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Neutrinos in the Standard Model

4 There are three light neutrinos associated to ( Ve > ( Y ) ( Vr )
the charged leptons. © /L L L

V
4 The SM only contains LH neutrinos (and RH _@"’ e -@' momentr
antineutrinos): no SU(2)., RH neutrinos R s

MNeutrno Antineutring
ilaft-handed) (right-handed)

4+ Only neutral fermion: Dirac or Majorana nature?

4 No mass term for neutrinos can be built with the content of the SM:

Dirac mass term Majorana mass term Lowest dim mass term
7 LTl L (LT o20)CH (¢ 0o L
mUVRlV], §mVLC VT, K( L02¢) (¢ 02 L)

X,

&

X,

Neutrinos are strictly massless in the Standard Model!
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Neutrino anomalies

Solar neutrino problem (60’s) Atmospheric neutrino anomaly (80’s)
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4+ 1998-2002: anomalies explained via flavour
osclllations due to neutrino mixing

neutrino mass
— E U, ok Vk/ eigenstates

Neutrinos are massive!!

2015: Nobel Prize
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The three-flavour v picture

|neutrino mixingy|

1 0 () cos i3 0 sinfze ™ costip  sinfo 0 000
U= 0 costhy sinlhs 0 1 0 —sinfiy cosfy 0 0 &7 0
0 —sinflhy cos(lon —sin(ya e () cos (3 () 0 1 0 0 1

neutrino mass spectrum|

v 3 mixing angles: 02, 023, 013

v 3 CP phases: 1 Dirac + 2 Majorana - Ve - e
o U I— e YYS
J 3 masses: mj, mz, ms v, I
. 2
— absolute neutrino mass: mo Ams; >0 Am2, <0
— two mass splittings: Am%l v I
+ U v I— v
2 2
Amyy, Ams, NO 10
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Neutrino oscillations

Solar sector Atmospheric sector

Cl, Ga, Super-K *‘;‘”:“"," Super-K
SNO, Borexino gt W' IceCube

KamLAND ANTARES
S ' | of
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Neutrino oscillations

Solar sector: 012, 013, Am?2y; Atmospheric sector: 023, 013, Am?Z23;, 6
Cl, Ga, Super-K \'\,l'f;‘_”.::‘?";' Super-K
e
SNO, Borexino N IceCube
KamLAND RN ANTARES

€ VERY
. A\ '.\
.

Reactor sector: 6,3, A\m?s; Accelerator sector: 623, 813, Am?23;, &

Mariam Tértola (IFIC-CSIC/UValencia) 6 NuPhys 2023, London



Global fit to v oscillation
parameters

https://globalfit.astroparticles.es/

i3, 1073 evE]

de Salas et al, JHEP 02 (2021) 071
[arXiv:2006.11237]
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https://globalfit.astroparticles.es/

Global fit to v oscillation parameters

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

paramecter

best fit + 1o

30 rangce

Am3; [107°eV?]

| A3, | [10_3(‘\"'2] NO)
Amz,| [1073eV?] (10)

8111201 D /10_1

sin? 0o /101 (NO)
811’12023 /10_1 (I())

sin“0y5 /1072 (NO)
sin“f;3 /1072 (10)

https://globalfit.astroparticles.es/
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See also
NuFIT
and Bari

group
analyses
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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

different experimental techniques neutrino spectrum

¢ 0.8
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The solar sector

10

Am3, [107° eV?]

Solar

| 90, 99% C.L.

02 03 04
sin2912

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

| 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

Am?;; measured by solar and KamLAND
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Y. Koshio, Neutrino-2022
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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

v Well understiood, 1sotropic source

T ol electron anti-newlnmos

Oscillatons observed
AT Y¥e (E<8McV) as a deficit o 7,

New generation of experiments o

4+ more powerful reactors

Unoscillated flux
observed here

4+ larger detector volume

Probability

4+ 2-8 detectors at 100 m -1 km Survival Probability

P =1-5m20; sin*(1.27 Am* 1./E)

| &

Distance - 1000 melers

I’;rll- S Devichx XGm ""',.— -

9-4. _.‘.m..g‘ e R T > -
et el o va=  Far Daleclor
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RN Ny ~

A
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2cores+1ND+1FD 6 cores + 4 ND + 4FD 6cores+ 1 ND+1FD
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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

T 3
Normal hierarchy
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Best-fit results: v2/ndf = 559/518

200 or o-+0.0024
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Daya Bay: 3158-day data

| 4 | 4 |

{EHI {EH2 {EH3

Best fit (3-flavor osc. model)

| M 1 1 1 L
200 400 600 8
Leff/<Ev,> [m/MeV]

(2.8% precision)

K. Luk, Neutrino-2022
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The atmospheric sector

Atmospheric experiments Accelerator long-baseline experiments

Super-Kamiokande MINOS o -
eV 10 kem oudan
§ 735 12 km
km
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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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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

Mariam Tértola (IFIC-CSIC/UValencia)
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The octant of 023

de Salas et al, JHEP 02 (2021) 071 Super-K Coll. arXiv:2311.05105
20 T 1 T T |¢| | 16[' L L L B B
B B - SK I—V.exp'anded FV i .
1 5 :_ IO _: 145— :Blzae:gectalion =:\:\::nr1tald —:
N _ 12p 225 — 27.2 kton E
S N _ 10F =
g 10 — ] Vo of ]
- NO N g 8 E
5 _ 6‘ -
- N 4t ]
ANENENIN B AN A L 1 1] - i g
%3 04 05 06 07 2\

sin2923 0 0.4 0.5 0.6
1st octant disfavored with Ay2=> 5.8 Sin“0,,
6.4) for NO (IO : : :
(6.4) 10 Best fit at sin20,3 = 0.45, with
Liy2 (45°) = 1.8 (8.5) for NO (I0) UO allowed at 1o
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Global fit to v oscillation parameters

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

0.3

0.020 _ 0.024

sin013
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24

2.5

2.6
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o/m
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The CP phase

Super-Kamiokande (atm)

T2K

H.Tanaka, TAUP 2019

Opr=3T/2 due to better agreement with
observed v. and v. events

20— I ———
+ Normal Hlerarchy T2K (NO) -n/2 0 +mn/2 mn
45| " 'nverted Hierarchy 1ReOde.| 74.5 62.3 50.6 62.8
v mode . _

[ sin2013=0.0217 + 0.0012 Re1de.| 7.0 6.1 4.9/ 5.9

10[- g Pmode 1ReOde.| 17.1 19.6| 21.7| 19.3
o B ) NOvVA NOVA Preliminary
iy r— eof-Novarp T
E - ‘\_‘ ] £ : 13.50x10° POT-equiv (v)
% - essp @ [ 12.50x10° POI (V) .
0 ) . | - 1 a = E
0 2 a 5 No strong < so}- -
. i .
cp asymmetry £ | :
+ 8¢ = 1.5 (1.2m) for NO (I0) inthe ve/ Ve £af- ;
app rates © I ;
4+ preference driven by ‘§30l .
sub-GeV e-like samples @ ;
T '
= 20p Bep=0 ® Bop= /2 .
SK Collab. PRD97 (2018) P Vahle, AT A P T AT

20 410 60 80 100 120
TAUP 2021 Total events - neutrino beam
22 NuPhys 2023, London
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The CP phase

Super-Kamiokande (atm)

20 I T 1T 1
: —+— Normal Hierarchy

- —— Inverted Hierarchy

15
| sin2013=0.0217 + 0.0012

10— -

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

|

Normal Hierarchy

T2K, Nature 580: w BF — <90% CL == <68% CL
NOvA: + BF [ ]=z90%cL [l z68%CL |
R ) P . 2 ) | 5

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 mismatch between NOvVA and T2K and SK atmospheric results
Opr = 1.08m ; 6= m/2 (0) disfavored at 4.00 (3.00); 6= 31/2 with Ay2=4.9

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

Super-K Coll. arXiv:2311.05105

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)

[ —

14F SK -V expanded FV

- — Data fit [ Inverted
12F

10k

I L) L L) L ' L I 1 L) I L)

-- - MC expectation [l Normal

22.5 — 27.2 kton

Best fit at 6 = -0.61 for both
orderings and increased

sensitivity
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Global fit to v oscillation parameters

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

0.020 _ 0.024

sin013

0.3
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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
Dy?= 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 (Ax2= 1.0)

4+ Global fit: Ax2=6.4 — 2.50 preference for NO

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

Super-K Coll. arXiv:2311.05105
de Salas et al, JHEP 02 (2021) 071

16—
- SK |-V expanded FV !
30 - —
_IIII|IIII|IIII|IIII 145 —Dataﬁt .Invened 4
12F ---MC expectation [lNormal
20 105_ 22.5 — 27.2 kton E
=
10
O L 1 1 1 | | 1 1 1
0 0.5 1 1.5 2
O/t
Slightly higher preference for NO:
2.50 preference for NO Ax2=3.5 — 5.2
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Bounds on neutrino mass

100 :
. Ful speciur
4+ B decay (LATRIN) e
LU RN % / R
- : / %
*-’,*3 R E 0.3/ 3 {
_ 12,72 : |
mg =/ [UeilPm? <0.8eV(90%CL) £, o S L
O e i - : - =0, h
= apb MiT) =0& N H.‘_’""\:_\f\\ i o RREY
Nat. Phys. 18, 160-166 (2022) . e W
539 -2.0 -2.0 -15 -1.0 -0.5 0.0
L. =L, ineV

kin

4+ OvBB decay (if Majorana)

2
mgg = ‘Z Ugim

< 36 —305meV (90% C.L.)  F simkovic, Neutrino 2022

13 x10-7 .

| (Plonck coll.,, AGA'1) | l"“

4+ Cosmological measurements 510N |11
. . . '\_7: 1.0 3 {040 1
(CMB anisotropies, lensing, LSS,...) % o 15

= 05 0.24

E mz' < 009 — 012 eV(95% CL) e 0.16

= 0.08

o rl) (l‘() rl() ?(I)O ";0 300 350 400 Lo

Planck Coll, 2018; DiValentino et al, PRD2021 e
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mg [eV]

mgg [EV]

zm, [eV]

0.075}
0.050 |

0.025}

0.075}
0.050

0.025}

0.15}

0.10

Bounds on neutrino mass

lo, 20
OSC + cosmo

At least 107 times lighter
than electrons!!

= BSM neutrino mass
models should explain
neutrino lightness!

T 0.02

" 0.04

m ghtest [eV]

de Salas et al, JHEP 02 (2021) 071

" 0.06 0.025 0.050 0.075

Mg [eV]

0.025 0.050 0.075
Mg [eV]
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The mass ordering

de Salas et al, JHEP 02 (2021) 071

Experimental sensitivity to neutrino masses:

8r strong
4+ v-oscillations: Am?; 7L VT::E e
4+ B-decay: mgp= f(m;,6;) gll——ree | |
4+ OvBP: mpe = f(m;,0i;,P1) 5 ] {
Cosmology: Zm; >
+ gy B 4 276G
< .
. . . 3 I— BB e -
Results from the combined bayesian analysis: 50 210 2.20
p) JUO
= weak/moderate preference for NO drivenby |
oscillation data (2.00)
. . 0— ' ' '
= B-decay and Ovpp have little impact on MO. S L SR o o8
A s * * %

= cosmological data enhances the preference for
NO from 2.0o0 to 2.70
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Future prospects in
neutrino oscillations
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Prospects for precision

iVA4 Abe etal,1609.04111

x107°
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£ 26F _
< B i
241 _

22 1 L | 1 L | L l 1 1 1 1 |

0.4 0.5 0.6
. 2
sin“6,,

(2026)

~1% precision on Am?23;

~1-3% precision on sin2033

c'_'_:O.('Z
'2 —— Current Systematics C
- ao and Luk
20_015 ...... Statistic only ot ; 1 6005 0 1 502 ?
g — 5in’20,, "
5 o1 ST < 3% precision in
0008 sin220;3and Am?2ee
2.1% 1n sin2203
0012 2014 2016 [Z, Yu, TAUP’Z]_]
IIVNIOR (2150 SNO+)
6years 20 vears S
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S — Stat only
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Prospects for CP violation
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Prospects for mass ordering
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Next generation experiments

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

+ 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 (NU)

= 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 neutrino mixing

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

0.12 & _ 012 ﬁ Sep = 37/2 mm - :
- den X/':z B -
' _ dop =0 1.5)
o 0.08 - s host SR -
Ta 1; \ R 1
o | by 18/ S
0.04 | ~ o004} | PN _
i A A A ] 0.5
e § NAYA ) |
10 1 10 O —
E [GeV]
Escrihuela et al, NJP 2017 Miranda, MT, Valle, PRL 117 (2016)

— (6, ¢) degeneracies in P e 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 (10-2), the effect is less dramatic
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N®OI at future LBL experiments

(623-¢rr) degeneracy in DUNE
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N®OI at future LBL experiments

N®SI can significantly spoil DUNE’s sensitivity to:

CP violation mass ordering
DUNE (5+5)

10
DUNE (5+3)

ol : 20
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Masud and Mehta, PRD 2016
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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?4;; tension

10

KamLAND

8- ——— /\@mbmed = 20 (1.50) tension between preferred value of
j C LD W » | Am?;; from KamLAND and solar data

= Am?2;; preferred by KamLAND predicts steep
upturn and smaller D/N asymmetry
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The T2K-NOvVA &cp tension

4+ NSI may include new sources of CP violation besides &cp: €apg = l€apl eXp(iPap)

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.
SM SM + NSl (Scy.) SM + NSI (8,,,—)
0.70 T T (70— 0.70 —— .
s ®m TK NO T2K NO ) ® TK NO 3
0.65 ; g NOvA E 0.65 -— NOvA 0.65 g NOvA -:
0.60 Eompmuue,, E
o) I .
= 0s0f :
045 F
e . - ]
040 = 0.40 =
| T R N B 0.35 40— : et ettt
0.0 0.5 1.0 1.5 2.0 0.0 0.5 0.5 1.0 1.5 2.0
Ocplm dop/n Ocp/m
Chatterjee and Palazzo, PRL 2021 Denton et al, PRL 2021
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sSummary

+ From global fits to neutrino oscillation data:
v precise determinations for most parameters (1.3-10%)

v preference for 623 >45°, 1st octant value disfavoured with Ayx2> 5.8 (6.4)
v 2.50 hint for normal ordering (driven by oscillation data)

= Recent atmospheric Super-Kamiokande datal

v 6pr = 1.08m (1.88m) for NO (IO) ; 6 = /2 disfavored at 4.00 (6.20)
= New data from T2K and NOvA?

+ In the near future (2026-2030):

v oscillation parameters will be measured with 0.6-3% precision

v O3 0ctant can be resolved at more than 3o (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 one 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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Backup
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Preference for NO (with OSC)

Gariazzo et al, JCAP 10 (2022) 010
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Preference for NO (without OSC)

Gariazzo et al, JCAP 10 (2022) 010
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Preference for NO (with OSC)

Gariazzo et al, JCAP 10 (2022) 010
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Next generation experiments

DUNE
T A P A SIS SN 2O PP AP 3o . 12 MW — 2.4 MW wide-band beam
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Non-unitary light neutrino mixing

4 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

4 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

4 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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Bounds on neutrino NU mixing

4+ Analysis of short-baseline and long-baseline neutrino experiments:
NOMAD and NuTeV and MINOS, NOvA and T2K.
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2.0

o/m

The T2K-NOvVA Ocp tension

Non-unitary mixing analysis of T2K and NOvA (normal ordering)
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mixing, since the new phase has the same effect on T2K and NOvA
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Neutrino NSI with matter

4+ New 4-fermion interactions involving neutrinos

CC-NSI: [N — —2\/§GF eié’X (Ea’V“PLgﬁ) (f/’V,LLPXf)

= effect on neutrino production and detection

(source) (detector)

reR Il Lnc-NsT = —2V2G 6(];? (Zay" Prvg) (f7uPx f)

€ap 7 0 — NSIviolate lepton flavor (FC-NSI)
€aa — €33 7 0 — NSIviolate lepton universality (NU-NSI)

= mainly affecting neutrino propagation in matter:
(but also detection, e.qg., Super-K and Borexino)

4+ NSl may affect the 3-neutrino oscillation picture:
= precision measurements at current experiments

= sensitivity reach of upcoming experiments (degeneracies)
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