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Light Detection…
• Light detection has played a vital role in neutrino
physics, from Reines & Cowan up through today.
The Reines-Cowan Experiments

Understanding oscillations: a world-wide effort
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igure 4. The Savannah River Neutrino Detector—A New Design

he neutrino detector is illustrated here inside its lead shield. Each of two large, flat
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astic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of

ater. The protons in the water provided the target for inverse beta decay; cadmium
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…in Noble Elements
• Most of those experiments have either used water or
organic scintillators.
• Why use Noble elements instead?
–
–
–
–

Strong scintillation
Self-transparent
Long ionization drift
(Can be) cost effective for large detectors
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LIDINE Neutrino Detectors
Across multiple applications,
detectors share many of the same
challenges:
•

Detectors need to be able to
operate at cryogenic
temperatures.

•

Need to detect far UV light
(<200 nm)
– Require a chemical wavelength
shifter or a specialized
photosensor.

•

Often, detectors need to be
radiopure.
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•

Most also apply an electric
field to create a Time
Projection Chamber (TPC).

•

Within TPCs, there are still a
variety of techniques:
– Single Phase:
• all liquid, charge read out
directly.

– Dual Phase:
• a strong field applied at the
liquid-gas transition
amplifies charge.

– Electroluminescence:
• drift charge into an
electroluminescent region,
and detect that light as well.
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Neutrinoless Double
Beta Decay
•
•

Are neutrinos Dirac or
Majorana particles?
What is the absolute neutrino
mass?

DUNE
•
•
•

Do neutrino oscillations
violate CP symmetry?
What is the mass ordering?
What can neutrinos tell us
about supernova?

Short Baseline Neutrino Program
•
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Are there more than three neutrinos?
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Neutrinoless Double
Beta Decay
•
•
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Are neutrinos Dirac or
Majorana particles?
What is the absolute neutrino
mass?
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Dirac vs. Majorana Particles
Dirac Particles
•
•

4 states: left- & right-handed,
particle & antiparticle
All massive, charged particles
must be Dirac.

Majorana Particles
•
•

2 states: left- & right-handed.
Thus, the particle is its own
antiparticle.

• Famously, we only observe left-handed neutrinos and righthanded antineutrinos.
• The neutrinos could be Majorana, or the weak force could
simply not couple to the opposite CP combinations.
• To distinguish between these two possibilities, we look for a
process which is only allowed if neutrinos are Majorana.
Alex Himmel
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Neutrinoless Double Beta Decay (0νββ)
• In ordinary double beta decay,
two electrons and two
antineutrinos are emitted.
– 2nd order weak process, so
generally only visible if single β
decay is forbidden.

• If we observe double beta decay
without neutrinos, then…
– the neutrino must be Majorana.
– lepton number is not conserved.
– absolute neutrino mass can be
measured.
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0νββ and Absolute Neutrino Mass
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•

The 0νββ decay rate gives us information
about the absolute scale of the neutrino
mass.
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Phys. Rev. Lett. 117, 082503 (2016)

– Neutrino oscillations can only tell us
about the mass differences.

•

Absolute mass measurements of 0νββ,
cosmology, and lab measurements,
provide complimentary information.

•

Caveat: the NH and IH bands assume
νL and νR couple via a spin flip.
– More exotic mechanisms are also
possible.

Uses light detection
and Xe, but not a
LIDINE detector.

– Still evidence of Majorana neutrinos, but
connection to mass scale is less certain.
Alex Himmel
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The challenges when searching for 0νββ
•

Even if it occurs, the process is
rare, so backgrounds are the
name of the game.

•

Two-neutrino decay
background:
– Only distinguishable by energy,
so good energy resolution is
critical.

•

Other radiological backgrounds:
– Radiopure materials
– Passive shielding
– Active shielding
– Decay product identification
(“barium tagging”)
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Light detection impacts
many of these issues!
12

EXO-200/nEXO
•

Xe serves as both the source and
detection medium
– 200 kg of enriched Liquid Xe

•

Single-phase TPC with charge and
light readout.

•

Light readout with large-area
avalanche photodiodes.
– Benefit: good radiopurity
– Drawback: dark noise limits threshold.

•

Null result from Phase I published,
Phase II running now.

•

nEXO will be larger, and will use
SiPMs along the barrel walls.
– Increased light collection and
granularity.
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NEXT
•

High pressure Xe gas.

•

Electroluminescent TPC.
– Measure scintillation light on one side with PMTs to maximize energy resolution.
– Measure electroluminescence from drifted charge on the other side with VUV SiPMs
to measure topology.

Measure energy
with PMTs

Alex Himmel

Measure topology with
VUV-sensitive SiPMS

From a talk by B. Jones
https://indico.cern.ch/event/745122/
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GERDA/LEGEND
• GERDA uses Germanium as source
and detection material.
• But, it uses liquid argon as an active
shield around the Ge detectors.
• PMTs are placed at the top and bottom
of the LAr volume.
– Even the low-radioactivity glass is not
sufficiently low.

• Also has a “curtain” of fibers
surrounding the detectors which
couple to SiPMs.
Alex Himmel

15

DUNE
•
•
•
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Do neutrino oscillations
violate CP symmetry?
What is the mass ordering?
What can neutrinos tell us
about supernova?
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Deep Underground Neutrino Experiment
• Physics goals:
– 3-flavor oscillations using a powerful new
neutrino beam from Fermilab
– Measure neutrinos from a supernova
burst
– Search for physics beyond the Standard
Model

• Far Detector: 4×10 kT liquid argon TPCs
• Near Detector: multi-detector complex,
including a liquid argon TPC

Alex Himmel
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Neutrino Oscillations
• Create in one flavor (νµ), but detect in another (νe)
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Neutrino Oscillations
• Create in one flavor (νµ), but detect in another (νe)
μ

νμ

νe

W

W

Detector e

Source

• Each flavor (e, µ) is a superposition of different masses (1, 2)
ν1
νμ
ν2
✓ ◆ ✓
◆✓ ◆
⌫e
cos ✓ sin ✓ ⌫1
ϴ
=
νe
⌫µ
sin ✓ cos ✓ ⌫2
“Mixing Matrix”
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Three-flavor Neutrino Oscillations
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• Oscillations among the three
neutrino flavors depend on:
– The mixing matrix
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– The mixing matrix
• θ23, θ13, δCP, θ12
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Three-flavor Neutrino Oscillations
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• Oscillations among the three
neutrino flavors depend on:
– The mixing matrix
• θ23, θ13, δCP, θ12

– The mass differences
• Δm232, Δm221
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Multi-detector Oscillation Experiment
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Multi-detector Oscillation Experiments
•

Two different way to measure oscillations.

•

Shown below is disappearance

•

–

Produce neutrinos of one flavor (here it’s νµ)

–

Measure the same flavor after oscillations

–

Extract oscillation parameters from the shape of the disappearance vs. neutrino energy.

Good energy resolution is critical for this measurement.
–

Photon detection gives a second calorimetric energy measurement to improve resolution or control
systematic uncertainties.
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Multi-detector Oscillation Experiments
•

Alternatively, can look for appearance
– Still produce neutrinos of one flavor (here it’s νµ)
– Measure appearance of a different flavor after oscillations (here it’s νe)
– Appearance is sensitive to more physics parameters
• δ, octant, hierarchy

– …but consequently has more degeneracies.

•

In practice, the appearance probabilities are sub-dominant, so background
rejection is critical.
– Photon detection may be able to help through pulse shape or Michel electron ID.
– Also, intrinsic beam νe background can only separated by energy.
NOvA Simulation

NOvA: L=810 km
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No matter effects
sin22θ13=0.085
|∆m232|=2.44×10-3eV2
sin2θ23=0.5
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Supernova Bursts

S. Woosley and T. Janka
Nature Physics 1, 147 (2005)

•

Supernova bursts are rare but extremely valuable!
– Only a few Type IIa supernova per century in the Milky Way

•

Rich information embedded in neutrino signal:
– Supernova physics: core-collapse mechanism, black hole
formation, shock stall/revival, nucleosynthesis, cooling, …
– Particle physics: flavor transformations in core, collective
effects, mass ordering, nuclear equation of state, exotica

•

Good photon detection, above and beyond the TPC, provides several benefits:
– Redundant triggering, fast time resolution, improved energy resolution

•

Liquid argon is uniquely sensitive to the νe signal.

Alex Himmel

Accretion

Cooling

Garching model (27 M⊙)

Neutronization
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Beyond the Standard Model
DUNE simulation

• A wide variety of topics are
potentially accessible in DUNE:

e+

– Non-standard oscillations, Lorentz
violation, beam-produced dark matter,
baryon number violation.

• Nucleon decay and other BNV
channels depend on capable photon
detection.

𝜇+

K+

10 cm

DUNE simulation

– Obviously rare, so background
rejection is key.
• Ex. Cosmogenic K0 → K+ as
background to p+ → K+ν.

– Photon detectors are needed to
fiducialize by setting T0.
50 cm
Alex Himmel
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The DUNE Far Detectors
On
e
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Single Phase Far Detector

• Modular TPC design constrains the
design of the photon detection system.
• PDS embedded inside the anode planes.
• Detector design: light-trapping
“ARAPUCA” to enhance light collection
with SiPMs.

Alex Himmel
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Single Phase Far Detector
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Dual Phase Far Detector

Alex Himmel

• Cryogenic PMTs coated with
wavelength shifter sit below
a transparent cathode.
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The Challenge of Uniformity
•

The scattering length of 128 nm
light in liquid Ar is <100 cm.

•

DUNE PDS needs to see:
– ~4 λScatt in single phase
– ~15 λScatt in dual phase

•

12 m

Can be mitigated with
wavelength-shifting reflectors.
– Scattering length of visible light is
quite long.

•

The plan is to install reflectors on
the upper half of the dual phase
field cage.
– Being considered for the single
phase cathode plane, too.

Alex Himmel
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DUNE ND
•

The near detector LAr detector has a different
challenge: pile-up.
– The intense LBNF beam will produce several
neutrino interactions per beam spill, but a TPC
is a slow detector so they will overlap.

•

The solution: modular ArgonCube design.
– 1×1×3 m3 volumes segment the light (and
charge) detection.

Alex Himmel
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DUNE ND
•

The near detector LAr detector has a different
challenge: pile-up.
– The intense LBNF beam will produce several
neutrino interactions per beam spill, but a TPC
is a slow detector so they will overlap.

•

The solution: modular ArgonCube design.
– 1×1×3 m3 volumes segment the light (and
charge) detection.

•

Light detection with the ArCLight modules

Alex Himmel
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Short Baseline Neutrino Program
•
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Are there more than three neutrinos?
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Neutrino Anomalies
•

PRD81, 052004 (2010)

Not all oscillation measurements are
consistent with the 3-neutrino picture.
– Several hints of oscillations with Δm2 ~ 1 eV2.
– LSND, MiniBooNE, reactors, gallium…

•

Only 3 light neutrinos couple to the Z0, so a 3rd
mass difference would imply a sterile neutrino.
– A gauge singlet not coupled to the weak force.

•

This would be an extraordinary discovery, but
the evidence so far is not conclusive.

PRL121, 221801 (2018)

– Hints so far all come from single-detector
experiments.
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The Short Baseline Neutrino Program

• Not 1 detector, but 3: ICARUS, MicroBooNE, SBND.
• Sitting in the booster neutrino beam at Fermilab.
– Same beamline as MiniBooNE.

• All 3 detectors are single-phase liquid argon TPCs.
• Goals:
– Examine the MiniBooNE excess with high resolution.
– Make a definitive search for sterile neutrinos.
– Stepping stones towards DUNE.
Alex Himmel
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ICARUS
•

The ICARUS detector serves as the far detector of SBN.
– Had a previous life in Italy in the LNGS beamline searching for anomalous νe
appearance.

•

Light detection similar to the DUNE Dual Phase: cryogenic PMTs coated with
wavelength shifter (TPB).

•

Before moving to Fermilab, it was upgraded with more photocoverage.

•

In surface detectors, the most critical role of the PDS is in cosmic rejection.
– A light signal in time with the beam spill signals a possible neutrino interaction.
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MicroBooNE
• Designed to investigate the MiniBooNE low-energy
excess.
– Sits just a short walk from MiniBooNE.

• Cryogenic PMTs behind TPB-coated plates
– Serve a critical role in cosmic ray rejection.
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SBND
•

Key physics goals:
– Near detector for the oscillation experiment.
– Precise measurements of ν-Ar interaction cross
sections.

•

Will operate with challenging amount of pileup, both from cosmic rays and the beam.

•

Mitigate with high light yield with multiple
photon detection systems:
– TPB-coated PMTs
– Light guide bars with SiPMs
– ARAPUCAs and X-ARAPUCAs
– Reflective foils on the cathode

•

SNBD will serve as a near-term test bed for
many of the photon detection plans for the
DUNE FD.
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Conclusions
• LIDINE detectors are addressing the most pressing questions in
neutrino physics today.
• Different detectors in different environments use the photon
detectors for different purposes.
• We should hear a lot more about most of these technologies here!
Calorimetry

Bakground Rejection
Radio.

EXO/nEXO

✓

✓

NEXT

✓

✓

GERDA
DUNE FD

✓

DUNE ND

✓

Cosmics

✓

✓

✓

✓
✓

Pile-up

Triggering

✓
✓

ICARUS

✓

✓

MicroBooNE

✓

✓

SBND
Alex Himmel

✓

✓

✓

42

