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Better than this talk...
4 neutrino frontier colloquia with 3 talks each
– Neutrinos in the three flavor paradigm: 

                            A. de Gouvea, R. Patterson, C. Wilkinson 
– Beyond the Standard Model: 

                            J. Kopp, G. Karagiorgi, Z. Tabrizi
– Neutrinos & nuclear physics: 

                            K. Mahn, J. Gruszko, S. Mertens
– Neutrinos in astrophysics & cosmology: 

                            M. Toups, S. Horiuchi, Y. Wong

Slides and recordings available from the NF Snowmass Wiki.

I used much of their 

material  and visuals



  

The main neutrino themes
● What are the neutrino masses?
● What is the origin of neutrino masses?
● Are neutrinos their own antiparticles? 
● How are the masses ordered?
● Do neutrinos and antineutrinos oscillate differently?
● Discovering new particles and interactions 
● Neutrinos as messengers



  

What are the neutrino masses?

The different possibilities 
allowed by data have direct 
implications on 

direct mass searches, 

neutrinoless double beta 
decay searches 

and theory.

Figure from SNOWMASS neutrino 
colloquium by S. Mertens



  

Direct neutrino mass measurements

Katrin current limit is 0.8eV with a future
sensitivity of 0.2eV

There are ideas beyond KATRIN: 
Project 8, ECHO, Holmes

May reach all of inverted hierarchy 
mass region.



  

Neutrino masses from cosmology

neutrino mass ↑  
energy density in neutrinos ↑
small scale structure ↓

Current limits are order 0.2-0.5eV and will 
reach << 0.1eV soon 

Relies on a long chain of inference, the 
more we can constrain neutrino 
properties in the lab, the better it is for 
cosmology!

Figure from SNOWMASS neutrino 
colloquium by S. Mertens



  

Slide from SNOWMASS neutrino 
colloquium by Y. Wong 



  

Origin of neutrino masses?
● Same as all SM fermions: from interactions with 

the SM Higgs but with a very small coupling
● Coupling to a different Higgs 
● Generated at a very different energy scale

Each of these options raises many new questions 
in turn.



  

Flavor models

Everett et al. 2019

Symmetries are not exact, but still 
lead to correlations between mixing 
parameters.

Figures from SNOWMASS neutrino 
colloquium by A. de Gouvea



  

Are neutrinos their own antiparticles?

Majorana neutrino
mass term

Neutrinoless double 
beta decay

Majorana neutrino
mass term

Schechter 
Valle theorem

Neutrinoless double 
beta decay

… but quantitatively the Majorana mass can be tiny 
compared to the actual neutrino mass → effectively 
the neutrino behaves like a Dirac particle

Duerr, Lindner, Merle 2016



  

0nuBB

Figures from SNOWMASS neutrino 
colloquium by J. Gruszko

Even in a vanilla Majorana mass 
scenario:

Nuclear matrix elements!
Neutrino oscillation parameters
CP phases (!)

2nuBB is already a rare process 
τ~1E21 years



  

0nuBB and new physics

Figures from SNOWMASS neutrino 
colloquium by J. Gruszko

Many ways to generate lepton number 
violation and essentially all of them can 
lead to 0nuBB

EFT methods allow to understand the 
phenomenology in more model 
independent way.

Measuring angular correlations could 
help.

Nuclear matrix elements depend on 
range of the mediator



  

Experimental
Prospects

Know how to 
cover inverted 
hierarchy region

10meV may 
need new ideas!

Significant 
potential to 
probe scales 
beyond colliders. 



  

How are the masses ordered?
● Directly impacts mass searches
● Can distinguish between models

● Mass searches (beta decay, 0nuBB, cosmology)
● Matter effects (long-baseline oscillation, atmospheric neutrinos)
● Vacuum oscillation  (reactor oscillation experiments)



  

Current experiments are using matter 
effects to extract the mass hierarchy and 
thus there is a strong correlation with the 
value of th23 and the delta_cp

Global fits may reach 3 sigma in the next 
few years IF data mutually agrees.

Figures from SNOWMASS neutrino 
colloquium by R. Patterson



  

Deep Core & JUNO
JUNO uses interference between 
two mass scales to detect the 
hierarchy with a 25kt liquid 
scintillator detector at 55km distance 
from nuclear reactors

Atmospheric neutrinos in the 1-10GeV 
exhibit the MSW resonance, requires 
very large detectors 

→ neutrino telescopes
Figures from SNOWMASS neutrino colloquia 
by C. Wilkinson & R. Patterson



  

DUNE & HyperK

1 year

5 year

10 year

Hyper-K atmospheric data

DUNE beam data – precision 
study of matter effects

Figures from SNOWMASS neutrino 
colloquium by C. Wilkinson



  

Is there CP violation in the lepton sector?

CP violation is required by the baryon asymmetry of the Universe (BAU) and 
there are only 3 places this can appear in the SM

 - CKM mixing phase – is large 
 - QCD vacuum – conserves CP to unreasonable levels 
 - Neutrino mixing phase and possibly 2 Majorana phases

So the neutrino mixing phase is the obvious (and currently only) target – can 
be studied in long-baseline appearance searches only



  

Near term prospects

Maybe 3 sigma with the current 
experiments...

Figures from SNOWMASS neutrino 
colloquium by R. Patterson



  

DUNE & Hyper-K

Comparable sensitivities 
                                            – but very complementary systematics

Figures from SNOWMASS neutrino 
colloquium by C. Wilkinson



  

Testing the 3 flavor framework

Parke, Ross-Lonergan 2015 De Gouvea et al. 2019

Past Present Future

Requires observation of tau neutrinos in the final state – hard !



  

DUNE staging

Figures from SNOWMASS neutrino 
colloquium by C. Wilkinson



  

Discovering new things
● New neutrinos or new neutrino interactions

 
● New light states not related to neutrinos Figures from SNOWMASS neutrino 

colloquia by J. Kopp and Z. Tabrizi



  

Non-Standard Interactions
SMEFT (>100GeV) → 
WEFT   (<100GeV) → 
NSI as dimension 6 operators 

Anomalous NC modifies matter 
effects – DUNE uniquely sensitive

Figures from SNOWMASS neutrino 
colloquia by J. Kopp



  

Evolving set of 
Anomalies

Individually could 
be explained by 
extra (sterile) 
neutrinos

Global fits show 
significant tension

Figures from SNOWMASS neutrino 
colloquium by G. Karagiorgi



  

Gallium anomaly

Berryman et al. 2021

BEST collab. 2021

>5 sigma significance

Not a cross section issue

3 sigma tension with solar



  

Dark matter in neutrino beams 

Nothing to do with neutrinos at all.

Figures from SNOWMASS neutrino 
colloquium by Z. Tabrizi



  
Z’ couples only to muon and tau neutrinos, could explain muon g-2.

Ballett et al. 2019

Figures from SNOWMASS neutrino 
colloquium by Z. Tabrizi



  

Proton decay
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Large detectors → high “luminosity”

Hyper-K 2021



  

Neutrinos as messengers
Neutrinos are one leg of 
multi-messenger 
astronomy

Combination with 
photons from radio to 
gamma rays
and gravitational waves

Figures from SNOWMASS neutrino 
colloquium by S. Horiuchi



  

Next galactic supernova

Mirizzi et al. 2016

DUNE

SNEWS 2021

Figures from SNOWMASS neutrino 
colloquium by S. Horiuchi



  

Neutrino interactions
Measuring SM 
processes

New physics 
or cross 
section 
mismodeling?

Robust program at many energy scales 
underway – essential to do physics

Figures from SNOWMASS neutrino 
colloquium by K. Mahn



  

Figures from SNOWMASS neutrino 
colloquium by M. Toups

Booster 
replacement

Synergies at the 
machine level 



  

Summary
● Neutrino physics covers a very broad range of topics 

and energies from meV to PeV
● Diverse set of experiments at all scales
● Strong synergies within HEP but also with the broader 

physics program in nuclear physics, astrophysics and 
cosmology

● Neutrino physics is discovery science!
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