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Neutrino Physics Frontier Liaisons

And special shout-out to SEC liaisons:
Erin Conley, Jay Hyun Jo, Tanaz Mohayai, Vishvas Pandey, 

Jacob Zettlemoyer,  Xianyi Zhang 

Frontier Liaison

Computational Frontier Alex Himmel  

Cosmic Frontier Tali Figueroa-Feliciano →
Kim Palladino, Yvonne 
Wong

Rare Processes and Precision Frontier Bob Bernstein

Accelerator Frontier Laura Fields →Alysia 
Marino

Energy Frontier André de Gouvêa

Instrumentation Frontier Mayly Sanchez
Community Engagement Frontier Claire Lee

Underground Facilities Frontier Albert de Roeck

Theory Frontier K.S. Babu, Irina Mocioiu



NF Snowmass Timeline
v Topical groups formed: April 2020
v Neutrino Town Hall: July 2020
v 324 Snowmass Letters of Interest in August 2020
v Topical group workshops in fall 2020
v Snowmass Pause: first half of 2021
v "White paper workshops" through fall of 202
v Series of meetings for community feedback on TG reports : Jan-Mar 2022
v Topical Group Report drafts posted (NF): March 2022
v Community feedback period: March 11-April 10
v NF Workshop @ ORNL: March 16-18 [hybrid]
v All-Snowmass Community NF Colloquium Series: March-May
v Preliminary (TG & Frontier) Reports drafts May 2021
v Community feedback period: June 1 – July 26
v Community Summer Study (Seattle): July 17-26
v Final (TG & Frontier) Report drafts and feedback: late summer/fall 2022
v Final NF report posted Nov 2022

https://snowmass21.org/neutrino/start

Huge, interactive community participation... thank you!

well worth
your time!l

https://docs.google.com/spreadsheets/d/1OdolyQU38GrDzUZartKfz0u7f9DiILzQkGecO-HBaMQ/edit


And the Snowmass NF output!

+ 10 Topical Group reports
+ 87 white papers 

https://snowmass21.org/submissions/nf
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Neutrino Oscillations 
Latest 3-flavor results
Remaining unknowns in

the 3-flavor picture: 
mass ordering (MO) and CP d

Absolute Mass
Status and prospects

Majorana vs Dirac? 
Overview of NLDBD

The mass pattern

The mass scale

The mass nature

The three flavor paradigm
what's known,
what's left to measure?
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The three-flavor picture fits the data well
Global three-flavor fits to all data: atmospheric, solar, reactor, beams*

Esteban et al., arXiv:2007.14792,  10.1007/JHEP09(2020)178

*Does not include the very latest data

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP09%25282020%2529178&v=bf1421f0
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What do we not know about the 
three-flavor paradigm?

poor 
knowledge*

sign of Dm2

unknown
(ordering
of masses)

Is q23
non-negligibly
greater
or smaller

than 45 deg?

(*CP-conserving values excluded at 90% by T2K



What do we not know about the 
three-flavor paradigm?

poor 
knowledge

sign of Dm2

unknown
(ordering
of masses)

Is q23
non-negligibly
greater
or smaller

than 45 deg?

More and better info from:
beams [LBL], burns [solar, JUNO], 

bangs [SNe]...(



Where we are now with long-baseline experiments
Past                                                    Current                                                      Future

K2K
KEK to Kamioka
250 km, 5 kW

MINOS
FNAL to Soudan
734 km, 400+ kW

CNGS
CERN to LNGS
730 km, 400 kW

NOnA
FNAL to Ash River
810 km, 400-700 kW

T2K
J-PARC to Kamioka
295 km, 380-750 kW

(+)



And the future...  
Past                                                    Current                                                      Future

K2K
KEK to Kamioka
250 km, 5 kW

MINOS
FNAL to Soudan
734 km, 400+ kW

CNGS
CERN to LNGS
730 km, 400 kW

Hyper-K
J-PARC to Kamioka
295 km, 750 kW

LBNF/DUNE   
FNAL to Homestake
1300 km, 1.2 MW 

(è1.3 MW)

NOnA
FNAL to Ash River
810 km, 400-700 kW

T2K (II)
J-PARC to Kamioka
295 km, 380-750 kW è>1 MW

(+) (è2+ MW)





Deep Underground Neutrino Experiment/
Long Baseline Neutrino Facility

bunny suit 
warrens

prairie 
lookout

ghost 
cannon

boxes with 
blinky lightsreally huge, 

cold bathtubs
H hurry-
upper

Ginormous cable 
spooly thing  

whee!  flying underground!

bison

more bison

Much more info in next talks

• Last P5 recommended 4x17kt LArTPC underground,
wideband beam, suitable ND, international

• Phase I: near + far site infrastructure, upgradeable
1.2 MW beam, 2x18 kt LArTPC, 
movable ND + m catcher, on-axis ND

• Phase II: two more FD modules, >2 MW beam,
ND upgrades [new ideas!] 

• Broad physics program
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Kinematic neutrino mass approaches

Tritium spectrometer:  
KATRIN

Sensitivity to ~0.2 eV (2025)

18.6 keV endpoint

3H�3 He + e� + �̄e

Holmium
e.g., ECHo, HOLMES  

Electron capture decay,
n mass affects deexcitation spectrum
R&D in progress

metallic
magnetic
calorimeters

Cyclotron radiation
tritium spectrometer:  
Project 8

First results, taking more data

R&D

R&D,
first
mb limit

Long-term 
potential 
~40 meV

Next data
release 
end of 2023 
(<0.5 eV)
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The NLDBD T-Shirt Plot

<Meff>2 = |S Uei
2 Mi |2

absolute 
mass scale 
constrains in 
this direction

If neutrinos are Majorana, experimental results 
must fall in the shaded regions
Extent of the regions determined by 
uncertainties on Majorana phases and mixing matrix elements  

Normal 
ordering

Inverted
ordering

Quasi-
degenerate



The “Brute Force”
Approach

The “Peak-Squeezer” 
Approach

The “Final-State
Judgement”

Approach

General NLDBD experiment strategies

KamLAND-Zen
(136Xe)

SNO+
(130Te)

CUORICINO/
CUORE
(130Te)

EXO
(136Xe)

CUPID
(82Se)

CUPID
-Mo
(100Mo)

MAJORANA
(76Ge)

NEMO/
SuperNEMO
(various/82Se)

GERDA (76Ge)

AMORE (100Mo)



The “Brute Force”
Approach

The “Peak-Squeezer” 
Approach

The “Final-State
Judgement”

Approach

General NLDBD experiment strategies

+more...

KamLAND-Zen
(136Xe)

SNO+
(130Te)

CUORICINO/
CUORE
(130Te) nEXO

(136Xe)

CUPID
(82Se)

CUPID
-Mo
(100Mo)

LEGEND
(76Ge)

MAJORANA
(76Ge)

NEXT
(136Xe)

JUNO-bb
(136Xe, 130Te )

GERDA (76Ge)

AMORE (100Mo)

NEMO/
Super
NEMO
(various/
82Se)

US Ton Scale Program



Overall Long-Term Prospects for NLDBD

5 years, few 100 kg

~10 years, ~ 1 tonne

~20 years, ~10 tonnes

In the long term will need more
than one isotope...

theory needed too!

Normal 
ordering

Inverted
ordering

Quasi-
degenerate
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All of this discussion is in the context of 
the standard 3-flavor picture and 
testing that paradigm....

There are already some slightly 
uncomfortable data that don’t fit that paradigm...



Status of attempts to resolve anomalies...
LSND @ LANL (~30 MeV, 30 m)

Unresolved... JSNS2 will test

MiniBooNE @ FNAL (n,n ~1 GeV, 0.5 km)

"Reactor flux anomaly"
Resolved (probably?) with new input
b-decay spectra from 235-U fission 

"Reactor spectral anomaly"
~Unresolved... new data disfavor.. more data coming...

"Gallium anomaly"
Unresolved... new BEST results (5s)
confirm...no baseline dependence

J. Kopp, Nu2022

PROSPECT, SoLid, STEREO, NEOS, DANSS, CHANDLER, Neutrino-4,....

Unresolved.... Results from MicrobooNE rule out specific 
electron/gamma final state explanations for LEE so far
....more data from FNAL SBN program soon 



I. Soler 

Sterile oscillation fits to “all” the data are uncomfortable...

Appearance and disappearance data
are in fairly serious tension

M. Dentler et al. 
[does not include PROSPECT,  STEREO + other new data]
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Beyond the Standard Model
in the Neutrino Frontier

This includes both BSM in the neutrino sector,
and BSM search opportunities in neutrino detectors
See colloquia by J. Kopp, Z. Tabrizi, M. Toups (+NF03 report)

J. Kopp

• sterile neutrinos over
wide range of masses

• neutrino decay
• PMNS non-unitarity
• anomalous n magnetic

moments
• non-standard 

n interactions
• new physics in double

beta decay

Very wide array of
experimental approaches



Note that in addition to BSM in the neutrino sector, there are
non-neutrino-sector BSM search opportunities
in neutrino detectors

• Baryon number violation in large detectors
• Dark sector particle searches

beams, natural sources, cosmogenic
• Axion-like particles
• Light DM
• Light Z'

For example:

Matt 
Toups

• DUNE near detectors
• spallation neutron sources
• beam dumps
• LHC Forward Physics Facility
• neutrino factories
• ....

See Pedro's talk
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Multi-Messenger Astrophysics

Shunsaku Horiuchi

Many, many sources

§ Neutrinos are tools to
understand the sources

§ Natural neutrino sources
are messengers of physics



Neutrinos and Cosmology

• Cosmological measurements tell us about n properties
• Lab experiments help to constrain cosmological fits  

Yvonne Wong



And a final note: understanding
of neutrino interactions with matter is very 
important, and connects to ~everything
... especially critical for oscillation physics

Kendall Mahn

Many experimental
& theory efforts over
many orders of magnitude
of neutrino energy



NF Recommendations Distilled from Community Input

Leadership in HEP-wide strategic plan for
DEI and community engagement



NF Recommendations Distilled from Community Input

Support for neutrino theory



NF Recommendations Distilled from Community Input

Completion of full scope of DUNE 
recommended by the last P5



NF Recommendations Distilled from Community Input

Support of R&D for DUNE Phase II

A lot of excitement about ND and FD
Phase II opportunities



NF Recommendations Distilled from Community Input

Breadth of program in physics, size, timescale, 
supported by a deliberate process



Breadth of program in physics, size, timescale, 
supported by a deliberate process

NF Recommendations Distilled from Community Input



LOTS of
NF-related 
projects,
with 
great diversity of 
physics topics

During Snowmass
we only collected
rough timescale 
information...
for this talk, 
I was charged with
rough costing info

Info in this graphic from the collaborations



NF Projects in Coarse Cost Bins
Operating
costs

Small (<$50M) Medium ($50-
200M)

Large (>$200M)

CUORE
FASERnu
KATRIN
Super-K
SBN
T2K

ANNIE
BeEST
COHERENT
CUPID
EMPHATIC
EOS-@-ORNL
Hyper-K
IceCube Upgrade
IsoDAR
JSNS2
LDMX
Modern Modular Bubble 
Chamber
NEXT-CRAB
NINJA
NuDOT
NUXE
PIP2-BD
Project 8
PROSPECT
SBC-CEvNS
SBN-BD
SNO+3%
Trinity

AdVSND
CDEX-300
ECHo
GRAND
FLArE
Hyper-K
HOLMES
JLab E12-14-012
JUNO
LiquidO
NUCLEUS
PALEOCCENE
Ricochet
TAMBO
Water Cherenkov Test 
Experiment

CUPID-1T
FPF
NEXT w/Ba tag
THEIA

CUSO

DUNE
ESSnuSB
IceCube-Gen2
nEXO
nuSTORM
LEGEND

• US-based costs. 
• In grey: my guess for Snowmass submissions

w/o collaboration-provided cost info [please correct!]
• Many subtleties not captured...



Comment

Snowmass NF Report: Searches for neutrinoless double beta decay investigate the 
Majorana or Dirac nature of the neutrino. The next generation of these experiments at 
the ton-scale is prepared to begin construction early in the coming P5 period. 
Completion of these experiments is a continuing focus of the neutrino physics 
community. Pursuing the physics associated with neutrino mass was a key Science 
Driver in the 2014 P5 report, and the timely development and deployment of a U.S.-led 
ton-scale neutrinoless double beta decay experiment was a top priority item in the 
2015 Nuclear-Physics Long-Range Plan, a commitment that continues today under the 
stewardship of the Department of Energy Office of Nuclear Physics. A rich research and 
development program toward beyond-ton-scale sensitivities is underway. The 
envisioned experiments would be sensitive to a wide range of neutrino-physics 
phenomena, and the technologies under development may have broad applications in 
particle physics and beyond. 

We have very many interests in common with the 
NSAC Long Range Plan 
Fundamental Symmetries, Neutrons and Neutrinos Working Group

https://indico.phy.ornl.gov/event/209/

• neutrinoless double beta decay
• absolute mass kinematic experiments
• neutrino interactions
• other BSM, BNV, ...
• instrumentationt



Overall Summary
Huge progress in understanding of neutrinos over the 
last 20 years, but still many outstanding questions

My IPhone from 11.5 years ago!*

*I have never found a good to-do list app...
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Overall Summary
Huge progress in understanding of neutrinos over the 
last 20 years, but still many outstanding questions

More from KATRIN/P8 to come!

We must keep pushing on
the paradigm and searching
broadly for BSM

Tonne-scale NLDBD program

... prospects for 2-3s for MO/d
in next ~5 years but will need 
DUNE/HK for 5s
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Future Prospects for T2K and NOvA

• Beam upgrade to >1 MW by ~2026
• Expect 10e21 POT by ~2027

Joint T2K-NOvA analysis in the works

J. Hartnell, Nu2022 
• Will more than double dataset
• 3s for 30-40% of CP d range 

...current generation is 
statistics-limited, but some
chance of 2-3s on d/MO in    
next ~ 5 years



D. Hertzog, FSNN Town Hall.
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D. Hertzog, FSNN Town Hall.


