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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.

=> Discussion of results presented in Neutrino 2022

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

0 —sin COS —sinf3e® 0 cosfi3 0 0 1
atmospheric + SBL reactor + solar +
accelerator disapp accelerator app KamLAND
Am?3) Am?23, Am?2y;
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Experimental data

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

parameters

https://globalfit.astroparticles.es/

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]

02 03 04 03 04 05 06 0.7 0016 0.020 _ 0024
sin26-- sinZ053 sin013

A

~0.028

65 7.0 7.5 8.0 8523 24 25 26 2700 05 10 15 2.0
Am32; [107° eV?] |Am32;| [1073 eV?] o/n

@MariamTortola (IFIC-CSIC/UValencia) 8 FLASY 2022, Lisboa, 27/06/2022



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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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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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

neutrino spectrum

different exper. techniques 08— -
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The solar sector

10_ | 4+ 012 measurement is dominated by solar
neutrino data
8_— | 4 Am?2; is better measured by KamLAND.

1 4 20 mismatch between the values of

Am?;; measured by solar and KamLAND

Am3, [107° eV?]
<L

| 90, 99% C.L.

02 03 04
sin2612

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

10_ | 4+ 012 measurement is dominated by solar
neutrino data
| 4+ Am?2;; is better measured by KamLAND.
% 1 4 20 mismatch between the values of
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Y. Koshio, Neutrino-2022
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T'he reactor sector

4+ Searches for 0,3 at reactor experiments

(CHOOZ, Palo Verde)
For Am?23; = 2.5-10-3 eV?2

— sin20,5 < 0.039 (90%CL)
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T'he reactor sector

4+ Searches for 6:3 at reactor experiments . 10F
(CHOOZ, Palo Verde) E 10-2;_
For Am?s; = 2.5-10-3 eV?2 s
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T'he reactor sector

4 Searches for 03 at reactor experiments . 10F
(CHOOZ, Palo Verde) O
For Am?23; = 2.5-10-3 eV?2 = F
= sin20,3 < 0.039 (90%CL) Rl
e
4+ Hints on 0,3 # O from tensions in combined analyses sin°e, ,
02 | 4 | | | | I | I I T

KamLAND 7

+ First evidence for ve app in T2K
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Forero, MT, Valle, 2012 Schwetz, MT, Valle, 2011 5i1122913

T2K Collaboration, 2011
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The reactor sector

Double Chooz

Detector < eg” "
L VRS
SN A

6cores+4ND+4FD Z2cores+1ND+ 1FD 6cores+1ND+1FD
Well understood, 1sotropic source

of electron anti-neutrinos .
Oscillations observed
L_. /'\e (E <8 MeV) as a deficit of v,
4+ more powerful reactors AW

4+ larger detector volume Lo N X
sin?20,,
4+ 2-8 detectors at 100 m -1 km 1 A ¢
) noscillated flux
E observed here
Survival Probability
P =1 - sin?20,; sin’(1.27 Am? L/E)
L,

Distance ~1000 meters
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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

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

|Am2,| [10-3 eV?]

90, 99% C.L. NO | 90, 99% C.L. 10

0.015  0.020 _ 0.025  0.030 0.015 _ 0.020 _ 0.025 _ 0.030
sin2913 Sinze13

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 reactor sector

1.06 ' T ' T ' 1
1.04 - {EHI {EH2 {EH3
1.02 i Best fit (3-flavor osc. model)
— ]
> -
T 0.98
& 0.96
0.94 |-
0.92
T P P IR I I IR PO (100 OO 0.9 R TR | T
07 0.075 0.08 0.085 0.09 0.095 0.1 5 101 0 200 400 600 3
sin“20 Ay L.i/<E;> [m/MeV]
Best-fit results: v2/ndf = 559/518
sin®26;5 = 0.0853 70 005 (2.8% precision)
Daya Bay: 3158-day data K. Luk, Neutrino-2022
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The atmospheric sector

Atmospheric experiments Accelerator long-baseline experiments

Super-Kamiokande MINOS

Fermilab
/ 10 km & oLdan

—-|

735 12 km
km
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Near Detector 280 m

I 1000 m
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50 meters '.‘:_: E:EE:-Z;?&{%‘:E:::::’:::‘_: 81 0 km

IceCube Array

86 strings, 60 sensors each

5,160 optical sensors
1,450 meters [ | } il I i;f | DeepCore

Sl 6 strings optimized

||| for low energies

- —> consistent with atmospheric data

324 meters
2,450 meters

2,820 meters

—> atm v oscillations confirmed by lab exps
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The atmospheric sector
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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 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
Sin2923 Sin2923

4+ The combination of LBL experiments slightly 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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The octant of 025

de Salas et al, JHEP 02 (2021) 071
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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 CP phase

@MariamTortola (IFIC-CSIC/UValencia)

H.Tanaka, TAUP 2019
Super-Kamiokande (atm) 1aK Opr=311/2 due to better agreement with
2 observed v. and v. events
= — T 1
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The CP phase

Super-Kamiokande (atm)

T T ]

: —«— Normal Hierarchy

- —— Inverted Hierarchy 7
151 -

| sin2013=0.0217 +£ 0.0012

X :
I i
5-_ \—/
I;;f/_\ i
68% \\ /
0 L 1 .\'\.*\.\.I L

4 85r = 1.5m (1.2m) for NO (I0)

4+ preference driven by
sub-GeV e-like samples

SK Collab. PRD97 (2018)

Slight tension between T2K
and NOvA results for NO

1 r 1
Normal Hierarchy

T2K, Nature 580: = BF — <90% CL === <68% CL

NOvA: 4+ BF [ ] <90%cCL [ <68% CL
L a1 M

5

f\3|||||||

L L L 1 L | 1
7T T 31t

° 6CP 2

A. Himmel, Neutrino 2020
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The CP phase

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

30— 71— — -
- NO — NOvA - i [0
- — T2K - - E
25; — LBL °
20_ — GIobaI_: b
2]<15E ]
10, -

0.0 05 10 15 2000 05 10 15 3.0
o/m o/m

4+ NO: there is a tension between NOvVA and T2K and SK atmospheric results
Ssr = 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

de Salas et al, JHEP 02 (2021) 071

3OIIIIlIIIIlIIIIlIIII

20

0 0.5 1 1.5 2

O/TT

NO: &6gr = 1.08m (NOVA-T2K tension)
6= 1/2 (0) disfavored at 4.0c (3.00)

IO: &gr = 1.581m;
6= 1/2 () disfavored at 6.2¢ (3.80)
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The CP phase

de Salas et al, JHEP 02 (2021) 071
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:  — SKI V Expanded FV data flt
- = = MC expectation at data best-fit

15 - Inverted
- [ Normal

@MariamTortola (IFIC-CSIC/UValencia)

20
(@\ = 7
é Cn 20 w2 o
O L.Wan, Nu 2022
10
z< 252_ — Normal ordering TR ey
| 2 :_ - ::rted ordering
O L 111 | 111 S 90% CL
0) 0.5 1 1.5 2
O/TC
NO: &6gr = 1.08m (NOVA-T2K tension)
6= 1/2 (0) disfavored at 4.00 (3.00)
1O: 8pr = 1.58m ; C.B . Nu 2022
§=11/2 () disfavored at 6.20 (3.80) oronnen
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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 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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The mass ordering

de Salas et al, JHEP 02 (2021) 071

3OIIIIlIIIIlIIIIlIIII

20

0 05 1 15 2
O/TC

2.90 preference for NO

@MariamTortola (IFIC-CSIC/UValencia) 29 FLASY 2022, Lisboa, 27/06/2022



The mass ordermor

de Salas et al, JHEP 02 (2021) 071

3OIIIIlIIIIlIIIIlIIII

20

0 05 1 15 2
O/TC

: — SKI V Expanded FV data f|t
- = = MCexpectation at data best-fit

15 — [ Inverted

-T -1/2 0 /2

%>  L.Wan, Nu 2022

AX?

» T2K preliminary
> — Normal ordering

Inverted ordering
/1o CL

20

15

10

6CP

2.50 preference for NO
P C. Bronner, Nu 2022
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Other inputs for mass ordering?

de Salas et al, JHEP 02 (2021) 071

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: mpe = f(m;,0i;,P1) 25 ] {

4+ cosmology: Zm; C_é% 4 { 5 s
T e e e e e e e 3y
= weak/moderate preference for NO driven by 2| 2.00

oscillation data (2.00) Th _
= [3-decay and Ov[3p have little impact on MO. ol ,
— cosmological data enhances the preference for ¢ g oi’ﬁ cg%f 53(’9{@
NO from 2.0c to 2.70 & * o
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Other inputs for mass ordering?

de Salas et al, JHEP 02 (2021) 071

Experimental sensitivity to neutrino masses:

8r strong
. . derat
4+ v-oscillations: Am?; 71 VT;E i
4+ B-decay: mgp= f(m;,6;) gll——ree | |

4+ OvBP: mpe = f(m;,0i;,P1) 25 ] {
1 D Lm; 2
4 cosmology: Zm "EZ 4 { 276G
Results from the combined bayesian analysis: ) IR 210220 ___________________________________________________________________

— weak/moderate preference for NO driven by 2] 2.00
oscillation data (2.00) T b
= [B-decay and Ov3p have little impact on MO. ol
§ o O
= cosmological data enhances the preference for S gf S cg%go@ cgﬁéo,icg
NO from 2.0c to 2.70 X . X

Jiménez et al, 2203.14247 — Decisive evidence for NO

from cosmology
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Preference for NO (with OSC)

Gariazzo et al, 2205.02195

® o0scC ¢ +M,<0.12eV M caseA B caseC M casekE
X +KATRIN * +M,<0.09 eV M caseB M caseD

strong
9 (=s40)

B = 4805.8 B = 4408.7
* 99.98% ¥ 99.98%
ol (3710) (3.690) |

B=141838 B =1526.0
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() E E E :
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. 5 5 | B =25.5

: B=22.7 : 5 X 96.7% 5

o . @ X 96.2%
3 PP PP PP ...... ‘ ............. *958% ........................... ............................................................................ (2130) ......................... ...... . .................... (2080.) .............................................. ol

In Zno — an/o

with Ay?
INBpo 10

weak 95.5% (2.090) 95..7%
2 (s20) A i

m; log m; log mp (myo) 2m
-— | ———————————
independent prior on the 3 masses + priors on Am?;
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Preference for NO (without OSC)

Gariazzo et al, 2205.02195

0- ¢ +M,<0.12eV M caseA B caseC B casekE

X +KATRIN * +M,<0.09 eV B caseB M caseD

6 < O O O : S -
moderate | 5 | |
B=174. g 1
e o5
5F (2.760) (2.740) |
B=51.5 B=55.4
© 4t 98.1% ; ¢ 98.2% .
X (2.340) B =30.9 (0]
= 96.9%
| 5 (2.150)
o . .
= weak :
N <> B=10.7 B=99
< (~ 0) ‘91.5% ¢ % 90.8% :
I o | (1.720) gl=210/0.41_690) B§=5.3 B=56 A
o~ : : . (o] : :
%0 B=4.0 . (1710) ¥84.1% = &8
S ® 80.0% (1.410) —>:9(1.430)
2= B=4.2(1280) B=27" § 78.2%
Q 1r 807% $733% (1.230) i
=R S (1300,) ........................................................................... ........................................................................... .................................................. (1.110) .................................................................................................
_ _ B=1.1 _
0 l(n<clo;)cluswe ______________________________ T S——— SN 1T re— o N — |
= 45.2% ; . B=1.0
___________________________________________________________ B=0.8 e ABB% B0
_ 1 — ........................... 43 3% - — 44 SA) i

independent prior on the 3 masses + priors on Am?;
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Preference for NO (with OSC)

Gariazzo et al, 2205.02195
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Future prospects in
neutrino oscillations
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Prospects for precision

T2K

Abe et al, 1609.04111
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T2K

Prospects for precision

Abe et al, 1609.04111
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Prospects for CP violation

M. Sanchez, Neutrino’18 iv'4 Abe et al, 1609.04111
P.Vahle, TAUP’21
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Prospects for mass ordering

NMO sensitivity [o]
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Next generation of v experiments

DUNE

+ 1.2 MW wide-band beam from FNAL to
Sanford Underground SURF (1300km)
= g 4 4x10 kt Liquid Argon TPCs
4 capability to probe 2nd oscillation max

4 great sensitivity to mass ordering

Hyper-Kamiokande

4 188 kton water Cherenkov

Hyper-Kamiokande 4+ T2HK: great sensitivity to Scp
A gigantic detector to confront A * TZH:KI( (1 1 OOkm) Wl].]. have

elementary particle unification theories

and the mysteries of the Universe’s cvol/uuon/

similar sensitivities as DUNE

@MariamTortola (IFIC-CSIC/UValencia) 38 FLASY 2022, Lisboa, 27/06/2022



Next generation of v experiments

. DUNE Sensitivity 7 years (staged)
- All Systematics 10 years (staged)
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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
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Non-unitary light neutrino mixing

» Most models of neutrino masses include new extra heavy states

Ex: type I seesaw, 0 Mp J\ET ]\{)D ]\04
inverse seesaw ML Mg o T y

— (3x3) light neutrino mixing matrix U is non-unitary in general

» NxN non-unitary mixing matrix described with 2N2-(2N-1) parameters

— 13 parameters are needed to describe a non-unitary (3x3) matrix
— besides the 4 standard ones (0;; and 6cp), 9 more parameters are needed

» General parameterization for non-unitary NxN mixing matrix

11 0 0
Uan — ( ]‘X ‘;‘{ > with N — NNPU3><3 _ a9 (oo 0 U3><3
31 @32 33
Escrihuela et al, PRD92 (2015)
See also Xing, PRD2012 for n=6 — (; real, o complex: 9 new parameters
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NU neutrino oscillations in DUNE

B e = (a11a22)2P3;<3 + 04%1042210421\3;’6 + atq|ao|?

The new phases (¢) will modify the standard oscillation
picture in LBL experiments, such as DUNE

o2l ] o012l scp=31/2 mm - T
| : dcp =7/2 mm -
[ _ _ gor =0 1.5}
+ 0.08 | { 008} wET
T | g
g _ | &S _ Il &
0.04 | . 0.04 | | | /\ - i
_ A 0.5/
0 0 2 AR f
10 10 00 .
E [GeV] E [GeV]
Escrihuela et al, NJP 2017 Miranda, MT, Valle, PRL 117 (2016)

— (6, ¢) degeneracies in P ¢ for Ez 3 GeV spoil sensitivity to §
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DUNE CP sensitivity with NU
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Fernandez-Martinez et al (DUNE-BSM Working Group)

— The sensitivity to CP violation might be spoiled in the absence of priors on NU

— With priors based on current bounds (10-3-10-2), the effect is less dramatic
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Neutrino NSI with matter

» NSI appear in models of neutrino masses

» Information about the size of NSI could be very
useful for neutrino model building

» NSI may affect oscillation parameters

= precision measurements at current experiments
= sensitivity reach of upcoming experiments(degeneracies)

€ap 7# 0 — NSI violate lepton flavor (FC-NSI)

€aa — €38 # 0 — NSI violate lepton universality (NU-NSI)

= mainly affecting neutrino propagation in matter
(but also detection in Super-K & Borexino)
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NI at future LBL experiments

(B23-¢rr) degeneracy in DUNE

55+
. DUNE
[ - — NSI w/priors
Lo NSI no priors
507 DUNE+T2HK (TN
| ---- NSI w/priors ST
& -
S 4sl :, )
\.‘_S?:_'__.;:.l-
40
- 90% credible regions
0.30 0.40  0.50 0.60  0.70 -0.5 0.0 0.5
sin® 6y, &
Gouvea and Kelly, NPB 2016 Coloma, JHEP 2016
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N®OI at future LBL experiments

N&SI significantly spoil sensitivity to CP violation in DUNE
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N®OI at future LBL experiments

N&SI significantly spoil sensitivity to mass ordering in DUNE
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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
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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
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= 20 (1.50) tension between preferred value of
Am?2y; from KamLAND and solar data

= Am?2;; preferred by KamLAND predicts steep
upturn and smaller D/N asymmetry
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The solar-KamLAND Am?4;; tension
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4+ NSI may include new sources of CP violation besides &cp: €apg = l€apl eXp(iPap)

The T2K-NOvVA &cp 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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1.5

o/m
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(@)

4 NU includes additional sources of CP violation.

The T2K-NOvVA &cp 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%)

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

7
v &pr = 1.081m (1.88m) for NO (I0) ; 6 = /2 disfavored at 4.00 (6.20)

v 2.950 hint for normal ordering from atmospheric, LBL and reactor data
v sensitivity on mass ordering driven by oscillation data so far.

+ New results presented in Neutrino 2022 may change some results:
v Daya Bay achieved expected final sensitivity on sin220;3
v omall changes expected in CP violation, atmospheric octant and mass ordering

+ By 2025/2026:
v oscillation 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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