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email from NOW2024 organizers

, 1he concluding talk is not meant to summarize the NOW 2024 contributions,
although you may refer to some of the workshop talks if you wish. The talk is
mainly expected to convey your personal "vision" for the short-term and

especially long-term prospects in neutrino physics and, more generally, in
astroparticle physics."
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best fit value for the atmospheric angle o3 lies in the second octant, but first octant solu-
tions remain allowed at ~ 2.40. Regarding CP violation measurements, the preferred value
of 0 we obtain is 1.087 (1.587) for normal (inverted) neutrino mass ordering. The global
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Huge progress in neutrino oscillations
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The neutrino portal is open
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The neutrino portal Is open...

...but
® \What do neutrino teach us?
® we cannot yet
see Inside ® \What is the mechanism behind neutrino mass?

® Can we go beyond
(LH)(LH)
& e DIEREE,
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The neutrino portal Is open...

..but

® we cannot yet
see inside ® \Vhat is the mechanism behind neutrino mass?

® \What do neutrino teach us?

® Can we go beyond
(LH)(LH)
% = HELEh

https://www.azquotes.com/quote/905195 /\

"t

&= Measure what can be measured,
©  and make measureable what
4 cannot be measured.

L |~ Galileo Galilei




Comments on global fit to current data

thanks to my NuFit collaborators:

lvan Esteban

Concha Gonzalez-Garcia,
Michele Maltonl

lvan Martinez-Soler

Joao Pinheiro
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post NEUTRINO24 NuFIT global analysis (preliminary!)

NO, I0 (IC19 w/o SK-atm)
===== NO, IO (IC24 with SK-atm)

NUFIT 6.0 (Prelim)
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Show case: mass ordering

the power (and the pitfalls) of global analyses

® different tendencies in global fit
e T2K & NOVA combination prefer inverted ordering
e Reactor vs accelerator disappearance prefer normal ordering
e SuperK and 1C24 atmospheric prefer normal ordering

® final result in global fit is sensitive to changes in the data

Th. Schwetz - NOW, 7 Sept 2024




T2K and NOvVA better consistency for IO

A. Palazzo
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Consistent combined analyses

NO NuFIT 6.0 (Prelim)
.......... E——
o
® 'naive” LBL+reactor combination — Lblcomb -
(6,5 prior): —
was ~ — 1.5 pre-NEUTRINO24 :
F
® consistent LBL+reactor N ZlH”olA -
combination including full R LBLcomb -
parameter dependence:
—
T e R T )

Ocp 0
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better agreement of | Am321 | for NO
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Show case: mass ordering

® different tendencies in global fit

o T2K & NOVA combination: inverted ordering

e React. vs accelerator disapp.: normal ordering

e SK and IC24 atmospheric: normal ordering

® overall preference for normal ordering with
A)(IZO—NO ~ 6 (preliminary)

NuFit 5.3 (2024 pre-NU24): 9.1
NuFit 5.2 (2022): 6.4

NuFit 5.0 (2020): 7.1

Valencia (Tortola@NU24): 7.1
Bari (Capozzi et al 2021): 6.5

17 Th. Schwetz - NOW, 7 Sept 2024

NO, I0 (IC19 w/o SK-atm)
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Should you trust global fits by phenomenologists?

Collaborations start performing

(partial) combined analyses, e.q.:

® T2K + NOVA
® T2K + SK-atmospheric
® NOVA + DayaBay

D. Barrow, L. Kolupaeva

18

joint NOvVA T2K analysis (2020 data) became available in 2024
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ELSEVIER Nuclear Physics B 643 (2002) 321-338

NUCLEAR
F'HYSIE:S

www.elsevier.com/locate/npe

Ruling out four-neutrino oscillation interpretations
of the LSND anomaly?

M. Maltoni?, T. Schwetz®, M.A. Tortola?, JW.F. Valle ?

4 Instituto de Fisica Corpuscular — C.S.1.C./Universitat de Valéncia Edificio Institutos de Paterna, Apt 22085,
E-46071 Valencia, Spain

b Institut fiir Theoretische Physik, Universitdit Wien Boltzmanngasse 5, A-1090 Wien, Austria

Received 22 July 2002; accepted 14 August 2002

Abstract

Prompted by recent solar and atmospheric data, we re-analyze the four-neutrino oscillation
description of current neutrino data, including the LSND evidence for oscillations. The higher
degree of rejection for non-active solar and atmospheric oscillation solutions implied by the SNO
neutral current result as well as by the latest 1489-day Super-K atmospheric neutrino data allows
us to rule out (2 4+ 2) oscillation schemes proposed to reconcile LSND with the rest of current
neutrino oscillation data. Using an improved goodness of fit (g.0.f.) method especially sensitive to
the combination of data sets we obtain a g.o.f. of only 1.6 x 106 for (2 + 2) schemes. Further, we
re-evaluate the status of (3 + 1) oscillations using two different analyses of the LSND data sample.
We find that also (3 + 1) schemes are strongly disfavoured by the data. Depending on the LSND
analysis we obtain a g.0.f. of 5.6 x 1073 or 7.6 x 107> This leads to the conclusion that all four-
neutrino descriptions of the LSND anomaly, both in (2 4 2) as well as (3 4 1) realizations, are highly
disfavoured. Our analysis brings the LSND hint to a more puzzling status.
© 2002 Elsevier Science B.V. All rights reserved.
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a doubtful case” [Vissani|: eV sterile neutrino oscillations

® global analyses disfavoured eV sterile neutrino oscillations already
20 years ago

® after 20 years of joined theory & pheno & experiment effort:

e reactor anomaly: came and went away
e LSND/MiniB: (largely) unsolved

e Gallium anomaly at 5o: unsolved
¢ strong tension with cosmology

® was it a waisted effort or did we learn something?

® similar theory arguments which disfavour” eV sterile neutrinos
~disfavoured” also large lepton mixing angles

20 Th. Schwetz - NOW, 7 Sept 2024
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Comments on near-term future

® the JUNO era

® neutrino mass from cosmology
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The upcoming JUNO precision revolution

A. Serafini, V. Cerrone

Relative Precision [%]

[
9
-

Subpercent precision on oscillation parameters

Huge leap in precision for mass splittings and 64,

- synergies in the neutrino field!
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sin® 043 3.2% 2.6% 12%
sin” 0, 4.2% 3.9% 0.5%
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The upcoming JUNO precision revolution

A. Serafini, V. Cerrone

Relative Precision [%]

Subpercent precision on oscillation parameters

Huge leap in precision for mass splittings and 64,

- synergies in the neutrino field!
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Combined analyses in the JUNO era

® mass ordering from combination of reactor and atmospheric neutrinos (and accelerators)

Blennow, Schwetz,1306.3988 JUNO & KM3NET/ORCA JUNO & IceCube
50 N [2108.06293] talk by P. Migliozzi [1911.06745] talk by A. Terliuk
_ /
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Neutrino mass from cosmology | attanzi, Pamuk

eCMB + BAO observations reach the critical
sensitivity to observe neutrino masses as
predicted by oscillations NOW! |

Sm, < 0.12aV (95 % CL)
Planckd#-BAO 2018

N [ No DESI+CMB 2024 m, < 0.072¢V

epotential to discover neutrino mass soon S

eshowcase for T Planck+EUCLID / DESI |
othe power of global analyses to break O S— CMB-SA+EUCLID ____ |
parameter degeneracies N
einterplay of cosmology and particle e e
physics

24 Th. Schwetz - NOW, 7 Sept 2024




Neutrino mass from cosmology

ecurrent results: preference for Z m, =0

oscillations for both orderings 1.0

oif this trend continues it could imply 0.8 -

enonstandard cosmology [Lattanzi]

eexotic neutrino properties
[talk by M. Sen, Escudero, TS, Terol-Calvo, 23]

edirect neutrino mass determinations are

crucial to have independent information =

guest to go beyond KATRIN!
[talks by Schldsser, Ferri, Salomon]

25 Th. Schwetz - NOW, 7 Sept 2024

. COSMO current
= tension between cosmology and — DESI+CMB 2024

Lattanzi, Pamuk
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Comments on long-term future: LNV and CPV

® \What do neutrino teach us?
® \What is the mechanism behind neutrino mass?

® Can we go beyond

https://www.azquotes.com/quote/905195 /\

"t

AR Measure what can be measured,
e £ | and make measureable what
4 cannot be measured.

L |~ Galileo Galilei




Comments on long-term future: LNV

® \What do neutrino teach us?
® \What is the mechanism behind neutrino mass?

® Can we go beyond
Il (LH)(LH) I

105 W

the most specific prediction of the Weinberg operator is lepton number violation

27



unique role of neutrinoless double-beta decay

talks by F. Vissani, Z-z. Xing, F. Bellini, J. Holt, V. Cirigliano, V. Biancacci, S. Quitadamo

Establishing lepton number violation with AL = 2 will
be a huge step forward towards the neutrino portal

If neutrinoless double-beta decay is observed it is not
possible to find a symmetry which enforces /,, = 0

Schechter, Valle, PRD82; Takasugi, PLB84

for a curious loophole see
Graf, Jana, Scholer, Volmer, 2312.15016

28

The condition in eq. (24) leads to n,n§n, = n, which
is inconsistent with eq. (25). This means that if the
Majorana mass is forbidden, (88), decay does not
take place. Conversely if the ($8),, decay takes place,
there is no protection of the Majorana mass by the
symmetry and it is natural to expect that the Majorana
mass isinduced in some order of perturbation, because
the cancellation in all orders is not expected acciden-
tally. The model in the text is a special case of this ar-
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unique role of neutrinoless double-beta decay

talks by F. Vissani, Z-z. Xing, F. Bellini, J. Holt, V. Cirigliano, V. Biancacci, S. Quitadamo

Establishing lepton number violation with AL = 2 will
be a huge step forward towards the neutrino portal

If neutrinoless double-beta decay is observed it is not

possible to find a symmetry which enforces /,, = 0
Schechter, Valle, PRD82; Takasugi, PLB84

The importance of this measurement for our understanding of the
symmetries of the Standard Model cannot be over-emphasized.
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unique role of neutrinoless double-beta decay

talks by F. Vissani, Z-z. Xing, F. Bellini, J. Holt, V. Cirigliano, V. Biancacci, S. Quitadamo

Establishing lepton number violation with AL = 2 will
be a huge step forward towards the neutrino portal

® covering inverted ordering region is challenging
® remarkable progress in experiments and NME theory

® global analyses of results from different isotopes will be important to
e check for consistency, improve sensitivity

e provide additional information on NME calculations
[talk by J. Holt; Pompa, TS, Zhu, 23; Lisi, Marrone, 22}
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Comments on long-term future: CPV

search for CP violation is the major goal of next
generation of LBL experiments DUNE and T2HK

talks by F. Di Capua, J. Wilson
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Comment on the search for CP (and T) violation

The ,,standard approach“ is highly model dependent:

no model-independent CPV observable — assume:

® minimal three-flavour (unitary) scenario
® standard neutrino interactions

perform a parametric fit of combined accelerator/reactor data

e determine allowed range for O¢p

e CPV & excluding values of 0 and 7z for o-p

Th. Schwetz - NOW, 7 Sept 2024
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Comment on the search for CP (and T) violation

The ,,standard approach® is highly model dependent:

no model-independent CPV observable — assume:

® minimal three-flavour (unitary) scenario
® standard neutrino interactions

perform a parametric fit of combined accelerator/reactor data

e determine allowed range for O¢p

e CPV & excluding values of 0 and 7z for o-p

Can we find a model-independent” observable to
test CP (or T) violation in oscillation experiments?

Th. Schwetz - NOW, 7 Sept 2024




A proposal of a T-violating observable

A. Segarra, TS, Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099]
A. Segarra, TS, Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801]
S. Chatterjee, S. Patra, TS, K. Sharma, arXiv:2408.06419

Impractical experimentally
/ (need a u-based neutrino factory)

33 Th. Schwetz - NOW, 7 Sept 2024




A proposal of a T-violating observable

A. Segarra, TS, Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099]
A. Segarra, TS, Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801]
S. Chatterjee, S. Patra, TS, K. Sharma, arXiv:2408.06419

Impractical experimentally
/ (need a u-based neutrino factory)

T[Pya—n/ﬁ(l’)] — Pyﬂ—n/a(L) — Pyaayﬁ(_L)

use that
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A proposal of a T-violating observable

A. Segarra, TS, Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099]
A. Segarra, TS, Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801]
S. Chatterjee, S. Patra, TS, K. Sharma, arXiv:2408.06419

Impractical experimentally
/ (need a u-based neutrino factory)

T[Pyaeyﬁ(l’)] — Pyﬂ—n/a(L) — Pya—n/ﬁ(_L)

/

® measure oscillation probabilities at several distances but at the same energy

use that

® search for a T-odd (L-odd) component of the oscillation probability

33 Th. Schwetz - NOW, 7 Sept 2024
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Model-independent test of T violation

Segarra, 1S, 22

® general parameterisation of the transition probabillities:

[7%e’

3

2

1=1

o —iN; L

c; €

T-even
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Peven

¢ Example: —— - I:;T;r term
3-flavour vacuum 0.10 - —— Protal
probabillity for '
5CP — 72«./2 0_05 _

E, =0.75GeV

Pvu—we
/
/
/
f
/
\
\
\
\
\
\
\
\

~~~
~~

OOO 4 - et el R, 5y T ey s

—0.05 -

—-2000 -1500 -1000 =500 0 500 1000 1500 2000
baseline [km]
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Peven
® Example: Podc
- == solar term
3-flavour vacuum 0.10- —— Protal
probabillity for
5CP — 72«./2 0_05 _
E,=075GeV 1 | -\ /\
0.00 - -----------------------:j-t-t ------- - e o - :_:_’_ _______________________
® How many data
points do we need to
establish that a —0.05 -
T-odd component is
present? _2000 -1500 —1000 —500 O 500 1000 1500 2000

baseline [km]
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Need just two experiments! Chatterjee, Patra, TS, Sharma, 2408.06419

® consider
XT =P even(LZ) — P even(Ll) o 5()P eLV:er?

2 2
— C2 52 + C3 53 —+ C2C3523

where 0, are known functions of (Amg ol o/ E,

=> X, >0 if 5,,6,>0 and & < 46,65

Th. Schwetz - NOW, 7 Sept 2024
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Chatterjee, Patra, TS, Sharma, 2408.06419

® where are the conditions
52, 53 > () and
satisfied? (both)

® sweet spot for T2HK and DUNE
for £, ~ (.86 GeV

0.6 1.0 1.5 2.0

= If we can establish experimentally that Pﬂe(DUNE) < Pﬂe(TZHK) at
E, ~ 0.86 and P, (L = 0) is sufficiently small then T has to be violated.

Th. Schwetz - NOW, 7 Sept 2024
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Can it work in real life?

NO,[0.68-0.80]+[0.80-0.92]+[0.92-1.04] GeV

—— T2HK (607.75 KLMW.yr) 30 prreer—rreereeereeep—— 12
S —— DUNE (168 kt.MW.yr) 20} :
o 400} —— 5«DUNE (840 ktMw.yr) 20} 10+
O ' Dashed: wrong sign signal 19} - i
g ' Scp=90 10§ \/
P " ]
S 300¢ ToHK g _,_'___,T_'TT":_:lz_:‘:—:'T _ N&
CD 3
E | 608 kt MW VI 2040608101.214
3, . -
o 840 kt MW yr
Q. . @\
< ool ><
S 100.' 4
ok 0
1 2 3 4 5 200 400 600 300 1000 1200 1400 1600
Reconstructed Energy [GeV] DUNE exposure (kt. MW.yr)

need to collect enough statistics in DUNE at £, ~ .86 GeV,
and achieve good energy resolution

Th. Schwetz - NOW, 7 Sept 2024
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The neutrino portal is open
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The neutrino portal Is open...

Let’s enter the portal to find out
what’s behind it, and what
neutrinos ultimately will teach us!

40 Th. Schwetz - NOW, 7 Sept 2024
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| NEUTRINO O0SCILATION WORKSHOP
® Congratulations to the Bari group for 30
years of influential work on global analyses
® Thanks to the organizers for another
fantastic edition of the NOW series! ,
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lceCube/DeepCore
impact on MO global fit

1C24: 9.3 yr data [2405.02163]

Ay table provided by collaboration

IC19: 3 yr data [1902.07771]
our analysis

solid: IC19, dashed: 1C24

NUFIT 6.0 (Prelim)
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Segarra, TS, 22

Assumptions for T violation search

e assume evolution equation id, |y) = H(E ) |y) (H = H', unitary evolution)

® position independent Hamiltonian (approx. constant matter density)
— matter effect does not introduce environmental T violation

® allow for arbitrary (non-standard) matter effect

® allow for arbitrary (non-unitary) mixing between flavour and energy eigenstates
(different for production and detection): |v,) = Z Npmd 9| 1)

l

e®only 2 independent frequencies are present, deviation from
standard 3-flavour is ,small®: (Amzzl)eff, (Am%l)eff close to SM
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