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Experimental Directions in Neutrino Physics

- Searching
;2::&321\{0" . for BSM Understanding
filling in the Hunting physics astrophysics
Sin down and cosmology
remaining anomalies
pieces
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| will focus mostly here, with some (over)emphasis on long-baseline oscillations....

Many, many interesting things | will not cover: astrophysical neutrinos,
cosmological neutrinos, cross sections, CEVNS, non-standard neutrino

interactions and other BSM physics, geoneutrlnos practical applications...
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The three-flavor neutrino paradigm

Parameterize mixing matrix U as
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Oscillation probabilities in a 3-flavor context
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For appropriate L/E (and Uy), oscillations “decouple’,
and probability can be described by the 2-flavor expression
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We now have clean flavor-transition signals in two 2-flavor sectors

atmospheric

solar

C13 0 sige® cr2  S12 0
U = 0 1 0 —S12 C192 0
_81362'5 0 C13 0 0 1




We now have clean flavor-transition signals in two 2-flavor sectors
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We now have clean flavor-transition signals in two 2-flavor sectors

solar

atmospheric

signal with
“wild” neutrinos...

C13 0 sige® cr2  S12 0
U = 0 1 0 —S12 C192 0
—81361(S 0 C13 0 1

confirmed with
“tame” ones...

reactor




atmospheric
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atmospheric
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The mixing angle 0,,:

information from beams and burns!
atmospheric

913,the
“twist
in the
middle”
C13 0 s13e % ci2  S12 0
0 1 0 —S12 c12 0
—813€i5 0 C13 0 1
reactors

K2K, MINOS(+), T2K, NOvA CHOOZ, Double Chooz, Daya Bay, RENO



Oscillation fit information is now extracted with
joint fits to multiple oscillation channels,
neutrinos and antineutrinos, all data

> A7 ),T/e/




The three-flavor picture fits the data well

Global three-flavor fits to all data

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792] .,

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (‘_X\2 = 7.0)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP09%25282020%2529178&v=bf1421f0

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

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ay~ = 7.0)
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three-flavor paradigm?

What do we not know about the

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

with SK atmospheric data
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three-flavor paradigm?

What do we not know about the
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Next on the list to go after experimentally:
mass ordering (sign of Am2y,)

[Note: “mass hierarchy” is now uncool to say, as masses may be quasi-degenerate]

" —(m,)° () e— —
(Amz)sol
(ml)2 -
VC
(Am),,
Vi (Amd),,
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m— e m— ()
| (Am®),,,
— (m1)2 (m3)2l Y —
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2 2 2



There are many ways to determine the mass ordering

They are all challenging...



Hyper-K, LBNF/DUNE Super-K, Hyper-K, IceCube, KM3Net, DUNE, INO

Reactors Supernovae

Many existing & future detectors



Long-baseline beams

~Iead, SD o

; */% '
Rk ", g

Fermilab!

Other methods are very promising,
but the long-baseline method
is the only one that's guaranteed with

sufficient exposure at long baseline
(...but it’s tangled with CP violation)



Long-baseline approach for going after MO and CP

Measure transition probabilities for
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through matter
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Where we are now with long-baseline experiments

Past

Tokyo

Japan

K2K

KEK to Kamioka
250 km, 5 kW

Current

MINOS (+)

FNAL to Soudan
734 km, 400+ kW

CNGS
CERN to LNGS
730 km, 400 kW

FNAL to Ash River
810 km, 400-700 kW

A 5 AT
A

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

Future




T2K appearance and disappearance samples*

Neutrino mode

Antineutrino mode

Electron
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Events in bin
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Joint fit to all T2K data*
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*2020 result

P. Dunne, Nu2020



NOvVA appearance and disappearance

Neutrinos
13.6 x 1020 pot

Antineutrinos
12.5 x 1020 pot
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NOvVA Parameter Fit Results

2020 data set: https://arxiv.org/abs/2108.08219

0'7:_ Normal Ordering -
OS 4« all values of § allowed
058 « weak preference for
j: upper octant

0. :_T2K, NEUTRINO 2020: m BF — <90% CL --- <68% CL_:
0-3:_ NOvA: +BF | =90% CL D568%CL_: * eXCIUde 8=TC/2 for IH at >36
0.7:_ Inverted Ordering _: * Very Weak tenS|On W/T2K
05 v : .
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0'4:_T2K, NEUTRINO 2020: —<90% CL '"sGS%CL_: Smelllng Ilke .
03:_ NOvVA: <90% CL D568%CL_: nOrmaI Orderlng

B — and 6=-n/2...
dp 2 but not "evidence” yet...

0

NIA

J. Hartnell, Nu2022



Future Prospects for T2K and NOVA
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Will more than double dataset
3o for 30-40% of CP ¢ range

Joint T2K-NOvVA analysis in the works

!ﬂ’/...and Super-K now running as

SK-Gd with Gd doping
for n capture

...current generation is
statistics-limited, but

reasonable chance of 2-3c
on 6/MO in next ~ 5 years




Current experiments with ~5 yr projections
(so, c. 2027)

Precision on 0,,, 0,5, Am3,
— Minimal changes until next-gen experiments (e.g., JUNO)

[ ] [ 2
Precision on 0,;, |Am3,|

— Some gains to come in current generation. Large gains in next-gen.

71“( 3-flavor “structural” questions
— Reach heavily depends on (still unknown!) actual answers

0, octant / max. mixing? TN
v mass ordering? =

v CPv? _
° >
(A qualitative sketch. . . .
Dl unclear hints evidence discovery
numbers off this diagram!) (< lo ) (~2 o ) (~3 o ) (>4—5 g )

Ryan Patterson 27 Snowmass Neutrino Colloquium




And the future...

Tokyo

Japan
' MINOS (+)
FNAL to Soudan

K2K 734 km, 400+ kW

KEK to Kamioka
250 km, 5 kW

CERN to LNGS
730 km, 400 kW

Current

woset New Neutrino Beant at Fermilab...
A3 Minnesotay T s 2 N

cad! SO 7 <
_ﬁ = Dakota
[

Nebraska

LBNF/DUNE
FNAL to Homestake
1300 km, 1.2 MW

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

(1.3 MW)

‘/f? ‘,/’; , ,\o ]
il RN
Super amioknde 295k Rl
X -
4 RN

J-PARC to Kamioka
295 km, 380-750 kW =>1 MW




Deep Underground Neutrino Experiment/

Long Baseline Neutrino Facility

Ginormous cable
spooly thing

prairie
lookout

b/\'?O/;

y boxes with
really huge, blinky lights
cold bathtubs

* new 1.2 MW beam
(upgradable to 2.4 MW)
Fermilab to South Dakota
« 1300 km baseline
 40-kton fiducial liquid argon TPC  LUNE FDLHD simulation
far detector N 25GeV,v,+Ar—epn
« Also proton decay, solar,
supernova, atmospheric neutrinos...




The DUNE far detector:
4 x 17 kton of LA,

horizontal &vertical drift designs

by end of this decade

Phase |
.Ramp to 1.2 MW beam intensity
.Two 17kt (10kt fid.) LAr TPC FD
modules. One HD on VD.
.Near detector: ND-LAr + TMS
(steel/scint. range stack) + SAND
.Moveable to enable PRISM

Phase Il Upgrades

.Proton beam increase to 2.4 MW
.Four 17kt LAr TPC FD modules
.TMS Upgraded to ND-Gar to provide
enhanced ND interaction physics
capabilities.

> Phasc IFD

—




Hyper-Kamiokande

Cherenkov light

iieee Hyper-Kamiokande AT A |
Neutrino w 4‘,4.4»« ’f E o ~2027 Onwards '~_ 3] j"’_,.m.l 3 \
Craroec REEHERY: . A TV W A N
ol 260 kton (188 kton FV) G&&#,L.

Photosensors ”0...

Super-Kamiokande

m e 1996 onwards

* 50 kton (22.5 kton FV)

Kamiokande
e 1983 - 1996

J. Wilson, Nu2022

 Beam from J-PARC 295 km away, upgrade to 1.3 MW
 Many non-accelerator physics topics



MO & CPV Sensitivity of DUNE and Hyper-K

L. DUNE MO Sensitivity
10} All Systematics
L. Normal Ordering

o=\ Ay

I phase 1: 100% of 5, values

Start at 1.2 MW

=== 4 year ramp to 1.2 MW

JE. Worcester, NDM 2022

- DUNE CPV Sensitivity [l Phase Il by 6 years

[ All Systematics I rhasel
—Normal Ordering Start at 1.2 MW
- 50% of 5, values

===+ 4 year ramp to 1.2 MW
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.............
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- Statistics only 7]
------- Improved syst. (v./¥V, Xsec. error 2.7%) 7
---------- T2K 2018 syst. (v./V, xsec. error 4.9%)

0 1 2 3 4 d
Hyper-K preliminary
True normal hierarchy (known)
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HK Years (2.7E21 POT 1:3 viv)

sin’(0,5) = 0.0218 sin*(6,;) = 0.528 |Am3},| = 2.509E-3

F. Di Lodovico, NeuTel 2021

DUNE

will nail

down MO

very fast thanks
to long baseline;
also good CP §

sensitivity

...and HK/DUNE
combo helps resolve
some degeneracies

... eventually limited
by systematics
(neutrino interactions)



Long-baseline beam experiments

Current

nouos New Neutrino Beami at Fermilab...
¢ ~ %
b ¢ Minnesota S =~
\ e =

""A Nr. i /* -
LBNF/DUNE

FNAL to Homestake

1300 km, 1.2 MW (= 2.4 MW)

‘,. Ja, (;;I-
4 " MINOS (+)
FNAL to Soudan
K2K 734 km, 400+ kW Hyper-K
KEK to Kamioka J-PARC to Kamiok
250 km, 5 kW - 50 KW
| 295 km, 750 kW
(1.3 MW)
» 030~l | V
CNGS J-PARC to Kamioka ESSnuB, T2HKK

CERN to LNGS 295 km, 380-750 kW 2>1 MW gytrino factories...

730 km, 400 kW




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...

\begin{nu-paradigm}



Outstanding ‘anomalies’

Beam Excess

LSND @ LANL (~30 MeV, 30 m)
Excess of Veinterpretedas 1, — U,

Nooh N
Q 0 G O

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

- unexplained >3 ¢ excess for E <475 MeV in neutrinos
"low-energy excess" inconsistent w/ LSND oscillation
- no excess for E > 475 MeV in neutrinos
(inconsistent w/ LSND oscillation)
- small excess for E <475 MeV in antinus

Events

eeeeeee
sssssss
eeeeeee

"Reactor flux anomaly"”
deficit of reactor antinue absolute flux |
. < J. Kopp, Nu2022

wrt calculation :

"Reactor spectral anomaly" I P %
: : F@ﬁé%ﬁ#’%#
a wiggle, but in only one expt... i 1Y

uuuuuuuuu

ed / predicted

“"Gallium anomaly™
~3o deficit of nue flux from 51-Cr source in Ga

Me:




Many experiments going after (light) sterile neutrinos...

o EXperiments
........... with beams L sl S I e
(meson decay . Sy |
in flight and
at rest) FNAL SBN, JSNS?, ...
Experiments
at reactors
PROSPECT, SoLid, STEREO, NEOS, DANSS, CHANDLER, Neutrino-4,....
i 7L (99.99%)

S0 sleeve

Experiments with
radioactive sources - o

Be target |ihimri i/ H

IsoDAR, BEST... surrounded | {1y

by D20

and many more, including experiments
with other "day jobs"



Status of attempts to resolve anomalies...

175

Beam Excess

LSND @ LANL (~30 MeV, 30 m)

125

7.5
5

Unresolved... JSNS? will test M e




Status of attempts to resolve anomalies...

LSND @ LANL (~30 MeV, 30 m)
Unresolved... JSNS? will test g
MiniBooNE @ FNAL (V,V ~1 Gev, 0_5 km) EZIS:_ = e w ez n10)
Unresolved.... Results from MicrobooNE rule out B
specific electron/gamma final state explanations so far g {
....more data from FNAL SBN program soon } {

0.0
eeeeeeeeeeeeeeeeeee




Status of attempts to resolve anomalies...

LSND @ LANL (~30 MeV, 30 m) ;
Unresolved... JSNS? will test
MiniBooNE @ FNAL (v,v ~1 GeV, 0.5 km) 0 RS
Unresolved.... Results from MicrobooNE rule out o i —
specific electron/gamma final state explanations so far :
....more data from FNAL SBN program soon % *
" R e a ct or fl ux an om aly" Xti; Croor” %Z:Z:f“" Nt ™™ o Romass - Sreneo
Resolved (probably?) with new input bef ) 1T
B-decay spectra from 235-U fission L

J. Kopp, Nu2022 Lm




Status of attempts to resolve anomalies...

Beam Excess

LSND @ LANL (~30 MeV, 30 m)

Unresolved... JSNS? will test

N!\)NAN
SR

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

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

vents Observed / Predicted (no eLEE

MicroBooNE Observed

CCQE

"Reactor flux anomaly"

SRP.
EEEEEE

Resolved (probably?) with new input i
B-decay spectra from 235-U fission

J. Kopp, Nu2022 I

"Reactor spectral anomaly"”
Unresolved... statistical issues..? but more data coming
PROSPECT, SoLid, STEREO, NEOS, DANSS, CHANDLER, Neutrino-4,....




Status of attempts to resolve anomalies...

LSND @ LANL (~30 MeV, 30 m) =
Unresolved... JSNS? will test o,
MiniBooNE @ FNAL (v,v ~1 GeV, 0.5 km) o et
Unresolved.... Results from MicrobooNE rule out B
specific electron/gamma final state explanations so far i *
....more data from FNAL SBN program soon % *
"Reactor flux anomaly" -
Resolved (probably?) with new input be|
B-decay spectra from 235-U fission L
J. Kopp, Nu2022 S tLm
"Reactor spectral anomaly" I
Unresolved... statistical issues..? but more data coming i i % ¥
PROSPECT, SoLid, STEREO, NEOS, DANSS, CHANDLER, Neutrino-4,... "+ 7
"Gallium anomaly" “ |
Unresolved...Confirmed w/new BEST results i, — +\

No baseline dependence




Fits to “all” the data are uncomfortable...

99.73% CL
2 dof
=
R
NE 5 Appearance
< : (" wjo DiF)
.i)isappearance
— Free Fluxes
10_1 i Fixed Fluxes ]
1074 1073 1072 107!
Sinz 29}16 |. Soler

Appearance and disappearance data
are in fairly serious tension

[does not

M. Dentler et al.  https:/ /doiorg /10,1007 /JHEPOS(2018)010 Inglggl?{gg?%?hlze?rl\:ew data]

...00ps no \end{nu-paradigmj...



Absolute Mass
Status and prospects The mass scale



Kinematic experiments for absolute neutrino mass

No. of
counts m, — 0

maximum
electron
energy

Electron
energy

Look for distortion of B-decay

spectrum near endpoint




Kinematic neutrino mass approaches

Tritium spectrometer:
KATRIN °H—-’He+e™ +u.

18.6 keV endpoint

Sensitivity to ~0.2 eV

Thermal calorimetry

2.5 keV endpoint

Hard to scale up...

No longer pursued

Holmium

e.g., ECHo, HOLMES

metallic
'S Ho—'SDy +v, magnetic
calorimeters

163

66 Dy*—)

163 ;
Dy+ E o/ &L

66 C y o=

.y A S—

:5'/‘\‘0\/\/\\3/

& C g

Electron capture decay,

v mass affects deexcitation spectrum

R&D in progress R&D

R&D,

Cyclotron radiation
tritium spectrometer:
Project 8

: g
rl\L\ =
% 5 of

¢ 2 z E

:
N otof
B field — 8 oot
oo 1 = 5
gk
T, gas < ot
;
0.5 1

first
mBIimit

mmmmmmmm

Long-term potential for
atomic tritium w/low uncertainties
aiming for 40 meV in long term




KATRIN results

ultra-stable high-luminosity

tritium electron windowless gaseous tritium
anti-neutrino * 1 o .
’ source (1 0 Bq) Electrostatic high pass filter
\

—_— s
electron

-----
A

i\

R R A MAIIIEA 3

L

-

/

Segmented
detector

-
Nl
-~
Pl

L ./
s Transport and $ 7]

Tritium source pat 4 A" o
Rear wall and pumping

Main spectrometer

electron gun 10F
8
. - . = =0eV
high-resolution MAC-E filter g6 ™
with < 1 eV energy resolution g
0 " " 1
Lol Experimental sensitivity m,, < 0.7 eV (90% CL) -3 -2 - -(1 - 0
' / 1 Lokhov-Tkachov (90 % CL) o
e OB €23 Feldman-Cousins (90 % CL)
d - Fit result: m2 = 0.26 eV?
€ if_'zniitivitv‘; — m?2 limit = 0.8 eV? (90 % CL) i .
S 0a] T Y S | | m, limit = 0.9 eV (90 % CL) Combined:
a y < 0.8 eV (90% CL)
021 g New limit from 24 campaign
0.0+ . . . ' Y ign s
o os oo oS 1o m, < 0.9 eV (90% CL) Expect sensitivity
’ First campaign m,, < 1.1eV(90% CL) to 0.2 eV by 2025

Magnus Schiésser - MORIOND2021 KATRIN Collab. Nat. Phys. 18, 160-166 (2022)



Majorana vs Dirac?
Overview of NLDBD The mass nature



Are neutrinos Majorana or Dirac?

Best (only) experimental strategy: look for
neutrinoless double beta decay

in isotopes for

which it is energetically
possible and which don’t
single [(-decay

ud

Only possible

for Majorana v
(...or exotic physics)

(Tlo/lé)—l = Gov. IMOV |2 ;

ud

(mgp )?

Observable:
peak in the
2vBB .+ two-electron
(SM2nd ; spectrum
order | | corresponding to
process _.ﬁ_< v-less final state

/”‘_‘—\\\ n
~ N w
Y/ N ‘
/f i‘\ Vm X
/ \ AN
j{( ‘\ n WES p €
/ ‘
%\
/ \
\
/ \
/ Y
\,
/{X \\\ {”‘
. . |
/ S. Elliott S i
IV — i
OTO OiS TEO 'I[.S 2?0

Sum Energy for the Two Electrons (MeV)



The NLDBD T-Shirt Plot

l 1 LA I 1T 1T rinl I LA I UL
l I | I

TV rrrrnm

(mﬂﬁ’)z = I Zi Ugi mvilz Quasi-

degenerate

0.1 Inverted =
e ordering B
> —
Lt 1
A 0.01 -
& -
(=
E absolute
¥ mass scale
constrains in
0.001 this direction
Normal
orderlng 1 1 Ll Lll L L L L1l ljll
le-05 0.0001 0.001] 00! 0.1 |
<M_>2 = |2 U2 M, |2 m, . [eV]

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



General NLDBD experiment strategies
In2 € |Nsource " T

lhy2 > UL(B(T)} AE)

The “Brute Force” | The “Peak-Squeezer” The “Final-State
Approach Approach Judgement”
Approach

-1501 -

250

-300

500 1000 1500 2000 2500 30(
Enerav (keV)

GERDA (Ge)  EXO
(136Xe)

MAJORANA

NEMO/
SuperNEMO
(various/82Se)

Kar?iL/-iND-Zen
(136Xe)



General NLDBD experiment strategies
In2 € |Nsource " T

lhy2 > UL(B(T)} AE)

The “Brute Force” | The “Peak-Squeezer” The “Final-State
Approach Approach Judgement”
Approach

-1501 -

250

-300

500 1000 1500 2000 2500 30(
Enerav (keV)

000000000

MAJORANA GERP(" (G il

~ NEMO/
SuperNEMO
E1)I(Ec))(0 (various/82Se)

(136Xe)

KamLAND-Zen
(136Xe)

JUNO-BB
(136X9, 130Te )

+more future ideas...



Current
limits

Now at
~100 meV
scale

Future
prospects

Push down
an order of
magnitude on
~decade time
scale
w/tonne-scale

Experiment Isotope Exposure T, ,[10%° yr] Mg [MeV]
(kg yr]

Gerda ®Ge 1272 18 79-180
Majorana 6Ge 26 2.7 200-433
CUPID-0 82Se 5.29 0.47 276-570

NEMO3 10Mo 343 0.15 620-1000¢
CUPID-Mo 100Mo 2.71 0.18 280-490

Amore 190Mo 111 0.095 1200-2100

CUORE 130Te 1038.4 2.2 90-305
EXO-200 136Xe 2341 35 93-286

KamLAND-Zen 136Xe 970 23 (36-156 )

SNO+ 130Te
KamLAND2-Zen 136X e
NEXT-HD 136X e
nEXO 136X e
LEGEND-1000 6Ge
AMOoRE-II 100Vo
CUPID 100Vfo
CUPID-1T 1000
JUNO-BB 136X e
130T

- Y e e GO

0.24

S0
100

19-46
~20
14-40
7-22
10-40
12-22
12-20
4-7
4-10
3-14

Isotope  Mass(t)

Simkovic, Schoenert, Wang, Zolotarova, Nu2022




[eV]

Overall Long-Term Prospects for NLDBD
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ordering
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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!
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Overall Long-Term Prospects for NLDBD
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In the long term will need more than one isotope...

theory needed too!



Overall Summary

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

«ill AT&T 3G 9:57 PM p

Date
To Do

Theta13

Mass hierarchy

Theta23 octant

CP delta

Absolute mass

Majorana or Dirac?

NEW PHYSICS?

My IPhone from 11 years ago!*

*| have never found a good to-do list app...
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There could be surprises....




Overall Summary

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

«ill AT&T 3G 9:57 PM

Date
To Do

v Thetal3

Mass hierarchy

Theta23 octant

CP delta

Absolute mass

Majorana or Dirac?

NEW PHYSICS?

getting 2c-ish results

... good prospects for

30 (+?) in next ~5 years
but will need
DUNE/HK for 5c

More from KATRIN to come!

Hoping Nature is kind...

There could be surprises....

What'’s the reason for the pattern of masses and mixings?
How might sterile neutrinos or other exotic new physics fit in?
How did the matter-antimatter asymmetry come to be?

Still exciting years ahead!




