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The two frontiers

• Need to understand the “infinitely small” to 
understand the “infinitely large”
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What Physics do we do?



Astroparticles at LIP
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Particle Expt.
Discover New Particle 

Physics

Particles as probes in 
Astrophysics or 

Cosmology 

Charged 
cosmic 

rays

Auger 
AMS

Hadronic interactions at 
high energies 

Dark Matter search

Sources of HECR 
Multi-messenger 

Astrophysics  
Anti-matter search 

Solar Physics

Photons LATTES Dark Matter search
Multi-messenger 

Astrophysics

Neutrinos
SNO+ 
DUNE 

Oscillations and mass 
Majorana neutrinos 

CP violation and 
leptogenesis 

Nucleon decay search

Sun, Earth and 
Supernova Physics 

Matter/antimatter in 
early Universe

Thanks to: P. Assis, F. Barão, N. Barros, R. Conceição



Where we do it?



International Space Station

AMS



Pampa Argentina

Auger



Atacama, Chile (?)

LATTES



Underground in  Canada

SNO+



Fermilab to South 
Dakota, passing 

by CERN…

DUNE



Outline
• Introduction 1: Multi-Messenger Astronomy 

• AMS 
• Auger 
• LATTES 

• Introduction 2: Neutrino Physics 
• SNO+ 
• DUNE
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Multi-Messenger 
Astronomy

Photons

Charged  
Cosmic Rays

Neutrinos

Gravitational 
Waves
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“Multi-messenger observation 
of a Binary Neutron Star Merger”

• Joint observation of GW and 
EM signals by many 
collaborations 
• different wavelengths, 

different physics 
• much richer understanding of 

the astrophysical phenomena 

• Birth of a new era!
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AMS













Solar modulation
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Auger





Hybrid 
detector

Surface detector (SD) 
for charged particles

Fluorescence detector (FD) 
for scintillation light



GZK effect
• Cosmic ray interaction with Cosmic 

Microwave Background (CMB) 
• Greisen, Zatsepin, Kuz’min (1966) 

• Cross-section increases at                  
ECM> mΔ= 1.23 GeV, or Ep ~ 1019.5 eV 

• Energy loss vs. distance
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mΔ= 1.23 GeV

Eγ ~ 1 meV
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Measurement (!) of cross-section

First	measurement	of	p-air	
cross-section	at	1018	eV!!!

Few years ago… before LHC got it

Just now… 

The output of first 
interactions dictate 
the muon 
distribution!

π0 energy spectrum

Measure the muons à Estimate π0 Energy Spectrum 

Particle Physics at the highest energies
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Measuring Muons : MARTA

A dedicated muon detector: 
An array of particle detector 
installed beneath the tanks. 

Cost-effective.

 Water tank 

 Precast structure

RPCs

Led by LIP



LATTES

















Neutrinos





• Have no charge - do not 
participate in electromagnetism. 

• Could be their own anti-
particles. 

• Come in three flavors 

• Are very light 

• Interact very weakly 

• Neutrinos (ν) are always left-
handed and anti-neutrinos (ν)̅ are 
always right-handed
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What do we know about neutrinos?





What have we learned in the last ~20 years
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Accelerator and  
Atmospheric SBL reactor Solar +  

LBL reactor
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• Is there CP violation in the lepton sector? 

• Which mass hierarchy is correct? 

• What are the precise values of the neutrino mixing 
parameters? 

• What is the absolute mass scale? 

• Are neutrinos Majorana or Dirac particles?
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What haven’t we learned yet

DUNE

SNO+



SNO+



Neutrino-less  
double beta decay

• Only happens if 
neutrinos are of 
Majorana type 

• Half-life depends on 
the neutrino mass

Particle Physics term 
Effective Majorana mass 
Depends on masses m1, m2, m3 
also on neutrino mixing parameters 
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Nuclear Physics  
termsHalf-life



• Method 
• Search for a peak in the energy 

spectrum (sum of the two electrons) 
• Acquire data for a long time and 

with high quantities of isotope

Searching for NLDBD

• Choice of isotope 
– Natural abundance, energy 

• Low backgrounds 
– Underground location 
– Low radioactivity

08/04/15  50



loaded with  
double-beta decay 

isotope (Te130)

SNO+ detector

 51

shielded by 7 kt 
ultra-pure water

held-down by 
new rope system

780 tons of  
liquid scintillator

contained in an  
acrylic vessel 

(AV) 

12 m diameter

viewed by ~ 9300 PMTs (8’’) 

mounted on 17 m diam. structure

new DAQ and  
readout cardsnew calibration 

systems



Water phase data!
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Data-taking!
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New results!
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https://arxiv.org/abs/1812.05552

Limits on invisible nucleon decay 
World-leading on proton: 
T(p→inv.) ≥ 3.6 x 1029 yr (90% CL)

8B solar neutrinos. 
Consistent with SK and SNO. 
Lowest backgrounds ever    
> 6 MeV

M. Anderson et al. (SNO+ Collaboration) 
Phys. Rev. D 99, 012012 (2019)



Anti-neutrinos

• from nuclear reactors and 
natural Earth radioactivity 

• improve oscillation 
measurements 

• constrain Earth heat models
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Double Beta Decay Sensitivity
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0.5% Loading, 5 yrs.

T1/2 ≥ 2 x 1026 yr (90% CL, 5 yr) 
mββ ≈ 40 – 90 meV

• Tellurium phase: 2020 

• After 5 years, expect 
best 130Te DBD half-
life limit, probing top 
of inverted hierarchy 
neutrino masses 
• Upgrade: x5 better 

• Complementary to 
searches with 136Xe 
and 76Ge



DUNE
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Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–77

due to di�erent numerical treatment (e.g., neutrino transport, dimensionality), physics input (nu-
clear equation of state, nuclear correlation and impact on neutrino opacities, neutrino-nucleus
interactions) and oscillation e�ects. In addition, there is intrinsic variation in the nature of the
progenitor and collapse mechanism. Neutrino emission from the supernova may furthermore be
have an emitted lepton-flavor asymmetry [124], so that observed rates may be dependent on the
supernova direction.

Table 5.1: Event rates for di�erent supernova models in 40 kt of liquid argon for a core collapse at
10 kpc, for ‹e and ‹̄e charged-current channels and elastic scattering (ES) on electrons. Event rates
will simply scale by active detector mass and inverse square of supernova distance. No oscillations
are assumed; we note that oscillations (both standard and “collective”) will potentially have a large,
model-dependent e�ect.

Channel Events Events
“Livermore” model “GKVM” model

‹e +40 Ar æ e
≠ +40 Kú 2720 3350

‹e +40 Ar æ e
+ +40 Clú 230 160

‹x + e
≠

æ ‹x + e
≠ 350 260

Total 3300 3770

Figure 5.3 gives another example of an expected burst signal, for which a calculation with detailed
time dependence of the spectra is available [125] out to 9 seconds post-bounce. This model has
relatively low luminosity but the standard robust neutronization burst. Note that the relative
fraction of neutronization-burst events is quite high. Figure 5.4 shows the event channel breakdown
for the same model. Clearly, the ‹e flavor dominates. Although water and scintillator detectors
will record ‹e events [126, 127], liquid argon is the only future prospect for a large, clean supernova
‹e sample [128].

The number of signal events scales with mass and inverse square of distance as shown in Fig. 5.5.
For a collapse in the Andromeda galaxy, a 40-kton detector would observe a few events.

5.2 Neutrino Physics and Other Particle Physics

A core-collapse supernova is essentially a gravity-powered neutrino bomb: the energy of the collapse
is initially stored in the Fermi seas of electrons and neutrinos and then gradually leaked out by
neutrino di�usion. The key property of neutrinos that makes them play such a dominant role
in the supernova dynamics is the feebleness of their interactions. It then follows that should
there be new light (< 100 MeV) particles with even weaker interactions, they could alter the
energy transport process and the resulting evolution of the nascent proto-neutron star. Moreover,
additional interactions or properties of neutrinos could also be manifested in this way.

Thus, a core-collapse supernova can therefore be thought of as an extremely hermetic system,
which can be used to search for numerous types of new physics (e.g., [129, 130]). The list includes
various Goldstone bosons (e.g., Majorons), neutrino magnetic moments, new gauge bosons (“dark

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

Expected event rates (without oscillations) at 10 kpc:

Supernovae
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How	Does	a	LArTPC	Work?

Bo	Yu	(BNL)







protoDUNE data !

pion and proton beam  
events mixed with cosmics



Outlook
• Neutrino and astroparticle experiments 

have a very wide range of: 
• Energy ranges and techniques 

• Scintillator/low energy, Liquid Argon 
• Trackers/spectrometers/calorimeters (in space!!) 
• RPC, water Cherenkov tanks 

• Particle Physics discovery potential 
• hadronic interactions, dark matter, leptogenesis 
• neutrino oscillations, mass, Majorana 

• Capabilities for Astrophysics 
• Multi-messenger studies of sources and propagation 
• Sun, Earth, Supernova
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Neutrino beam / oscillations




