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Outline

4 Current status of the standard three-neutrino framework

= based on de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]

= updated with the results presented in Neutrino 2020 Conference

= figures and x2 tables publicly available at the website:

https://globalfit.astroparticles.es/

https://doi.org/10.5281/zenodo0.4593330

See also: Esteban et al. (NuFIT), Lisi et al.

= preliminary update using Super-K atmospheric x2 tables

4+ Future prospects in neutrino oscillations:

= near future & next generation neutrino oscillation experiments

4+ Beyond the standard three-neutrino scenario:

= can BSM physics improve oscillation fits?
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The three-flavour v picture

|neutrino mixingy|
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Three-neutrino mixing

4+ Currently, we have evidence for neutrino oscillations in atmospheric,
solar, reactor and accelerator experiments

4+ Each type of experiment is sensitive to different mixing parameters:

1 0 0 COS 913 0 sin 0136_7:5 COS 912 sin 912 0
Usx3=1 0 cos sin 0 1 0 —sinfys costi, 0
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de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]

Experimental data
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Neutrino oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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The solar sector

Solar experiments have measured neutrino disappearance for ~ 50 years
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The solar sector

10 4+ 012 measurement is dominated by solar
' | neutrino data
. 4+ Am?;; 1s better measured by KamLAND.
N
%) |
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| |
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NN e e e T oaaye O Cwm00zIS000I
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<l = 15|
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- Contours show 1, 2, .. 5 o confidence intervalsi .
de Salas et al, JHEP 02 (2021) 071 0.1 0.2 0.3 0.4 sz(%)5
[arXiv:2006.11237]

Y. Nakajima, Neutrino-2020
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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The reactor sector

Well understood, 1sotropic source

New generation of SBL of electron anti-neutrinos
reactor experiments L/ o E<3McV)

4+ more powerful reactors 10 \N 5
sin’20
4+ larger detector volume : Y

)
g Unoscillated flux
4 2-8 detectors at 100 m -1 km £

Oscillations observed
as a deficit of v

observed here

Survival Probability
P =1 - sin’20,; sin*(1.27 Am? L/E)
L,
Distance ~1000 meters

Double Chooz

6 cores + 4 ND + 4FD 2 cores + 1ND + 1 FD 6 cores + 1 ND + 1 FD
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The reactor sector

de Salas et al, JHEP 02 (2021) 071[arXiv:2006.11237]

|Am2,| [10-3 eV?]
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4+ Daya Bay: 1958-day data: sin2206;3 = 0.0856 = 0.0029 (3.4%)

+ RENO: 2900-day data: sin22015 = 0.0892 + 0.0063 (7%)

Precision dominated by Daya Bay
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The atmospheric sector

Atmospheric experiments Accelerator long-baseline experiments

Super-Kamiokande MINOS
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86 strings, 60 sensors each

5,160 optical sensors

/

1,450 meters —— DeepCore

6 strings optimized

io/r low energies o o o

rrel Toner —> consistent with atmospheric data
WA 324 meters

2,450 meters 1
2,820 meters

—> atm v oscillations confirmed by lab exps
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|Am2,| [1073 eV?]
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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The octant of 025

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]

. LBL . LBL
0-04__ LBL+ATM | | LBL+ATM |
| LBL4+REAC | LBL+REAC
" . Global . Global
(5‘5'0 03+ i u |
-
‘0
0.02r . - .
90, 99% C.L. NO _ _ 1O
03 04 05 06 0703 04 05 06 0.7
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4+ The combination of LBL experiments prefers 023 < 45° for both orderings

4+ The combination with atmospheric data shifts the preferred 0,3 to the second octant

4+ The combination with SBL reactors also breaks the degeneracy in favor of 2nd octant
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The octant of 025

de Salas et al, JHEP 02 (2021) 071
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Y. Nakajima, Neutrino 2020
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The octant of 025

de Salas et al, JHEP 02 (2021) 071 de Salas et al, preliminary
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— degenerate solutions in NO
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Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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The CP phase

@MariamTortola (IFIC-CSIC/UValencia)

H.Tanaka, TAUP 2019
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The CP phase

Super-Kamiokande (atm)

Strong tension between T2K
20— and NOvVA results for NO
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4 85r = 1.5 (1.2m) for NO (10) K

oL
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A. Himmel, Neutrino 2020

SK Collab. PRD97 (2018)
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The CP phase

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]

30— 71— — -
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4+ NO: there is a tension between NOvA and T2K and SK atmospheric results
&sr = 1.08m ; 6= m/2 (0) disfavored at 4.00 (3.00); 6= 31n/2 with Ay2=4.9

4+ I0O: all experiments prefer & = 31/2
O6sr = 1.88m; 6= m/2 (1) disfavored at 6.20 (3.80);
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The CP phase

Super-Kamiokande (atm) 2018
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6CP

SK Collab. PRD97 (2018)

Super-Kamiokande (atm) 2020

20

15 | — «—— Normal Hierarchy, 2020
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Y. Nakajima, Neutrino 2020
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The CP phase

de Salas et al, preliminary

30_ Lo - I X 1 — 1
- NO — NOvA \ 0
L — T2K N \

251 —— LBL ‘\\
I -== Global, old SK "

20__ —_ \\

Global, new SK _
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4+ NO: there is a larger (smaller) rejection to 6= 0 and 6= /2 (6= 31/2)
6sr = l.1m ; 6= /2 (0) disfavored at 4.20 (3.40); 6= 3n/2 with Ay2=2.0

4+ I0: all experiments prefer 6 =~ 3nt/2 (similar results)
Opr = 1.54m ; 6= /2 (1) disfavored at 6.40 (3.90)

@MariamTortola (IFIC-CSIC/UValencia) 25 PANIC 2021, 05/09/2021



Global fit to v oscillation parameters

de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
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The mass ordering

4+ T2K and NOvVA separate analyses prefer
NO with Ay2~0.4

3OIIIIIIII

4+ T2K + NOVA combined prefer 10 with B
Ay2= 2.4 (tension in & for NO)

4+ LBL + REAC prefer NO with Ay?2= 1.4
(tension in Am?23; measurement in I0)

4+ Atmos. sensitivity: Super-K (Ay2= 3.5)
and DeepCore (Ay2= 1.0)

4+ Global fit: Ay2=6.4 — 2.50 preference for NO

de Salas et al, JHEP 02 (2021) 071
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Other inputs for mass ordering?

Experimental sensitivity to neutrino masses:

8r strong
4+ v-oscillations: Am?; 71 VT::E e
4+ B-decay: mgp= f(m;,6;) gll——ree |
4+ OvBp: meg = f(m;,06ij,P1) 5 ] {
cosmology: Zm; 2
+ gy S 4 | 275
Resu]_ts from the Combined bayesj_an analysis: 3 ........................................ 2.1()- ............. 2 .20_ ...................................................................
2 2.00
= weak/moderate preference for NO drivenby |
oscillation data (2.00)
o 0 —t——— '
= B-decay and Ovpp have little impact on MO. N O N I
g¢ ° SF oge
N s * * %

= cosmological data enhances the preference for
NO from 2.0o0 to 2.70

de Salas et al, JHEP 02 (2021) 071
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The mass ordering (preliminary)

4+ New Super-K atmospheric analysis (preliminary) Y. Nakajima, Neutrino-2020

4+ Preliminary Super-K analysis shows weaker preference for NO

= Ny?2=3.5 (previous SK analysis) —Ay2= 2.9

4+ Super-K results for atm parameters are in more tension with LBL for NO

3.0 - |
| Global, no SK i | Global, no SK
2.8_— SK old 7 ~ SKold 7
i SK new ! i SK new
2 6 T2K ] L T2K ]
— . NOVA i . NOVA
| N L L
= 2.4~ s - s
J :
2.2r s - S
2-02_ Ax?=1,4 NO | - Ax*=1,4 k
i ! ! ! I ! ! I ! ! ! I ! ! ] i ! ! ! I ! ! ! I ! ! ! I ! ! ! ]
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
Sin2923 sin2623
de Salas et al, preliminary
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The mass ordering (preliminary)

4+ New Super-K atmospheric analysis (preliminary) Y. Nakajima, Neutrino-2020

de Salas et al, JHEP 02 (2021) 071 de Salas et al, preliminary
30
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4+ Ay2 =6.4 — 2.50 preference for NO 4+ Ay2=3.0 — l.70 preference for NO
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Global fit to v oscillation parameters

—- SK-atm prelim

de Salas et al, preliminary
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Future prospects in
neutrino oscillations
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Prospects for precision

2.8

24

2.2+

~1% precision on Am?23;

~1-3% precision on sin2033

Abe et al, 1609.04111
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Prospects for CP violation

NOvVA| M. Sanchez, Neutrino’18 T2K| Abe etal, 1609.04111
P.Vahle, TAUP’21
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Prospects for mass ordering

ORCA| Adrian-Martinez et al, NOvA P.Vahle, TAUP’21
1601.07459
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Next generation of v experiments

DUNE

4+ 1.2 MW wide-band beam from FNAL to
e — SURF (1300km)

Research Facility Fermilab

' e B N 4+ 4x10 kt Liquid Argon TPCs
| 4+ capability to probe 2nd oscillation max

4 great sensitivity to mass ordering

4 188 kton water Cerenkov

+ T2HK: great sensitivity to &cp

Hyper-Kamiokande
A gigantic detector to confront + TZHI{I{ (]_ IOOkm) W]l]_ have

elementary particle unification theories
and the mysteries of the Universe’s evolufion

similar sensitivities as DUNE
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Next generation of v experiments

DUNE

. DUNE Sensitivity
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Beyond the standard
three-neutrino scenario
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Beyond the 3-neutrino scenario

+ Neutrino results suggest the presence of physics BSM to explain:
v light neutrino masses (mass generation mechanism)

v large neutrino mixing compared to quark sector (flavour problem)

v short-distance anomalies (LSND, reactor and Ga anomalies)

4+ Many different BSIM scenarios analyzed in the literature:
v heutrino non-standard interactions (NSI) with matter
vy exotic neutrino electromagnetic properties
v presence of light sterile neutrinos

v mixing with heavy sterile neutrinos: non-unitary neutrino mixing

= the presence of new physics may affect our current description of 3-nu
oscillations as well as the future measurements

Can they also help reducing the current tensions?
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The solar-KamLAND Am:2,; tension

10
KamLAND Combined .
_ gt _—= /\ _____ = 20 tension between preferred value of Am?2j;
> C ______ 2 from KamLAND and solar data
T
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N~ upturn and smaller D/N asymmetry
- I
< |
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4+ NSI may include new sources of CP violation besides &cp: €apg = l€apl eXp(iPap)

The T2K-NOvVA Ocp tension

4+ CP-violating NSI with a new complex phase ¢eu0r ¢er close to maximal
with NSI couplings €y Or €e10f the order of 0.2 may reconcile T2K and

NOvVA results.
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0.70 1 — ] 0.70 e e 070 T

06sfF | ™ NT(f:( A NO J 0.65 - Nlozf A NO 3 o6sf | ™ Ngf A NO ]

0.60 — gE— 0.60 = - 0.60 - -
< 055 £ <1 055 < 0.55 — -
NE 0.505— NE 0.50 N& 0.50; | -

0.45 — : 0.45F 0.452— % :

0.40 —k o j 0.40 l 0.402— —

0'350.-0 | | 0?5 o 1?0 | lfS | | 2.0 0'3?).0 B 0!5 o 1.0 — 1.5 .l.l 2.0 0%00 | | 0?5 B lf() | 115 |

Ocp/m Ocp/m Ocp/m
Chatterjee and Palazzo, PRL 2021 Denton et al, PRL 2021
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The T2K-NOvVA Ocp tension

CPT-violating analysis of T2K and NOvA (normal ordering)

10 | | | | | . .
ey 4+ the tension appears only in
— , vV — - .
— T2K, CPT conserving the v channel, with less
- = NOVA, v ] e 0 e
o NOWA TV sensitivity
- = NOVA, CPT conserving | - .
| <4 all values of 6 and 6 remain
N ~
< 5l . allowed at ~ lo
4 —
4+ 0:3# 013 can account for
. different behavior in neutrino
g \\ ' and antineutrino channels
7/
”'—'- _\ ------ PR~ .
— — ST T~ S o4 e e e
o —Oz,:’. . .0 == : —‘20 = very poor sensitivity on CP
' ' 6}11 ' ' violation compared to CPT-
conserving scenario
Barenboim, Ternes, MT, JHEP2020
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The T2K-NOvVA Ocp tension

Non-unitary mixing analysis of T2K and NOvA (normal ordering)
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+ No significant deviation from unitary mixing is found: updated bounds
with LBL and SBL =MINOS improves current neutrino limits!

= The tension is not alleviated in the context of NU neutrino mixing
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summary

+ Current status of three-neutrino oscillation parameters:
v very precise and robust determinations for most of them (1.3-10%)

v preference for 023 >45°, 1st octant value disfavoured with Ay2> 5.8 (6.4)

v 6pr = 1.08m (1.58m) for NO (IO) ; 6 = /2 disfavored at 4.00 (6.20)
v 2.90 hint for normal ordering from atmospheric, LBL and reactor data

+ Preliminary Super-K atmospheric data may change some results:

v degenerate octant solutions for 023 : Ay2 (1st octant) = 0.4 (3.1) for NO (IO)

v similar results for CP-violation, with 6=m/2 disfavored at 4.20 (6.40)
v preference for normal ordering reduced to 1.70

+ By 2025/2026:
v oscilllation parameters will be measured with 0.6-3% precision
v 023 octant can be resolved at more than 30 (for some values)
v 2-30 sensitivity to CP violation at NOvA and T2K
v 30 sensitivity to MO from reactor, accelerator and nu-telescopes
= sensitivities above 30 from a single experiment: DUNE, Hyper-Kamiokande

+ New physics BSM may affect the current description of neutrino oscillations
relaxing tensions or worsening the precision of measurements.
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