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Lisbe Radicaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mldvollst
anzuhbren bitte, Ihnen des niheren suseinsndersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spelttrums suf cinen versweifelten Ausweg
verfallen um den "Wechselsats” (1) der Statistik und den Energlesats
su retten. Mimlich die Moglichkeit, es kiinnten elektrisch neutrale
Tellchen, die ich Neutronen nennen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"heh von lichtquanten susserdem noch dadurch unterscheiden, dass sis
a:it Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben fossenordming wie die Elektronermasse sein und

# nicht grosser sls 0,01 Protonermasse.- Das kontimuierliche

Speictrum wire dann wverstindlich unter der Amnahme, dass beim
boba~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Patrick Huber, Kate Scholberg, Elizabeth Worcester  Snowmass 2021

Rare and Precision Measurements Frontier Spring meeting, May 16-19,2022



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

Iy
. . . . Se
— Neutrinos in astrophysics & cosmoloqgy: d’h
Py o late,; Mch
M. Toups, S. Horiuchi, Y. Wong A
Ny

Slides and recordings available from the NF Snowmass Wiki.



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?

Upper bound
from direct measurements
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Figure from SNOWMASS neutrino

colloquium by S. Mertens

The different possibilities
allowed by data have direct
implications on

direct mass searches,

neutrinoless double beta
decay searches

and theory.



Direct neutrino mass measurements
‘lﬂi

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

May reach all of inverted hierarchy
mass region.

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



Neutrino masses from cosmology
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Figure from SNOWMASS neutrino
colloquium by S. Mertens
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A direct neutrino mass measurement or
even a confirmation of the inverted
mass ordering (minimum } m,, =

0.11 eV) by oscillation experiments
would help to shrink these ellipses.

Establishing the existence (or not) of light
sterile neutrino states through oscillation

experiments would shrink the uncertainty
in Nggr from the neutrino sector.

More accurate estimates of parameters
inaccessible in the lab.

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.



Probability density

Flavor models

Everett et al. 2019
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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?
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Majorana neutrino »  Neutrinoless double
mass term beta decay d
n.d
u

Schechter
. Valle theorem . .
Neutrinoless double g Majorana neutrino

beta decay mass term

... 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

- u
> d
- u
M—»— e
- € > e
VA U
> d
> u




OnuBB

- Two Neutrino Spectrum
= Zero Neutrino Spectrum
1% resolution
M2v)=100* T1(0V)
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2nuBB is already a rare process
T~1E21 years

Figures from SNOWMASS neutrino
colloquium by J. Gruszko
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Even in a vanilla Majorana mass
scenario:

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



OnuBB and new physics
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Figures from SNOWMASS neutrino
colloquium by J. Gruszko
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How are the masses ordered?

normal hierarchy (NH) inverted hierarchy (IH)
ZA

2 * Directly impacts mass searches
e Can distinguish between models
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* Mass searches (beta decay, OnuBB, cosmology)
» Matter effects (long-baseline oscillation, atmospheric neutrinos)
* Vacuum oscillation (reactor oscillation experiments)
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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



Events per 1 MeV

Deep Core & JUNO

J. Phys. G43:030401 (2016)

%107

1202000 days of data taking  — No oscillations JUNO uses interference between

Only solar term

—— Normal ordering two mass scales to detect the

= |nverted ordering

‘ hierarchy with a 25kt liquid
scintillator detector at 55km distance
pp in? 20 l from nuclear reactors
aok sin® 205
20+ ” ; —’! P
Ams, Ams,

Eu. (MeV)

IceCube (DeepCore)

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

- heutrino telescopes

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




DUNE & HyperK
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Figures from SNOWMASS neutrino
colloquium by C. Wilkinson

Hyper-K atmospheric data



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
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DUNE & Hyper-K
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Figures from SNOWMASS neutrino
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Testing the 3 flavor framework

Unitarity Triangle Closures

NuFIT 5.1 (2021)
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Future

Requires observation of tau neutrinos in the final state — hard !
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Figures from SNOWMASS neutrino
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Discovering new things

e New neutrinos or new neutrino interactions

SM Higgs doublet SM singlet fermio

SM lepton doublet /, ste ile neutrino)
w%y

* New light states not related to neutrinos s
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--------------------- _-l Neutrino Detectors
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Non-Standard Interactions

Lxsine = Y 2V2Grely (Favu PLvg)(fA"Pf) + h.c. SMEFT (>100GeV) -
fraB WEFT (<100GeV) -

Lasice = S 2V3Gre! L (5, PLls) (P4  PF) + hic. NSI as dimension 6 operators
fofe.pB

DUNE FD TDR - Vol Il = Physics

Anomalous NC modifies matter . 0085 [] 0.085 oDUNE  mCurrent
effects — DUNE uniguely sensitive 0 oo M 052 |
quely 037 0.37 R 67 ]182
NEE 0 Eias -02+ [ ©
Ei: -0.18 0.18 ‘ Err—t -0.71 0.62
" ~055 [N o5 -191 [ >
2 0 1 3210 1 2 3 4

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

BEST collab. 2021

>5 sigma significance
Not a cross section issue

3 sigma tension with solar
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Dark matter in neutrino beams

Scalar dark matter: my = 3mgy, ap = 0.1

Preliminary
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1y Volume

Nothing to do with neutrinos at all.

Figures from SNOWMASS neutrino
colloquium by Z. Tabrizi



Light Z: L,-L, Model

DUNE

V’u’ Uu 1072 -]

Ballett et al. 2019

DUNE 90% C.L.

p T trident
. (- 2),t20 m— = — ¢ scattering

ANeg > 0.5

1074 . - T T —
1072 107! 109 10!
.ﬁ-‘fzf (GEV)

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

Figures from SNOWMASS neutrino
colloquium by Z. Tabrizi
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Proton decay
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Neutrinos as messengers

Solar neutrinos SN1987A :
- Neutrinos are one leg of

multi-messenger
astronomy

Combination with

. photons from radio to
- Weak interactions in core collapse gamma rays

—> Eg axion limits L
and gravitational waves

%.
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—
i 1

JLLRVEL L TN R
1o 10

—> Short GRB ¢ merger ,
; F 5 ’ . Figures from SNOWMASS neutrino
- Eg equivalence principle test —> Flare’s hadronic component colloguium by S. Horiuchi




Next galactic supernova

Experiment Type  Mass (kt)  Location 11.2 Mg 27.0 M, 40.0 M,
= 1000
Super-K H,O/v, 32 Japan 4000/4100 7800/7600 7600/4900 v 27M_
Hyper-K H,0/v, 220 Japan 28K/28K 53K/52K 52K/34K 800
IceCube String/v. 2500 South Pole 320K/330K  660K/660K  820K/630K — lceCube
KM3NeT String/. 150+ Italy/France  17K/18K 37K/38K 47K/38K ' 2 600
KamLAND C.Hy, v, 1 Japan 190/190 360/350 340/240 @
JUNO C.,Hy,/v. 20 China 3800/3800 7200/7000 6900/4700 x 400
SNO-+ C,Hy, /. 0.78 Canada 150/150 280/270 270/180 200
NOvA C.Hy, /v, 14 USA 1900/2000 3700/3600 3600/2500
HALO Lead/v, 0.079 Canada 4/3 9/8 9/9 0 300 200 G900 400 =00
HALO-1kT Leaclh/e 1 Italy 53/47 120/100 120/120 Tamborra et al (2013) Time [ms]
DUNE Ar/v, 40 USA 2700/2500  5500/5200  5800/6000 70— .
MicroBooNe  Ar/v, 0.09 USA 6/5 12/11 13/13 E —  NH |
SBND Arlv, 0.2 USA 8/7 16/15 17/18 op DUNE =2 ——-H
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Neutrino interactions
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2 Figures from SNOWMASS neutrino
colloquium by K. Mahn



Experiment

Lepton flavor violation: y-to-e conversion

Lepton flavor violation: p decay

PIP2-BD: ~GeV Proton beam dump

SBN-BD: ~10 GeV Proton beam dump

High energy proton fixed target

Electron missing momentum

Nucleon form factor w/ lepton scattering

Electron beam dumps

Muon Missing Momentum

Muon beam dump

Physics with muonium

Muon collider R&D and neutrino factory

Rare decays of light mesons

Ultra-cold neutrons

Proton storage ring for EDM and axions

Tau neutrinos

Proton irradiation facility

Test-beam facility

Booster
replacement

Synergies at the

machine level
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* 2000+ users
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Figures from SNOWMASS neutrino

colloquium by M. Toups
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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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