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 Is neutrino mass evidence for physics beyond the Standard Model?
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Where do the neutrinos come from?
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Who “invented* the neutrino?

From energy and momentum conservation,
we have for the decay into N particles:

* N=2: have particular, discrete energies
* N>2: have continuous spectra

(N,Z)-> (N-1,Z+1)+e + Vv

(N,Z)->(N-1,Z+1)+e

2-Body decay

Observed
Spectrum

Number of Electrons

Electron Energy Endpoint of
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How to weigh the neutrino?

 Direct test of neutrino mass by decay kinematics
« Experiment: KATRIN

(Karlsruhe Tritium Neutrino Experiment)

e Current bound:
1/500.000 x m_, (0.8 eV) TINY!

« Target: 1/2.500.000 x m. (0.2 eV)
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While the non-observation
of OvBp alone cannot exclude the

OvBpB: Is the neutrino its own anti-particle? A e

- - Ovpp would be ground-breakin
« Two times simple beta decay: Eei dence for%hysics BSM! 9

2XV
2xe

Double beta decay Double beta decay
with neutrinos without neutrinos

PN

* Neutrinoless double beta decay:

Number of Electrons

\\

Sum of Both Electron Energies (MeV)

Oxv
W- 2xe
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How do we observe neutrinos?

» Extremely difficult to

catch the neutrinos
REEEEN #9 Shaft
« Build huge detectors
(0(1000 t)), often deep 701m00ft.) Norite
underground el
(background reduction!) .
1158 m {3800 ft.) ”
level
Granite ﬁ\%\\(
Gabbro i '\\ T
= =i A
1646 m (5400 ft.) 3

level

v { \3\
w
07T
CN Tower 1 { -
553 m (1815 t.) 2073 m (6800 t.) Ili

level

Ngops X P X 0 X t‘
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Nobel
prize
2015:

Neutrino
oscillations

DESY

“For the greatest benefit to mankind®
\W

Lot

2015 NOBEL PRIZE IN PHYSICS

Il N. ElImehed. © Nobel Media 2015

2015 Nobel Prize
in Physics

The Nobel Prize in Physics 2015
was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for
the discovery of neutrino
oscillations, which shows that
neutrinos have mass".

+ Read more about the prize

Takaaki Kajita
Arthur B. McDonald

\ N @ BEILM el ' 3

ntrater: © Jonan Jmetad The Royll Seediah ACsdery of SOences

They Solved the Neutrino Puzzle

Takaaki Kajita and Arthur B. McDonald solved the neutrino puzzle and
opened a new realm in particle physics. They were key scientists of two large
research groups, Super-Kamiokande and Sudbury Neutrino Observatory,
which discovered the neutrinos mid-flight metamorphosis.

+ Read more (pdf)

X

atal Lovisa Epgbiony:

Al

The Nobel Prize il
"l gave my wife ... 2

Cookie policy s

"I Gave My Wife a
Hug!"

"It's ironic, in order to observe the
sun you have to go kilometers
under ground. That's not what you
would expect.” An interview with
Arthur B. McDonald, awarded the
2015 Nobel Prize in Physics.

(http://www.nobelprize.org, Oct. 6th, 2015) Page 8



http://www.nobelprize.org/

The mystery of the missing neutrinos

= Raymond Davis Jr. (Nobel Prize 2002) found fewer solar
neutrinos than predicted by theory (John Bahcall)

= Do the neutrinos disappear?
Or was the theory wrong?
Discrepany over 30 years (1960s to 90s)

1012

p+p »2H+ e’ + v, pt e +p »H+ v, ton e N Bahcall-Serenelli 2005
= = 100 p Neutrino Spectrum (x10) 1
H+ *He + : ‘
g5, |- P et/ 15 % ‘ sl ]
i | 1
*He+He ~ ‘He+2p SHe+*He ~ Be+y T 07| :
‘z’ 10° 3 -|
0.02 %/‘/ B \4 1L £ 100 1
+ e .
‘Bet+ p » ®B+y e e - H@'@L 10} |
8Be* r “He +He @
101 o
H etp o He+ e+ + Ve . Neutrilno Energy in MeV
pp-fusion chain Neutrino spectra

DESY First evidence for CNO neutrinos presented at Neutrino 2020! Nature 587 (2020) 577
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Neutrinos from the atmosphere

—— -—

~~a Cosmic-ray
“/~_  shower

~30 kilometers WA gl

Atmospheric neutrino source

— Ut + V
|—> +V + V
T u "'Vu
Underground L’e_ AVt Vu
Vg Ve Vu vu
detector

DESY

The rate of neutrinos should be the same

from below and above
But: About 50% missing from below

Neutrino change their flavor on the path
from production to detection: Neutrino
oscillations

Neutrinos are massive!

(Super-Kamiokande: “Evidence for oscillations
of atmospheric neutrinos”, 1998)

Super-
Kamiokande
Kayjita: Nobel
prize 2015

Page 10



Resolving the solar neutrino puzzle

Final test of solar neutrino problem: measure neutral
current interactions, sensitive to all flavors (2002)

v +H—=e +p+p (CC)
v +H—=v_+p+n (NC)

v +e—=v +e-  (ES)

* The rate matches the Standard Solar Model
» Neutrinos change flavor in the Sun

(SNO, McDonald Nobel prize 2015)
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Neutrinos as extragalactic cosmic messengers

« The birth of neutrino astronomy:
Feb. 23, 1987
Detection of about twelve
neutrinos from an
extragalactic
supernova
explosion
(so far, the only
one ...);
Nobel prize 2002

So,n

Tasg,,

« The birth of high-energy neutrino —
astrophysics: The lceCube neutrino
telescope of the South Pole sees 28 events i
in the TeV-PeV range 1§ L
Science 342 (2013) 1242856 i1t &

2450“‘

) ! 324m

DESY-Zeuthen hosts one of the largest : ¥ L A
groups in IceCube worldwide!
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Tidal Disruptions of Massive Stars (AT2019dsg, AT2019fdr)

Neutrinos from
individual
sources

Resources (animations/videos):
https://multimessenger.desy.de/

https://www.desy.de/news/news_search/index eng.html?openDirectAnchor=2030

Accretion disk

® Accelerated et/e-

Relativistic jet, Doppler factor = 40 @ Accelerated protons

_ il .
o 0.03 pc @A\ [\, Optical
oW X-ray |
Wi .......... >
\s Neutrino Observer at earth

Emission region
Supermassive black hole S. Gao et al, 2018

|< 1 pc >|< 1.35 Gpc —>|

Credit: DESY science communications laboratory Page 13



https://multimessenger.desy.de/
https://multimessenger.desy.de/
https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2030

So what is “neutrino physics”?

Particle physics The Universe Other disciplines

The established
oscillations

)

Neutrino J

The emerging

Origin of
cosmic rays

The fantastic

For a more differentiated perspective, see the IUPAP
neutrino panel report.
DESY Prog. Part. Nucl. Phys. 124 (2022) 103947, arXiv:2111.07586 Page 14




Introduction to neutrino
oscillations



Neutrino production/detection

« Neutrinos are only produced and detected by the weak interaction:

Electron = electron neutrino v,
Muon = muon neutrino v,
Tau = Tau neutrino v,

e, U T

Ve, V},U V’c
W exchange particle

- The dilemma: One cannot assign a mass to the flavor states v, v, v.!

DESY. Page 16



Which mass do the neutrinos have?

There is a set of neutrinos v, v,, v3, for which a mass can be assigned. ‘ Vi>

Mixture of flavor states:
3
va) = 20 Uy [Vk)
k=1

V1 Vo
|Uel|2

Not unusual, know from the Standard Model for quarks sin22043=0.1, 6=n/2

However, the mixings of the neutrinos are much larger!

DESY Page 17



Neutrino oscillation probability

Standard derivation N active, S sterile (not weakly interacting) flavors
Mixing of flavor states N+S

Time evolution of mass state ’Vk(t» — exp(—z'Ekt) ’Vk>

N+S
Transition amplitude A,/ —vg = Aaﬁ — <V5’Va Z U’ kUﬁk eXp(—ZEkt)
k=1
N+S
Transition probability P.s = BAaﬁ — Z kUBkUaJ UB] exp (—Z(Ek — F. )t)
k,j= 1

— kg
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Further simplifications

« Ultrarelativistic approximations: 2
Ek—\/p +m2~ B4k i~
g 2E
L: baseline (distance source-detector)
* Plus some manipulations: “Master formula“
Amg; Amz.L
— — ' Y
P.s = 0ag 4ZRe sin* ( )—I-QZIm blll( % )
A>j k>j
CP cor:gervmg CPonating

Am,%j =M —m “mass squared difference”

F(L,E)=L/E “spectral dependence”

 For antineutrinos: U = U*

DESY Page 19



Two flavor limit: N=2, S=0

* Only two parameters:

Lower limit for neutrino mass!

cosf sind

U = . 2 _ .2 2
—sinf cosb AmZI_ Mo — g

1 L
* From the master formula:

Disappearance or survival probability
0.8}

. . Am?L

P.,,=1—sin’20 sin®* [ ——=
4E 06|
Appearance probability 04|
o [ Am?L 02|

P53 = sin® 26 si
3 = sin sin W5

/ o

0 4 1/Am? 6 1/Am? 8 1/Am?
x=L/E
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Three flavors: Mixings

» Use same parameterization as for CKM matrix

Potential CP violation ~ 645

1 O 0 ) ci3 O ci12 s12 O
523 0 1

O —S12 C12 O

0 —so3 623) 0 c13 O O 1

(Sij = sin Oij Cj = COS Gij)

Pontecorvo-Maki-Nakagawa-Sakata matrix

* Neutrinos = Anti-neutrinos: U = U* (neutrino oscillations)

 If neutrinos are their own anti-particles (Majorana neutrinos):
U = U diag(1,e'*,e®) - do enter Ovpp, but not neutrino oscillations
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Three flavors: Neutrino masses. Ordering vs. hierarchy

« The (atmospheric) mass ordering is unknown —
. 2 2
(normal or inverted) " = "
. V]J
. . — V‘r,
« The absolute neutrino mass scale is unknown (< eV). 2 2

solar~7x1075eV? 2

Often parameterized by lightest neutrino mass: m; or ms

atmospheric

~3x1073eV? N
atmospheric
* In theory: three cases m? L ~3x10%eV?

solar~7x105eV?2

* Normal hierarchy: m; < (Am»42)%-5 (ordering: normal)

?

* Inverted hierarchy: m; << |Am3;2|%-° (ordering: inverted) 0 0
* (Quasi-)Degenerate: m; ~ m, ~ mz >> |Ams;2|05 Normal Inverted
ordering: normal or inverted 2 2 2

« Lower bound on neutrino neutrino masses from Ams42 ~ 0.0024 eV?2;
Normal hierarchy: mz ~ 0.05 eV
Inverted hierarchy: m4, my, ~ 0.1 eV

DESY Page 22



Current knowledge of neutrino
oscillations



Three flavors: Simplified

« What we know (qualitatively):
» Hierarchy of mass splittings Am%l <K ‘Am%l‘ ~ |Am§2|

« Two mixing angles large,

one (843) small ~ 0? C19 S192 0
013—0 __
Upuns = | —S12C23  Cra a3 So3
512 523  —C12 S23 (23

* From the “master formula®“, we have
.2 -2
P.g = 0op — 4 (Jé)‘lﬁ + J:?Qﬁ) sin® Ag; — 4 ngﬁ sin” Aoq

J;:f = ;kUﬁkUOéjUgj /\Z] — /\mfj L/(4E>

DESY Page 24



Two flavor limits
P.sg = 0up —4 (J:?lﬁ — J%ﬁ) sin® Agq — 4 Jiﬁ sin? Aoy
A = Am?j L/(4F)

Two flavor limits by selection of frequency:
« Atmospheric frequency: Az ~ /2 = Ay << 1

Pag = 0oy — (Jgf n Jg“f) sin? Ay — 4

« Solar frequency: Ay ~ /2 = Azqg >> 1

P.s = 0ap — 4 (Jz?lﬁ + J:?Qﬁ) sin® Agy| — 4 .J5

averages

\out/
Select sensitive term

by choice of L/E! 0.5

DESY Page 25



Atmospheric neutrinos

Super-Kamiokande

g S e s o / Cosmic-ray
TSA L B fhower
+/éan° e
n//lf !
i
~30 kilometers W, //////// ¥
Tt —ut+ Vu
|—>e"‘ +V, + \7LL
T — u_+\7u
o] Loos VetV
detector
o3 o8\ . 9 A C12 12 0
From Paﬁ — 5&,5 - 4 (ng —I_ J32 ) S111 Agl UPll\;I)ﬁS = —S519 €23 C12 €23 S93
and 0,3 small, we have: P, ~ 1, P, ~ P .o ~ 0 and 12523 2523 O3
o o___ of
m —_ — * . *
P, ~1—sin“(2023) sin” A3, TP = U UsiUai U,

= Two flavor limit with particular parameters 0,3, Am§1
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Man-made neutrino sources

There are three possibilities to artificially produce neutrinos

DESY

Beta decay:

» Example: Nuclear reactors

Pion decay:

> From accelerators:

Protons

n%p—l—e_—l—

Muon decay:

» Muons produced by pion decays!

p |+ —

Muons

:I: Pions neutrinos Neutrinos
[

Target Selection, Decay Absorber

14

focusing tunnel

- GG
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Reactor neutrinos

DESY

In the presence of 043 and solar effects:

atmospheric
1 I N K. Heeger
- N
0.9 | ! i \
| |
0.8 1 TR . \ Y
07 b Ame=Am o\
i 1 .
o6 F..DoubleChpoz | N oo
: Chooz [~
0.5 [ IRENO!. e _ <Zt
- detector 1 detector 2 =
04 [.. =
- I o =
03¢ L , M ,
0.1 1 10 100
Baseline (km)

s~ 1 — sin2(26’13) sin? As; — cos? 013 Sin2(2912) sin? Aoq

solar

New idea:

|dentical detectors, L ~ 1-2 km
to control systematics

(Minakata, Sugiyama, Yasuda, Inoue, Suekane, 2003;

Huber, Lindner, Schwetz, Winter, 2003)
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DESY

Observation of Mixing Angle 6,5

in the Daya Bay Reactor Antineutrino Experiment

13

Kirk T McDonald
Princeton U
(April 24, 2012)
on behalf of the Daya Bay Collaboration

P

We observe that 7; 11
sin26,; = 0.092 + 0.016 (stat.) + 0.005 (syst.) 2

after 55 days of operation with 6 detectors Z-f oy

at 3 sites close to 3 pairs of ~ 3 GW reactors.

0 0.05 ,0.1 0.15
s’ ’H

EH1® EH2 }
EH3 ﬁ' —_—

(also: T2K, Double Chooz,
llll lll lllllllllllllllll l Ill

Aay RENO) 0.2 04 0.6 1.4 16 18 2
u 4/24/2012 KT McDonald ~ Seminar at Oxford U '“ reighted Baseline [km] 1

—

o_llllllllllllllllllllllllll

F.P. Ahn et al.
Phys. Rev. Lett. 108, 171803 (2012).

0.95

o
©
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Reactor neutrinos: Solar frequency

DESY.

= 500

=]

= 450

22400

o

2 350
300
250
200
150
100
50

OO

Effective baseline ~180km

300 400 500 600 700 800 900 1000
Distance [km]

(=S Kam.AND
Detection
by inverse
beta decay
Ve

Two flavor (small 6,3) limit with a
different set of parameters: 0,,, Am3,
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Spin-off: Neutrino geochemistry

Neutrinos from 238U and 232Th decays are above the inverse beta decay detection

thresholds of experiments such as KamLAND or Borexino
(figure from Borexino, Phys.
Rev. D92 (2015) 031101; see

—— gatat y also Nature 436 (2005) 495)
----- eactor neutrino

----- Best-fit U+Th with fixed chondritic ratio

22
20

T e TS e ashd sy 490

18
16
14

OBS
1 |

5 hidel

W

GLOBAL CLIMA
Vital CO, flux fro
Amazon vegetation

BREAST CANCER

I U fit with free chondritic ratio
Th fit with free chondritic ratio
2 g :

Events / 233 p.e. / 907 ton x year

IIIlIII III|II||III|III|III|III|III|III||II|II

EARTHLY
POWERS

Geoneutrinos reveal Earth's inner secrets

LlLlJIILLJJ ILLIII

500 1000 1500 2000 2500 3000 3500
Prompt Event Energy [p.e.]

So far, consistent with expectations; higher precision needed for conclusions about
chondritic model and age of the earth
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Neutrino beams

Examples:
NuMI beam (MINOS, NOvA), CNGS beam (OPERA, ICARUS), J-PARC beam (T2K),

DESY Page 32



Neutrino beam experiment: Example MINOS

Experiment in the US for the precision measurement
of atmospheric parameters

PNN ~ 1 — Siﬂ2(2623) SiIl2 Agl

|

Beam line (Protons)

Near detector: 980 t Far detector: 5400 t

Fermikab 110 km Soudan

~ B _ 735 km -~ \
T — U _I_VM 12 km
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Three flavors: Summary

Three flavors: 6 params (3 angles, one phase; 2 x Am?2)

Atmospheric
oscillations:
Amplitude: 0,;
Frequency: Am,,”

Coupling: 6,

Solar
oscillations:
Amplitude: 0,,
Frequency: Am,,’

(Super-K, 1998;
Chooz, 1999;
SNO 2001+2002;
KamLAND 2002;
Daya Bay, RENO
2012; MINOS,
T2K, NOvA ...)

« Describes solar and atmospheric neutrino anomalies, as well as reactor antineutrino disappearance!

DESY
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Precision of parameters? Combined fit.

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bfp 1o 30 range bfp 1o 30 range
sin? @12 0.30410-015 0.269 — 0.343 0.30410-015 0.269 — 0.343
012/° 33.441073 31.27 — 35.86 33.4517073 31.27 — 35.87
sin? fa3 0.57070:053 0.407 — 0.618 0.57570-047 0.411 — 0.621
623 /° 49.0771 39.6 — 51.8 49.3719 39.9 — 52.0
sin? 013 0.0222119:90068 () 02034 — 0.02430 | 0.0224073-99952 (02053 — 0.02436
613/° 8.57+0-13 8.20 — 8.97 8.611012 8.24 — 8.98
dcp/° 195158 107 — 403 286727 192 — 360
Am%l +0.21 +0.21
055 o2 7.4270-21 6.82 — 8.04 7.421021 6.82 — 8.04
Am%e +0.028 +0.028
10-3 oV2 +2.5147 5 057 +2.431 — 42.598 —2.4977 5 028 —2.583 — —2.412

Openl/interesting issues:
- Degeneracies (mass ordering, octant?)
- CP phase, CP violation
- Short-baseline anomalies (not covered)

Gonzalez-Garcia, Maltoni, Salvado, Schwetz, JHEP 1212 (2012) 123.
Check for updates at http: //www.nu-£fit.org

DESY.

NUFIT 5.0 (2020)

L 22% |
—  £2% |
1% |
-
-»-
= [ +1% |
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The future: DUNE, T2HK/T2KK

Sanford Underground
Research Facility

......

Fermilab

<+

- -

,
H.K _j%?l(

-

el
Phys.Rev.D72:033003,2005 J

Phvs.Lett.B637:266-273,2006
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Neutrino mass:
Evidence for physics BSM?



Origin of neutrino mass: physics beyond the SM?

3 Generations of Fermions

273 2/3
C ~1350 t 175000

* Neutrinos in the Standard Model are massless,
but: the charged leptons have masses

e« So what?

Introduce right-handed neutrino field ve,
Yukawa interaction ~ Y | H v¢
forget about fine-tuning (Y)

Masses are in MeV

Problem fixed!!!!1?

DESY. | DESY summer students | Walter Winter
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But:
“Naturalness
arguments are
aesthetic
arguments’,

Caveat: Neutrinos are electrically neutral ...

* Reminder from “model building 101”, rule 1:
If I introduce new fields, I have to write down all possible interactions
allowed by the gauge symmetries given the (new) field content

| can write a Majorana mass term ~ Mg v¢ v¢ with the new field v¢
because the neutrino is electrically neutral

} F Sabine
‘ h Hossenfelder

» Violates lepton number by two units

* Problem solution (1): get rid off this Majorana mass term _
* Reminder from “model building 101”, rule 2:

If I want to forbid some interactions, I introduce (invent?) a (new) symmetry and charge the fields under it

« Here we have such a symmetry already: lepton number is accidentally conserved in the Standard Model
* Promote lepton number from an accidental to a fundamental symmetry?

» Physics BSM (kind of), but no leptogenesis

DESY. | DESY summer students | Walter Winter Page 39



What if there is a Majorana mass term?

* Problem solution (2): Accept that there is such a mass term
« Lepton number violation, clearly physics beyond the Standard Model
« Lagrangian for fermion masses after EWSB

Lmass — —(Mg)ijGiEi; — (MD)z’sz'V;': — %(MR)@'J'VZ-CV; -+ h.C.

v
ot (s ) (2)

Maj —
- Mg = _MDMRlMg

» Fixes two other problems: smallness of neutrino mass and leptogenesis

2
_m7, « [Other SM particies) N
My = 3. —

DESY. | DESY summer students | Walter Winter Page 40




Generation of fermion mixings: Standard theory

Emass _

DESY. | DESY summer students | Walter Winter

(Mg)z-jez-e;? — (MD)ijViV(': — %(MR)UV;:I/C + h.c.

Scenario “v-complex”
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Origin of MH and CP violation? Leptogenesis?

' Seneroveimple” /-

,Cmass — —(Mg)ijez-e; — (MD)ijViVJ(; CP violation

. di
M, = UMM (Ut M, = U, Mg#s(U))!
Upmns = U J U,

» Scenario “v-compact” (aka type-| seesaw)

Lmass — _(Mf)ijeie (MD)ZJV’L JC — %(MR)ZJV Vc + h.c.

.. works even if heavy neutrinos at GeV scale,
and together with a keV dark matter candidate
Canetti, Drewes, Shaposhnikov, 2012

« Scenario “v-complex”
Origin of MH and CP violation depends on
specific scenario; no universal discussion
of leptogenesis possible

DESY



Recap: A simple and self-consistent scenario: “v-compact”

] tri d b
« Why are the neutrinos more e : v .. -
. . L u (64
than 250.000 times lighter than —_— & TRk
the electron? SOV e ool NS

« Seesaw mechanism: Neutrino mass suppressed by heavy partner, which only
exists in the early universe?

Decay of (thermally produced) Mg origin
of matter-antimatter-asymmetry?
Thermal leptogenesis

« Often quoted experimental evidence:
« CP violation? Test in neutrino oscillations

* Requires Majorana nature of neutrino!
Test in neutrinoless double beta
decay (0Ovfpp)

DESY. | DESY summer students | Walter Winter Page 43



Do we really test thermal leptogenesis with 6.p7?

» The pessimistic perspective: There is no general connection

1 dia : R: arbitrary, RTR=1
. g dlag T . arbitrary,

Casas, Ibarra, 2001
Leptogenesis = _ X Measurable

* The minimalistic perspective:
One can find parameters for which the
CP violation from dcp is sufficient to 125}
generate the baryon asymmetry 101
Pascoli, Petcov, Riotto, 2007 + newer papers 75

15}

(Y/1Q'")

» The self-consistent perspective:
However, there is so far no (?) convincing

model to imply that 25}

« The agnostic perspective: 0o 1 2 3 4 35 ¢
Why care, we would probably anyways not be able to test that... 0
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A different perspective: Effective field theory

BSM physics described by effective (gauge-invariant) operators in the low-E limit (gauge invariant) in the
presence of heavy fields (>> EWSB):

1 1 A: Scale
L = ESM+K‘C5+F’CG+"' { of new physics
Ls = LLHH Neutrino
— T TT mass

Lo = LLLL (LNV) Lepton
L7 = (LLHH) (HTH) Ovpp decay! flavor

— violation
Ls = (LLLL)(H'H) (LFV)

There is only one d=5 operator, the so-called Weinberg operator.
Leads to light effective Majorana masses after EWSB.

Neutrino mass is the lowest order perturbation of physics BSM!

But these are no fundamental theories (so-called “non-renormalizable operators®).
Idea: Investigate fundamental theories systematically!
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Tree-level decompositions of the Weinberg operator

« Fundamental theories at tree level:

b
N
v e Yy o~H, L~
¢ Type | Seesaw
* Neutrino mass ~ Y2 v2/A (type |, lll see-saw)

« ForY=0(1),v ~100 GeV: A ~ GUT scale
e ForA~TeVscale:Y << 109

« Additional suppression e.g. from loop-generated neutrino masses.
For a complete list of one-loop neutrino mass models, see e.g.
Bonnet, Hirsch, Ota, Winter, 2012 + a lot of follow-up papers ...
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Summary and conclusions

Neutrino physics is a very wide field + interdisciplinary
Neutrino oscillations have been recently established
Next goals: establish

* OvpBp decay

» Leptonic CP violation

« Mass ordering

Neutrinos may reveal the remaining mysteries of
particle physics, such physics beyond the SM

There are potential spin-off applications, such as
nuclear monitoring, Earth tomography, geochemistry, ...

Literature: IUPAP neutrino panel report
Prog. Part. Nucl. Phys. 124 (2022) 103947, arXiv:2111.07586
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