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Introduction



SM neutrinos are massless but neutrino 
oscillations imply m𝝂≠0:

➔ Multiple Beyond Standard Model (BSM) 
mechanisms proposed

Many unsolved questions:

➔ Mass hierarchy
➔ CP symmetry violation in lepton 

sector

For DUNE, HyperK and future experiments 
to answer

NeUtrino Physics
Nuclear Physics B, 908, 52-61.

source detector
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MiniBooNe anomaly
MiniBooNE

➔ Neutrinos and antineutrinos 
from pion (&kaon) 
decay-in-flight beam.

➔ Cherenkov detector. Could 
not distinguish between 
electron and gamma.

➔ νe and νe excess observed. 
Different L and E from LSND, 
but similar L/E.

Hint of a 4th light sterile neutrino?



Liquid Argon Time PRojection Chambers
➔ Charged particles produce ionization 

electrons and scintillation photons 
inside the TPC.

➔ Photon sensors measure the interaction 
time t0 with ns precision.

➔ Electric field drifts e- towards anode 
plane.

➔ Wire planes(or other readouts) detect 
the e- producing 3D mm-level resolution 
images.
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VUV light 
centered at 
127 nm
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The Detector



The Short Baseline Neutrino Program
➔ Located in Fermilab (Illinois), consists of 3 

LArTPC experiments:
ICARUS, MicroBooNE, SBND

➔ Rich physics program:
◆ Searches for light sterile neutrinos and other 

BSM particles (HNL, light dark matter) …
◆ Highest neutrino-Argon interaction statistics
◆ Research & Development in new technologies: 

photosensors, reflective TPB-coated foils…

SBN sensitivity to a light sterile 
neutrino (𝜈𝜇→𝜈e appearance)

Ann. Rev. Nucl. Part. Sci., 
vol. 69, 2019

Booster neutrino 
beam (BNB)
〈E〉𝜈 ~ 0.8 GeV

ICARUS
2021-ongoing
L = 600 m

SBND
data next year!
L = 110 m

MicroBooNE
2015-2021
L = 468 m



SBND: The Short Baseline Near Detector
➔ 112 ton LArTPC: 4x5x4 m3 active volume

➔ 2 separate TPC volumes (2m drift distance 
each)

➔ Data taking from next year to 2027

244 Collaborators
38 Institutions
6 Countries

TPC recently moved 
to main building
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https://news.fnal.gov/2022/12/neutrino-detector-on-the-move/


SBND Photon Detection System

VUV γ

visible γ

TPB coated foils

Photon 
Detection 

System

➔ PDS provides triggering, particle 
identification, complementary energy 
reconstruction, background rejection (mainly 
cosmics) ...

➔ 120 PMTs (established technology) and 192 
X-ARAPUCAs (new scalable technology)

➔ Sensible to both VUV and visible light

Visible and VUV 
X-ARAPUCAs

Uncoated PMT
(Visible light)

TPB-Coated PMTs
(Vis+VUV light)

𝜈

12

2 m drift
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Nucl. Instrum. Meth. A, 985 (2021)

Visible Light
TPB absorption & 
emission spectra

-Directly 
produced in LAr 
volume

-Rayleigh 
scattering 
length  ~1 m

- Re-emitted by 
TPB foils in the 
cathode plane

- Rayleigh 
scattering 
length ~20 m

VUV Light
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X-ARAPUCA 
mechanism



Light studies



SBND Light simulation

C
at

ho
de

Full simulation: 

➔ 𝜈-nucleus 
interactions are 
simulated with 
GENIE

➔ Propagation 
inside the TPC 
with Geant 4 

➔ Full simulation 
of readout 
response and 
reconstruction 
done in LArSoft 
(my work)

VUV γ
visible γ

TPB coated foils Photon Detection 
System

➔ Up to 6500 
Photo-electrons(PE) per BNB-𝜈 
interaction. 〈E〉𝜈 ~ 0.8 GeV 

A
node

X-ARAPUCA SiPMs 
signals from teststand data

PMT raw simulated 
signal
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SBND light reconstruction chain
Identify time and charge 
from processed signals 
(hits).

Cluster hits in time 
coincidence (flashes) to 
claim an interaction 
happened. 

Signals present overshoot 
due to AC couplings.

Specific workflow developed 
& validated: 

1. Truth time distribution 
of arriving photons

2. Sensor response and dark 
current, electronics noise, 
afterpulses…

3. Deconvolution with FFT & 
Gaussian filter 

MicroBooNE, JINST 13.07 
(2018): P07006. 16

Search for hits in time 
coincidence to start a flash 
based on:

- Time-window

- #Ch in coincidence

- Minimum Total #PE

Optical hit



Visible & VUV dependance on distance allows to 
reconstruct the drift coordinate with their 
total light yield ratio.

reconstruction: drift distance

➔ Drift coordinate reconstructed within 
±20 cm using only light information. 17

Light 
sensors

Cathode plane 
(middle)

➔ Over 95% of the interactions reconstructed (with 
an associated light flash nearby), for events 
with more than 50 MeV deposited energy.

SBND Preliminary 
simulation

BNB-𝜈 interactions



Reconstruction results: charge resolution

➔ Reconstructed energy is within 4% bias & 6% 
spread for BNB-like interactions.

Flash matching: compare TPC (e-) and light (γ) 
information to further reject our backgrounds!

MicroBooNE, JINST 15.03 
(2020): C03023.

SBND Preliminary 
simulation

BNB-𝜈 interactions
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Use e-(black) info to predict 
the expected light signal

Then match with 
measured light 
signal



Reconstruction results: time resolution

SBND Preliminary 
simulation BNB-𝜈 interactions

Not correcting 
propagation 
delay
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➔ 𝚫t~4ns with a sampling frequency of 
80MHz(12.5ns/tick)

➔ Paper in preparation adding this workflow.



Beyond Standard 
Model Searches



Heavy Neutral Leptons
➔ Only left-handed neutrinos observed 

so far

➔ Right-handed mass term → allows for 
possible mechanisms for neutrino 
masses

➔ Production of HNL in any SM neutrino 
process by an extended PMNS matrix 
couplings Ui4

➔ Mass of HNL in [30-493] MeV.

➔ Both Majorana/Dirac HNL allowed

➔ No oscillation (MeV mass=lost of 
coherence)

Standard mixing

New 
physics
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➔ Main contribution from Kaon 
2-body decay

➔ Extra forward focusing & 
helicity enhancement due to 
heavier mass.

HNL production in SBND

HNL production

First analytical results carried 
out by Beymar Javier Quenallata 
Surco, Master thesis graduate at 
CIEMAT. 22

Production enhancementSM-like low 
mass limit

MK-M𝞵

MK-Me



HNL decay in sBND

arXiv:2007.03701
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➔ Added generator interface to read 
BNB flux files.

➔ Added 3-body N→𝜈e+e- channel. Main 
contribution in [30-150] MeV

➔ Footprint at detector: di-electron 
shower (single shower  due to 
miss-reco for low angle pairs)

3-body decay

https://arxiv.org/abs/2007.03701


selection
We can look:

➔ In a delayed window after 
the beam

➔ Between the beam buckets 
(no background expected)

For N→𝜈e+e- channel, no 
significant delay (main 
contribution between buckets) 



SBND promising preliminary sensitivity
➔ Competitive with most up to 

date prospective results in 
the [30-150] MeV region 
(1021 PoT)

➔ Realistic assumptions (reco 
efficiency 5-15%: arxiv 
2106.06548)

➔ HNLs are light enough not to 
have significant delay.

➔ Requires high time 
resolution (resolve beam 
buckets).
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SBND Simulation
10;

21 P.o.T.
(my work)

https://arxiv.org/abs/2106.06548
https://arxiv.org/abs/2106.06548


SBND promising preliminary sensitivity

SBND 
Simulation
10;

21 P.o.T.
(my work)

26



Conclusions & ongoing work
Light studies:

➔ Full sensor simulation updated with most recent data available.
➔ Reconstruction workflow developed & tested (preparing paper).

◆ Visiting Fermilab next year to participate in detector commissioning

BSM searches:

➔ BNB flux data support added.
➔ 𝜈e+e- 3-body decay included with full beam simulation

◆ Working on reconstruction efficiency

Previous work:

➔ Lab work at CIEMAT: data taking and analysis from 𝜶-source measurements 
towards DUNE X-ARAPUCA sensors characterization.



Thanks for your attention 

CIEMAT neutrino group + intruder
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Particle id in a LArTPC

➔ Topology

◆ Tracks: muons, protons, pions

◆ Showers: electrons & photons

➔ Calorimetry: bragg peak, deposited energy 
profile

Neutrino interaction (red) overlap with cosmic background 
(grey) Frontiers in Artificial Intelligence 4 (2021).



Particle id: fast vs slow light ratio 

Alpha 
source

Cosmic ray 
muons Fast component

Slow component



Estimation of Liquid argon purity: tau slow

reference PMT
Deconvolved
SiPM signal

CIEMAT measurements with alpha source



SiPM: Silicon photomultiplier



PMT: photomultiplier tube



All decay channels



LAr TPCs 

Transparent to its own 
scintillation light

High atomic number = 
more targets

Dedicated cryogenic 
infrastructure TLAr~ 87 
K

High purity required 
H2O, O2< 1ppb

advantages/challenges


