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Experimental Directions in Neutrino Physics
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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
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We now have clean flavor-transition signals in two 2-flavor sectors
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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




The three-flavor picture fits the data well

Global three-flavor fits to all data

Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
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Esteban et al., arXiv:2007.14792, 10.1007/JHEP09(2020)178
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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?

Normal Ordering (best fit)

Inverted Ordering (Ax* = 7.1)

Esteban et al., arXiv:2007.14792, 10.1007/JHEP09(2020)178
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP09%25282020%2529178&v=bf1421f0

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]
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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

“Vead, SD N

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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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

5

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

Future




T2K appearance and disappearance samples

Neutrino mode Antineutrino mode
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Joint fit to all T2K data

T2K Run 1-10 Preliminary
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« 35% of CP 6 values excluded at 30 marginalized across mass

orderings

« CP-conserving values (0, ) excluded at 90% but not quite at 2o

* Weak preference for normal ordering

P. Dunne, Nu2020



“Bi-event rate plot”:
compare electron neutrinos and antineutrino counts

to visualize parameter sensitivity (& degeneracies)
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“Bi-event rate plot”:
compare electron neutrinos and antineutrino counts

to visualize parameter sensitivity (& degeneracies)
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“Bi-event rate plot”:
compare electron neutrinos and antineutrino counts

to visualize parameter sensitivity (& degeneracies)
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“Bi-event rate” plot for T2K Run 1-10
electron-like SK samples

Events

T2K Run 1-10 Preliminary
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NOvVA appearance and disappearance
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NOvVA Parameter Fit Results

NOVA Preliminary
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Antineutrino mode e-like candidates
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Future Prospects for T2K and NOVA
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And the future...

Current

wous” New Neutrino Beart at Fermilab...
A Minnesotay | s X 2 S

........

LBNF/DUNE
FNAL to Homestake
1300 km, 1.2 MW

MINOS (+)

@ FNAL to Ash River
ENAL to Soudan 810 km., 4010-7;00 kW B
K2K 734 km, 400+ kW - .4 H K
. s K yper
KEK to Kamioka \ : N . ] J-PARC to Kamiok
250 km, 5 kW - 0 Ramioka
’ s 295 km, 750 kW

(1.3 MW)

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

730 km, 400 kW




Ginormous cable
spooly thing

Deep Underground Neutrino Experiment/

Long Baseline Neutrino Facility

prairie
lookout

ghost gun

lly h B?XI?S IWi;]h
really huge, inky lights
cold bathtubs -

new 1.2 MW beam (upgradable to 2.4 MW), Fermilab to SD

1300 km baseline
40-kton fiducial liquid argon TPC far detector

Also proton decay, supernova, atmospheric neutrinos...



The DUNE far detector: 70,000 tons of liquid argon

exquisitely precise tracking

single-phase and dual-phase
technology under consideration
(prototypes @ CERN)

Technical Design Report complete |

multiple complementary near detectors —Semmocm—"



Hyper-Kamiokande

260k (188k) ton mass

Beam from J-PARC 295 km away, upgrade to 1.3 MW
Construction has started; expect data in 2027

Many non-accelerator physics topics



MO & CPV Sensitivity of DUNE and Hyper-K

MH Sensitivity CP Violation Sensitivity
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Improved syst. (v./V, xsec. error 2.7%)

[ o e T2K 2018 syst. (v./V, xsec. error 4.9%)
. S S S S e S B S )
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sin’(8,,) = 0.0218 sin’(6,;) =0.528 |Am3,| = 2.509E-3

F. Di Lodovico, NeuTel 2021

True normal hierarchy (known)

with atmospheric
neutrinos as well



Long-baseline beam experiments

Current

T o e U, g
noaow New Neutrino Bearri-at-Fermijab...
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1300 km, 1.2 MW (= 2.4 MW)

Tokyo
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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)
B °Jo~, ;
CNGS J-PARC to Kamioka ESSnuB,

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...

Open a parenthesis:



Outstanding ‘anomalies’

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

=>Am? ~ 1 eV?: inconsistent with 3 v masses

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

- unexplained >3 ¢ excess for E < 475 MeV in neutrinos

(inconsistent w/ LSND oscillation)
- no excess for E > 475 MeV in neutrinos

(inconsistent w/ LSND oscillation) g
- small excess for E <475 MeV in antineutrinos

~consistent with neutrinos
- sr&all excess for E > 475 Me\)/ in antineutrinos ? ? ? ?
(consistent w/ LSND) - = F "
- for E>200 MeV, both nu and nubar consistent with LSND
- new 2018 analysis w/ x2 v data has higher-significance excess

Also: possible deficits of reactor v, (‘reactor anomaly’)
and source v, (‘gallium anomaly’)

Sterile neutrinos? (i.e. no normal weak interactions)
Some theoretical motivations for this, both from particle & astrophysics

[cosmology w/Planck now consistent w/3 flavors... but allows 4...]
Or some other new physics??




Many experiments going after steriles...

LL MicroBooNE Ex p e ri m e n ts = - P
"""""" with beams L e
(meson decay e o == |
in flight and
at rest) FNAL SBN, JSNS?, ...

Experiments
at reactors

f°_°q b ‘.7Li(99.99%)
==t 7 sleeve

Experiments with
radioactive sources e

%Be target | -

(CeSOX), IsoDAR, BEST... a1

by D;O

and many more... no clear picture yet...



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

99.73% CL
2 dof
=
R
NE 5 Appearance
< | ( w/o DiF)
.i)isappearance
— Free Fluxes
10_1 i Fixed Fluxes ]
1074 1073 1072 107!
Sinz 29}18 |. Soler

Appearance and disappearance data
are in fairly serious tension

[does not

M. Dentler et al.  https://doiorg/10.1007 / JHEPOS(2018)010 '”SC'T“SSEF’S?%f’h%?I’eW data]

... parenthesis not closed...



Short-baseline program at FNAL

MicroBooNE

MiniBooNE .
Icarus — T600 (existing)




« Many results from MicroBooNE
==+ SBND under construction
et * lIcarus installed

MicroBooNE

MiniBooNE e )
Icarus — T600 (existing

—valuable program of LArTPC development, neutrino cross sections
Expect low-energy excess results soon...

260t LAr




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 " Het e 47,
18.6 keV endpoint

e i e —
% ‘Ug

Sensitivity to ~0.2 eV

Thermal calorimetry
€.J., MANU, MIBETA, MARE

187Re 187 Os + e~ + 7,

2.5 keV endpoint

Hard to scale up...

No longer pursued

Holmium
e.g., ECHo, HOLMES

163 163 *
e HOo— Dy +v,

metallic
magnetic
calorimeters
163

66 Dy*—)

163

66 DY + E¢

Electron capture decay,

v mass affects deexcitation spectrum
R&D in progress R&D

Cyclotron radiation

tritium spectrometer:
Project 8

R&D

%

B field ——
Yy i‘ﬁ?'\'
29as

Long-term potential for

atomic tritium w/low uncertainties




tritium

| N
@

helium-3

KATRIN results

ultra-stable high-luminosity
windowless gaseous tritium
source (10" Bq)

electron

i ino ®
anti-neutrino Electrostatic high pass filter

e
é,

X
\
high-resolution MAC-E filter

—_— s
electron

AR
PASAOTEOEE L W

Wl

Transport and
pumping

Al
»»»»»»

Tritium source
Rear wall and

Main spectrometer
electron gun

with < 1 eV energy resolution

True m2 (eV?)

Experimental sensitivity m,, < 0.7 eV (90% CL)

1.0
/ 1 Lokhov-Tkachov (90 % CL)
0.8 e {23 Feldman-Cousins (90 % CL)
e ——— Fitresult: m2 = 0.26 eV?
Sy 4 m2 limit = 0.8 eV2 (90 % CL)
0.4- y m, limit = 0.9 eV (90 % CL)
021 New limit from 2" campaign
99710 s oo 0.5 1.0 m, <0.9¢eV(90% CL)
Fit m2 (eV?)

First campaign m, < 1.1eV (90% CL)

Magnus Schlosser — MORIOND2021

et TR
7 VV&%%\\%%%%%W\X"%’\Q\

Segmented
detector
10 F
8
55l m,,=0 eV
s
o4f
1]
m 2 -
0
3 2 -1 0
E-E, (eV)

5% of total stats;
ultimate sensitivity
0.2 eV



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 ud

Only possible

for Majorana v
(...or exotic physics)

(T10/1f2)—1 = GO. IMOV |2 : (mBB )2

Observable:
peak in the
2vBB .+ two-electron
(SM2nd ; spectrum
order | | corresponding to
process _.ﬁ_< v-less final state
OvBp
/”fﬁ\\ n P
i jf#( \\‘\\ w; :°
/{,« ‘i‘\\\ - ,‘(
/ N BN
. / N\ e
/ \
/ N\
i / \
/
/ “*
x
i /,fr‘ AN {”[
/ S. Elliott N A
E)[.O 01.5 1.10 1[.5 2?0

Sum Energy for the Two Electrons (MeV)



The NLDBD T-Shirt Plot

l I P rrmmg I rrring I I lllllll I I lllllll

degenerate

TV rrrrnm

_effective mass depends on mixing parameters

0.1 Inverted
ordering

Lo
L
[S—]
Q -
g :
0.001 & CTITLICty —
Normal -
ordering g
d 1 Ll L ALll L L lllljll ) | L L L LLLL

—

le-05 0.0001 0.001 0.01 0.1
/
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

*and standard 3-flavor picture



The NLDBD T-Shirt Plot

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

Tl

(mﬂﬁ')z = I Zi Uézi mvilz Quasi-

degenerate

0.1 Inverted =
e ordering B
> —
o 1
A 0.0] -
& -
(«n}
E absolute
v mass scale
constrains in
0.001 this direction
Normal
Ordering 1 L ol
le-05 0.0001 0.001] 0.0] 0.1 |
<M>? = [Z U M, 2 m, leV]

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 € Nsoyree " T
a2 > UL(B(T) - AE)

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

500 1000 1500 2000 2500 30(
Enerav (keV)

000000000

MAJORANA GERDA

A 7 (75Ge) W ("°Ge)
NEMO/
KamLAND-Z CUORICINO/ :
(?%IXe) o st EXO/EXO SuperNEMO
LEGEND ('¥Xe) (various/®2Se)

. 76
+more future ideas... ("°Ge)




[eV]

Overall Long-Term Prospects for NLDBD

l 1 lFllllll T I lTlTll] I llllll'l

1 T TrTrrrn

Inverted
ordering

lllll

0.001]
Normal
ordering

| Ll L LLLL | L L L L1l l

1 T lIlIlll

Quasi-

) T rrvig

degenerate

1 | lllllll

1

1 I lllllll

1 I llllJll

1 Llllll

| L L L LLLL

le-05 0.0001 0.001] 0.0]
/
m, .. [eV]

0.1

—

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

l 1 T Flllll' T I lTlTll] I I lllll‘l 1 T lIlIll] T T rrvig

Quasi-
degenerate

1 T TrTrrrn

oo Let’s hope for i
0.1 Inverted ' 1O or QD! _-
- ordering A :
' ' §. O years, few 100 kg
~10 years, ~ 1 tonne
0.01 y
gl ~20 years, ~10 tonnes
0.001 =
Normal =
ordering ]
4 Ll L LLLIL 1 - BN BN W E l 1 1 lllllll 1 L L LirLl

le-05 0.0001 0.001 0.0] 0.1
/
m, .. [eV]

—

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 Q (W]

Date
To Do

Theta13

Mass hierarchy

Theta23 octant

CP delta

Absolute mass

Majorana or Dirac?

NEW PHYSICS?

My IPhone from 10 years ago!
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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!




Extras/Backups



From L. Berns, Moriond 2021

NOVA + T2K 9n%nd gk 4+ T2K

joint fits |
atmospheric + accelerator

Comparison of released contours (not joint fit) Comparison of released contours (not joint fit)
NOVA results: A. Himmel (2020) Zenodo, T2K Preliminary SK results: Phys. Rev. D 97, 072001 (2018) T2K Preliminary
‘-;‘ 2:| LI L L LB N I | l“ L L I'|"|__|..'__l_ £ 53 T T 1 T 1 [ P |: Nx _I LI L L | l‘l--L rrrr 1 rrrJrrrrJrrrrrrrrrrrrpr7? |~
5 18F ‘ 5 LS — T2Kmunl10
L6E. — NOVA E E :
E ] - — Super-K 2020 -
14 — T2K = 20 P -
1.2 — E C?? ----- Inverted ordering E
1= — 15 :_ ; f : — Normal ordering —:
0.8F 1 4
0.6+ Bestfit = St — MH? 2
04F - 68%CL. = 5 ;
02F —90%CL. =
: 1 1 1 I 11 1 1 I 1 5 1 1 I 11 1 1 I 11 1 1 l R I"l’ l 1 1 1 1 l 1 1 : O 1 1 |
8.3 0.35 04 045 05 0.55 0.6 0.65 0.7 0 02 04 06 08 1 1.2
sin®0,,

e Joint fits between experiments with different
oscillation baselines/energies and detector technologies

— expect increased sensitivity in -p, mass ordering, 6,5 octant
beyond stats increase from resolved degeneracies and syst constraints

e important to understand potentially non-trivial syst. correlations between experiments

Agreements are signed between experiments and joint work ongoing. Stay tuned! 29




From L. Berns, Moriond 2021

Beam line upgrade

T2K-Il Target POT (Protons-On-Target)

— 4 —4
s O 740 = 40
=1400— p— 1 O 1
T upgrade - [+ B -
[ LMWt oo sae sl i ssmndiln o s o S st S 35 —35
8 .. 158
T 1200— sk 4 = d
E T T ~Jao € —s0
o} N MR Power Supply upgrade sz | S
@ ! > ] o I
o 1000|— i 2
s I~ 25 - 25
B e s 9 4
800|— B 9o ]
2 20XI°POT. 28 Lo et 20 2 —20
- : i i 2
36 CPV for 5int,4=0.5,5 5= / / - .
600 : 2 ~ =15 E —{15
C ; E o
s007"" do &
- ”’,r’ —_10 E —_LO
200 . —Jos
0 A L l 1 L 1 1 o oo
2016 2018 2020 2022 2024 2026 2028 2030
Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan.
[ ]

Increase beam power from ~500 kW to
1.3 MW via upgrades to main ring power
supply and RF (mostly increased rep rate)

Many upgrades to neutrino beamline
(target, beam monitors, ...) to accept
1.3 MW beam

Increase horn current 250 kA — 320 kA
for ~10% more neutrinos/beam-power
and reduced wrong-sign background

Delivered Protons / Period [10%'POT]

ND280 upgrade

1 +§=+ current, FGD 2

«+1-- current, -
—+— upgrade, FGD 1 —4— upgrade, FGD2 _ —4— upgrade, SuperFGD

>
2 f -
O P
i o -
2l E
St 08— -
UJ [ =+ __‘__—35
- —
P .
W -
e
o
I L 1 1 ! |
Downisfraney -1 2% 2808 2 04 0§ 08 1
[ oA True cos A

Super-FGD

Replace POD with :
3D scintillation detector + modules
high-angle TPCs +

TOF enclosure

— 41t acceptance like SK
— |ower (proton) mom. threshold

Reduce xsec systematics via better
understanding of nuclear effects.



DUNE: Near Detector (ND)

 DUNE ND Complex [Temp. Muon Spectrometer}

Multiple complementary systems:

( l PRISM )

Up To 30 m Detector Travel
Off-Axis Beam Measurement

Magnetized Steel Stack, Polystyrene Scintillators
100 Layers, 544 t Steel

( SAND Beam Monitor |
= Superconducting Magnet 06T
ND-LAr: modular, pixelated LArTPC L e O J

Primary target, similar to FD

TMS > ND-GAr: measures muons not

captured by LArTPC - high-pressure
GArTPC, surrounded by ECAL and magnet

Muon spectrometer; nuclear interaction model constraints

SAND: tracker surrounded by ECAL and
magnet

On-axis beam spectrum/time-stability monitor ND-LAr/TMS are movable on/off-axis (PRISM)
Probes different neutrino energies

— 300 t High Purity Liquid Argon
‘ Pixelated Readout Electronics

G. Karagiorgi, Neutel 2021






