

• BSM searches from both BNB and NuMI

MicroBooNE 
~8º off-axis

SBND

ICARUS T600
~6º off-axis

14

NuMI neutrinos



BSM Search@Short Baselines
• eV-scale sterile neutrino search by 

νμ→νe

• LSND & MiniBooNE anomalies

• ν-Ar cross section measurements

• Search for BSM particles

• Require more dedicated tools
Today’s menu

• Neutrino portal: Heavy neutral 
lepton (HNL)

• Higgs portal scalar particle (HPS)

• Physics motivation in Hostert and 
Putnam’s talks
15

Matt Toups, Fermilab | Search for an Excess of Electron Neutrino Interactions in MicroBooNE - Summary

• νe prediction adequately describes 
the data across many different 
kinematic quantities

• Constrained νe energy spectra for the 
CCQE 1e1p, 1eNp0π, 1e0p0π, and 
1eX selections yield χ2 goodness-of-
fit p-values of 1.4×10-2, 0.18, 0.13, 
and 0.85, respectively
– Note that reconstructed neutrino 

energy definition differs between 
analyses 

• Observe νe candidate event rates in 
general agreement with or below the 
predicted rates

Comparisons to νe prediction 

10/27/216

Low-energy region

 Mark Ross-Lonergan   - Wine & Cheese -     Oct 1st 2021 121

From Monte-Carlo studies, the probability of any one bin 
across all sixteen 1𝛾 energy bins giving rise to a worse 
constrained 𝜒2 is 4.74%.

1𝛾1p 1𝛾0p
Reconstructed Energy Spectra

We see good agreement between data and 
background prediction when one takes into account 
the overall deficit observed in the 2𝜸 NC 𝜋0 samples.

This is highlighted by the data agreement with the 
constrained prediction on the bottom panels. 

Phys. Rev. Lett. 128, 241801
arXiv: 2210.10216

Phys. Rev. Lett. 128, 111801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.241801
https://arxiv.org/abs/2210.10216
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801
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BSM Searches at 
MicroBooNE
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Publication: https://microboone.fnal.gov/documents-publications/

https://microboone.fnal.gov/documents-publications/


MicroBooNE
• LAr: 85 tons (active)

• 1 TPC: 2.3mx2.5mx10.4m

• 8192 wires, 3-mm pitch

• 2MHz sampling rate

• Light collection

• 32 PMTs+4 paddle PMTs

• 64MHz sampling rate

• Cosmic ray tagger

• Operation: 2015-2021, 
collected 1.5×1021 POT

17

10.4m
2.5m

2.3m
ν

HV: 273V/cm



Background: Cosmic Rays
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Background: Cosmic Rays

• Detectors with ms readout on surface: a 
large amount of cosmic rays

• Common with all the physics analyses

• 4kHz cosmic rays at MicroBooNE
18



Background: SM Neutrinos
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30 cm
Run 3471 Event 54287, October 21st, 2015 

Detectors designed for 
neutrinos: neutrinos as the 

second main background for 
other BSM searches 



Heavy Neutral Lepton

20

HNL (N) travels along the 
neutrino beam line and 

decay in flight

N

Detector

μ

π

A decay channel

Detect the decay 
products in the detector.
Measure the mixing angle 
Θμ4, e4, τ4 with each MN 

K
μTarget

Θμ4 Θμ4



Decay Channels

• 2 or 3-body decays

• Charged current: N→γν, N→μeν, N→eπ, N→μπ

• Charged and neutral current: N→3ν, N→eeν, 
N→νπ0, N→μμν

21



Decay Channels

• 2 or 3-body decays

• Charged current: N→γν, N→μeν, N→eπ, N→μπ

• Charged and neutral current: N→3ν, N→eeν, 
N→νπ0, N→μμν
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N→μ±π∓
dominant at 
MN > 250 

MeV/c2



Sensitivity on HNL Mass
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Focused on μπ owing 
to more mature track 

reconstruction
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Majorana v.s. Dirac
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• HNL can be a Majorana or 
Dirac particle

• Majorana HNL

• N→μ-π+ and N→μ+π-

• Sum of μ-π+ and μ+π- is 
isotropic in the HNL rest 
frame

• Dirac HNL

• N→μ-π+ only

• Half event rate compared to 
Majorana HNL

• Asymmetric angular spectrum

We use the Majorana 
assumption in the following 
slides, while presenting the 
results for both the cases



SIMULATION 700 MeV HNL Decay 
(Mass 370 MeV)

Simulated HNL Event

24

N→μ-π+

μ

π
μ

e



Event with an HNL
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A simulated HNL overlaid with a pure cosmic data event



Time of Flight
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BNB MicroBooNE
νμ 

∼2μs 

N
N

νμ 

νμ 
νμ 

νμ 
νμ νμ 

470m

2020 analysis, BNB 2×1020 POT 
Phys. Rev. D 101 052001

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001


Time of Flight
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Time of Flight
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HNL Late Trigger Window
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Courtesy of Davide Porzio



HNL Late Trigger Window
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Late trigger window: ~10% HNL@MN=370MeV/c2

Courtesy of Davide Porzio



Data-Driven Analysis

• Use the events triggered in late trigger window, but 
vetoed those triggered in the BNB trigger window

• Measure an excess of events in a data sample 
containing only cosmic rays

32

νμ 

N
νμ N νμ 

N

νμ 

νμ 

Triggered events Vetoed events

Snapshot of the detector Snapshot of the detector 



Small Signal Fraction

• Lower kaon production rate at BNB than NuMI

• The analysis strategy yields a small fraction of signals

• Better ν beam structure simulation and reconstruction will 
improve the sensitivity

33



K Decays at NuMI Absorber
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2022 analysis, NuMI 7×1020 POT
Phys. Rev. D 106 092006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


K Decays at NuMI Absorber
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2022 analysis, NuMI 7×1020 POT
Phys. Rev. D 106 092006

Utilize the different direction 
to most of the SM neutrinos

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


K Decays at NuMI Absorber
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2022 analysis, NuMI 7×1020 POT
Phys. Rev. D 106 092006

Utilize the different direction 
to most of the SM neutrinos

The cosmic ray tagger 
removes cosmic rays in 

part of the data

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


Kinematic Distributions
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2020 Analysis 2022 Analysis



BNB POT: 2×1020

HNL Sensitivity
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Phys. Rev. D 101, 052001 (2020)
Phys. Rev. D 106, 092006 (2022)

Matt Toups, Fermilab | Search for an Excess of Electron Neutrino Interactions in MicroBooNE - Summary

MicroBooNE Collaborators Past and Present

10/27/2118

Bill Willis  
(1932-2012)

Simone Marcocci 
(1989-2019)

Paul Nienaber  
(1955-2020)

Davide Porzio 
(1991-2021)

Martin Auger 
(1983-2021)

Davide Porzio
1991-2021

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


Higgs Portal Scalar Particle

37

Kaon decays at rest in the NuMI absorber
K+→π+S (S: HPS)

• S→e+e-: 2021 analysis,  
Phys. Rev. Lett. 127, 151803

• S→μ+μ-: 2022 analysis, 
Phys. Rev. D 106, 092006

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


Analysis Strategy

38

2021 analysis, S→e+e- 

Sensitive to mS<212 MeV

1.93×1020 POT
Only geometrical quantities used

(Shower reconstruction less mature)

2022 analysis, S→μ+μ- 

Sensitive to 212<mS<275 MeV

7×1020 POT
Geometrical and kinematic 

quantities used



NuMI POT: 1.93×1020

HPS Sensitivity

39

Phys. Rev. Lett. 127, 151803 (2021)
Phys. Rev. D 106, 092006 (2022)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


Systematic Uncertainty
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HNL 2020 HPS 2021 HNL 2022
HPS 2022

HNL/HPS Flux 8% 30% 30%

SM ν Flux — 26.6% (5-10)%

σ(SM ν) — 33.4% (5-10)%

Trigger 8% — —

Detector 10% 70% (10-20)%

Simulation Stat. — 38%/28.2% (5-42)%

Analyses presented today are statistical limited
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The rate of kaon 
production at rest in 
the NuMI absorber

Dominated by the 
sample statistics



Wish List
• Light detector: high sampling rates and detection efficiency 

(ICARUS and SBND)

• Light reconstruction: timing, calorimetry

• Light+charge signal matching

• Charge reconstruction: energy of electromagnetic showers, 
track/shower separation, particle ID, reconstruction optimized 
to signal directions

• Cosmic ray removal: overburden (ICARUS), cosmic ray taggers 
(MicroBooNE, ICARUS, SBND), light signal matching

• Detector modeling: more detector measurements

• SM neutrino flux and cross section modeling

• BSM flux and interaction/decay modeling

• High signal/noise for MeV-scale activities
41



Remark
• Search for interactions of BSM particles

• MC simulation of BSM-Ar interactions required

• Search for decays of BSM particles

• Easy for signal MC simulation

• Suffer from the density of LAr

• Most of desired tools also benefit oscillation and σ

• Analysis strategies to discriminate from SM neutrinos 
required (and from cosmic rays in SBN)

• Other ongoing BSM efforts at MicroBooNE

• Future LArTPCs with high intensity beam (DUNE ND-
LAr) require to deal with pile-ups (modular detectors)

42

https://indico.fnal.gov/event/55593/


Backup
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Low Energy Threshold

Wire pitch 
4.7mm

3mm



Dark Sector Landscape
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Models, Production Mechanisms,  and Signatures

arXiv: 2207.06898

https://arxiv.org/abs/2207.06898
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Proton

Fermilab Booster Neutrino Beam (BNB)

νμ

Booster
Circumference: 469m
Proton energy: 8GeV

Linac
Length: 150m
Proton energy: 400MeV
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Fermilab’s Neutrinos in the Main 
Injector Beam (NuMI)

Main Injector
Circumference: 3.3km
Proton energy: 120GeV

Tevatron

48

νμ
Proton
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Production
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Accelerator neutrino beam or fixed 
target facility produce charged 
mesons, such as kaons, pions

K, π

Target



Production
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Accelerator neutrino beam or fixed 
target facility produce charged 
mesons, such as kaons, pions

K, π

Target

The meson decays into a 
charged lepton and a HNL via a 
mixing angle, Θe4, μ4, τ4, between 
the SM neutrino and the HNL

μ, e

N

Θe4,μ4, τ4

No helicity suppression



HNL Detection
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HNL travels along the 
neutrino beam line and 

decay in flight

N

Detector



HNL Detection
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HNL travels along the 
neutrino beam line and 

decay in flight

N

Detector

μ

π

A decay channel

Detect the decay 
products in the detector.  

Effectively event rate 
production x decay rate.
Measure the mixing angle 
Θμ4, e4, τ4 with each MN 



HNL Flux from BNB
• Consider nonzero Θμ4, 

while Θe4 = Θτ4 = 0

• HNL produced by K→Nμ
• Fully simulate the HNL 

flux based on the parent 
mesons (kaons) of SM 
neutrino flux simulation

• Number of events 
traversing MicroBooNE 
proportional to 
ΦN(E)xPdecay(E)

51

HNL (MN=0.37 GeV) 
traversing MicroBooNE



2-body Decay Signature

52

N→l±π∓

• Fully reconstructed final states

• Able to reconstruct the invariant mass of 
HNL, a powerful discriminant

Focus on N→μ±π∓ now: 
more mature reconstruction 
for μ than e



Samples

Background sample: pure 
cosmic rays data fulfilling the 
same trigger requirement but 
not in coincidence with BNB

53

SIMULATION 700 MeV HNL Decay 
(Mass 370 MeV)

Signal sample for selection 
optimization and BDT training: 

pure HNL simulation



Kinematic Selection
• Cosmic background comes 

from broken tracks and 
sometimes delta rays

• Reduce cosmic background

• Track opening angle  
Δφ < 2.8 rad

• Invariant mass  
< 500 MeV

• Track momentum 
calculated by its length

• Signal efficiency: (45-50)%

• Background efficiency: 1.6%
54

Courtesy of 
Davide Porzio



BDT Training
• Five kinematic variables for 

BDT training

• Δφ: 3D opening angle 
between the two tracks 
from the HNL decay

• |pN|: momentum of the 
HNL candidate

• θ: polar angle of the 
HNL candidate

• Φ: azimuthal angle of the 
HNL candidate

• mN: the invariant mass 
of the μπ pair

55



BDT Discriminant

• 5 input variables of reconstructed HNL kinematics 
for BDT training

• Validate the MC performance with the SM neutrino 
MC and data samples

• Log-likelihood ratio (LLR) test statistic and set limits 
at 90% confidence level 
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Background Reduction
• SM neutrinos

• 2020 analysis Phys. Rev. D 101 052001 
Utilize the longer time of flight of HNL produced by 
BNB, 2×1020 POT

• 2022 analysis Phys. Rev. D 106 092006 
Utilize the kaon decaying at rest in the hadron 
absorber of NuMI, 7×1020 POT

• Off-axis of the NuMI neutrinos

• Almost opposite direction to most of neutrinos

• Cosmic rays

• The cosmic ray tagger removes cosmic rays for part 
of the data used in the 2022 analysis 
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Outlook at SBN

0 20 40 60 80 100
ns

0

0.1

0.2

0.3

0.4

A.
U
.

19ns

1ns

BNB beam structure

58

ICARUS
π+→e+NICARUS
π+→μ+NSBND
π+→e+NSBND
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• N→e±π∓ larger parameter 
space

• Higher sampling rate of light 
systems in ICARUS and SBND

• Events outside beam buckets

• Better sensitivity & cross check


