Neutrino oscillations and
beyond: precision era meets
new physics

IMariam Tortola
IFIC, CSIC/Universitat de Valencia

GSSI Astroparticle Colloquia - 25 February 2026

. | SR aa Y g P P== NSTITUT DE EXCELENCIA ?' GENERALITAT
Lt BT C S l c: 5% E \ ERSITAT r ' FISICA SEVERO \\\ VALENCIANA
a — G v UN NEWES SERCLIC TUPDN IS JERVESGAC CHES CITnTIincAs sf',é: :\ ] F VC I A CORPUSCUI‘AR OCHOAA wEnvan l):.l:rau



Neutrinos in the Standard Model

Vv Vv

4+ The SM only contains LH neutrinos —ZP> momenum L momentum
(and RH antlneutranS): no SU(Z)L RH ~g— spin —P Spin
neutrinos Neutrino Antineutrino
(left-handed) (right-handed)

4+ Only neutral fundamental 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

_ 1
mvVRV], §mugCTuL %(ngzﬁb)CT(ﬁbT@LL)

X 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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2015: Nobel Prize
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Neutrino production in the SM

Weak interactions conserve flavour: neutrinos are
always produced together with their associated charged
lepton (e, |, 1)

NEVER
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Neutrino detection

Neutrinos are indirectly detected through the observation
of their associated charged lepton

Ve
Source Detector

FLAVOURS DO NOT MIX

LL 1L
“ Vi ]

Source Detector
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Neutrino oscillations
Standard Model

e

Source Detector

FLAVOURS DO NOT MIX

L L
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Source Detector
However
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Neutrino oscillations

. Standard Model .
@
Source Detector

FLAVOURS DO NOT MIX

L .

Source Detector
However
L
Source L Detector

neutrino mass
eigenstates
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Neutrinos oscillate

© Johan Jarnestad/The Royal Swedish Academy of Sciences

Neutrinos are massive!!
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The three-flavour v picture

|neutrino mixingy|
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v 3 mixing angles: 02, 023, 013
v 3 CP phases: 1 Dirac + 2 Majorana Ve it Ut
o v, I tAm3,
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. 2
— absolute neutrino mass: mo Ams; >0 Am2, <0
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Neutrino oscillations

Solar neutrinos Atmospheric neutrinos

Accelerator neutrinos
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Neutrino oscillations

Solar sector: Atmospheric sector:
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\ Cosmic ray
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Neutrino oscillations

Solar sector: 013, Atmospheric sector: 013 6

Reactor sector (SBL): Accelerator sector: 013 O
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Global analysis to v oscillations
f

25 |
Compensate low statistics in w0
subleading oscillation effects <
searches s L7

Exploit synergies among

experiments
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Three-neutrino oscillation parameters
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Denton et al, Snowmass Neutrino Frontier: NFO1 Report [arXiv:2212.00809]
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Global fit to v oscillation parameters
de Salas et al, JHEP 02 (2021) 071 https://globalfit.astroparticles.es/
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Global fit to v oscillation parameters
de Salas et al, JHEP 02 (2021) 071 https://globalfit.astroparticles.es/
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Global fit to v oscillation parameters

relative 1o uncert

parameter best fit &= 1o 30 range
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Neutrino oscillations

Reactor sector: 013, /Am?31

RENO
Daya Bay
Double Chooz

Mariam Tértola (IFIC-CSIC/UValencia) 18 GSSI Astroparticle Colloquia - 25 Feb 2026



Reactor neutrinos

Production: fission processes in
nuclear reactors

O—» Neutron
Q. Clectron
a
« Anti-neutnno

Qamma

1 GW reactor: more than 1020 antineutrinos/s

Detection: inverse beta decay

reactor neutrino

geo neutrino Y
% e+ prompt
\\

“ Y delayed
| ssssssssssssssssesssess > elaye
l\
mean capture time Z/
~ 200 usec on proton n-* Y

|

anti-neutrino detection by inverse beta-decay
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SBL reactor experiments

- Well understood, 1sotropic source
T of electron anti-neutrinos

Oscillations observed
as a deficit of V.

,_"Ve (E<8MeV)

@

e
sin ;913

Several

reactor cores

ﬁ: Unoscillatcd flux
p= observed here Several
Survival Probability detectors
P =1 - sin“20y; sin*(1.27 Am* L/E)
L,
Distance ~1000 elers
L ~1 km: 613, |[AmZ231| ~ few 10-3 eV2 oscillations in vacuum
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SBL reactor experiments
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The reactor sector

Am3,L
Peezl—SiH22(91gsiI12< 31 )

1K

4 Double Chooz first measured

3.00y
o | 013 but now its precision is not
AN i il
= 2.75F RENO comparable.
- _
S i ) . .
=250 N |  +Precision dominated by
= RENO and Daya Bay.
NS 2 75| Daya Bay h Y Y
<

90, 99% C.L. 1
20050005 003 sin2813 = 0.0221 + 0.0006

Sin2 913

[Am231| = (2.56 + 0.05) x 10-3 V2
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Neutrino oscillations

Solar sector: 013,

Cl, Ga, Super-K
SNO, Borexino
KamLAND

€
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The solar sector

Solar experiments have measured neutrino disappearance for ~ 50 years

different experimental techniques neutrino spectrum
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The solar sector

12

10
C\]I_I .
> N
m‘” . KamLAND
| 8_ -
- - <
Annl i ==
NS i
S O
P i

B MB22m
4__ 90, 99% C.L. ]
| | |

| | | | | |
0.2 0.3 0.4
Sin2 912

4 012 measurement dominated
by solar neutrino data

4 Am?;; 1s better measured
by KamLAND.

4 1.50 mismatch between the

values of Am?2;; measured by
solar and KamLAND

sin2012 = 0.304 + 0.016

Am?2s1 = (7.55 + 0.21) x 105 eV?2
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The solar sector after ]UNO

1 2 | I I |
[arXiv:2511.14593] _ |
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024) Jo
35T
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4 world-leading precision .9
, sin“ 6>
1N Amzm and 912
M. Beccaria, C. A. Ternes
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Neutrino oscillations
Atmospheric sector: 023, 6813, Am?31, ©

Super-K
lceCube

ANTARES

KM3NeT
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The atmospheric sector

Super-Kamiokande detects atmospheric neutrinos since 1996.
Neutrino oscillations discovery in 1998

Am?4
21— . 229 . 2 32L
sin® 26, sin <4E )

(1 k'n mountain overburden!

=V

SK Collab, PRD 109 (2024) 072014

3.4._L"""IYI"""""I"'lll'l’l""""_’_
T Normal ordering, 90% C.L .
39 4+ MINOS/MINOS+ 2020 2

- ¢ NOVA 2020 .
o F de---- T2K 2023 ]
_ 30 % — - IceCube 2023 e
C X Super-K
:‘1)) 28 -
e I :
T 28 -
:cg - :
T o241 -
22F -
20F -

032 04 045 0& 055 06 0865
Sin‘e,,

« 393 m

v

— very good sensitivity to 623 and Am?23;
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The atmospheric sector

lceCube detects atmospheric neutrinos using 1 kms of
ice as detector at the South Pole

Ve Vy. €

: e
IL!TQ_E—__: ,-:"'—_ -;:—— = . - oS .
— 1] ) P hodrons

IceCube Collab, arXiv:2405.02163

Amundsen-Scoll South

L : Pole Station, A
IceCube Labecratory 96 $nnss of DOMs, A National Scienee Fou :

? SEt 125 metars ppart el = Normal Ordering 90% C.L.
Data is collectes here and managed research facili 3.2
sent by satell te to the data NOvA 2022 === MINOS+ 2020
warehouse at U'W'-Madi<an - == T2K 2023 I.'p_(‘.uhv 2024

.01 SuperK 2018 (this result)
1450 m — e
~N
60 DCM 2 28
an each @

. 9 string "

(/ " e 8 2'64 L L emmmmaa==—TTTSC L
v DOMs N \

\ UL arel7? | £ 244 . - o
\\ cupe metars | g SN o

- sctor apart a
Digital Optical R VerpL e i ol
Madule (DOM) 2450 m ”I |l| || ' | ‘
5,160 DOMs I 2.0
degloyed in the ice B . . i .

235 040 045 050 055 060 065 D0.70
Antarctic edrock sin’(653)

— higher precision than Super-Kamiokande
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The atmospheric sector

ANTARES observed atmospheric neutrinos at the
Mediterranean Sea

+Buoy
-
(D) Storey

cht

ANTARES i

11
:
z

-E

800}

600 g I

S Junction 200 | - Z
% Box - ﬁ—q
0~1 1 1 l 1 1 ! | 1 1 1 1 | 1 1 1

Cables 150 200
Ereco/C086,c [GEV]

— results in agreement with oscillations in the
channel vy -Vr
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Neutrino oscillations

Accelerator sector: 013 O

Mariam Tértola (IFIC-CSIC/UValencia) 31 Galileo Galilei Institute 2025



The accelerator sector

4+ Designed to check the atmospheric neutrino oscillation channel
4+ L/E ~500 km/GeV to be sensitive to Am?3; ~ few 10-3 eV?2

4 Combine near detector + far detector

Super-Kamiokande J-PARC
2 Near Detector 280 m
| N -

] 10600 1)

T Neutrino Baam N OVA
MINOS = NOvA
The MINOS Experiment T2K ;l/sh River
national ® B o
Fermilab Soudan p. —
| —— _\

O km
735 km
12 km

Detector Detector 2 Mmoo WY
Near Detector: Far Detect

IL IN 980 tons 5400 to

)

|
> Fermilab
]

f

\

— results consistent with atmospheric data
i
— sensitive to v,—v, and v,—Ve
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The accelerator sector

v, and U, disappearance

_ - — . . Dy " F} ., 1 2 A l"sZL
P, — Uu) =P, — bu) = l—=sin“(26,5)sin”| 1.27 -

— only sensitive to sin226.3 and |Am2s;|

v, and U, appearance

sinZ220 a = Ams/Am3, ~ 1/30 i
— —— . “ [\ e |, l\“\ . ;) ) - - |
P(v, = v,) = sin“0,; ( 0 sin“[(A — 1)Aj, Jy = sin 20}, sin 20,3 sin 20,3 cos 03
T sind A=(F 12\:’"3(1', n /f.x"'_\.///j‘] .
S o> 9cp . : . ‘
(F)a sin A, SIN(AA5,)sin[(1 —A)A,, ]
A(l — A) 31 3] 31
JyCOS O¢p

+a c0S Ax; Sin(AA~,)sin[(1 — A)Ax, ] + O(a®
A(I—A)L 3] ( 3|) [( , 3|] ( )

— Sensitivity to ocp, the and the
octant of 623
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Atmospheric & accelerator sector

(sin?623 - Am?3;) regions from individual experiments

P’)
S
[ | T

sin2023 = 0.574 + 0.014

| (107 &V
T

.N L]
S
[ | T T

1 | Am2ss = (2.55 + 0.03) x 103 eV

99% C.L. -
| | | | | | | | | | | | | | | | | | | | | |
03 04 05 06 0.7 038
Sin2 923

1.5%

4+ Great agreement among all the experiments
4+ Best sensitivity obtained at T2K (closely followed by NOvA and DeepCore)
+ IC-DeepCore starts being competitive with LBL accelerator experiments
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Global fit to v oscillation parameters

20—
15 -
iflo— -
5p -
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sin2913
20— T
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Am3, [107° eV?] |Am3,| [1073 eV?] é/m
with SK atmospheric
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The octant of 025

0.041 t§t+ATM 1 tStJrATM ~
| LBL+REAC | | LBL+REAC |
- | Global | | Global 1
50.03_— ] B ]
| || |
0.02}- 1t -
I 90, 99% C.L. NO | I 10) ]
A NN SR o A N N S SN MR
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
sin’ 63 sin? 623

4+ LBL combination slightly prefer UO (NO) and LO(IO) with Ax2= 0.3-0.4

4+ LBL + ATM prefers UO (NO) and LO(IO) with Ayx2~ 0.3-1

4+ REAC breaks the degeneracy in favor of UO (NO and IO) with Ax2 ~ 3.5-5.2 over LO

4+ Global analysis show a milder preference for UO with Ayx2 ~ 2.0 (2.9) for NO (10)
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Global fit to v oscillation parameters

20—
15F . R -
=10F . - -
5h . - -
0.20 0.018 0.020 0.022 0.024 0.026
sin2913
20— ——
15F
2?10—
5p
65 70 735 80 85 53 34 35 26 2700 05 10
Am3, [107> eV?] [Am3,| [1073 eV?] é/m
with SK atmospheric Ax2(I0O-NO) = 1.7
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The mass ordering

4+ T2K and NOvVA separate analyses prefer NO with Ay2~ 0.2-0.4

Tension between T2K and NOvA 6 preference in NO

90, 99% C.L.

NO-
0.04 005001 002 003 =504 0.05
sin 913

=> The LBL combination (T2K + NOvA + MINOS) prefer 10 with Ay?2= 2.6

Mariam Tértola (IFIC-CSIC/UValencia) 38 GSSI Astroparticle Colloquia - 25 Feb 2026



The mass ordering

Tension between LBL and REAC Am?23; preference in IO

2.0r— o
B LBL T
i LBL+ATM |
1.5 LBL+REAC |- —
i Global
& ] 4 LBL and REAC data
“w show better
05l 11 agreement in NO
NO (e}
| | | |
I [ ! [ [ ] [ [ [
LBL
ﬁ2'8 LBL+ATM | |
> | - —> LBL + REAC prefer
o 20 1T NO with Ay2~0.7
i 2.4 4k
I 90, 99 NO | o)
| | | | | | | | | | | | | | | | | | | | |
0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
sin? 013 sin’ 013
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The mass ordering

— w SK-atm - - - w/o SK.atm
20
(5 _ 4+ T2K and NOvVA separate analyses
! prefer NO with Ay?=0.2-0.4
NR B h
< 10 4+ LBL prefer IO with Ayx2= 2.6 (tension NO)
> [ | 4 LBL + REAC prefer NO with Ay2~ 0.7
(tension in Am?23; measurement in I10)

4+ SK-atm prefers NO with Ax2 = 5.69 (5.23) for 0,3 constrained (free)

+ From the global fit: Ay? (I0-NO)= 7.7 (3.1) w SK-atm (w/o SK-atm)

assuming Wilk’s theorem: 2.80 (1.80 ) preference for NO w SK-atm (w/o SK-atm)
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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?; 71 VT;:E e
4 B-decay: mg = f(m;,0;) mg<1.1eV (90% CL) gll——ree | _
4+ OvBP: mpe = f(m;,0i;,P1) 25 ] {
+ Cosmology: ¥m; £ m,<0.12(0.15) eV NO (IO) 2
qy 95%CL) Q4 { 2o
. . . _ 3bo B e |
Results from the combined bayesian analysis: 50 210 2.20
2+ £.U0
= weak/moderate preference for NO drivenby |
oscillation data (2.00)
. . 0— ' ' ' '
= B-decay and Ovpp have little impact on MO. & OB SR e8 S8
OQ;‘)ZJ 7(6 O(Jo O(JOQ(?

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

Mariam Tértola (IFIC-CSIC/UValencia) 41 GSSI Astroparticle Colloquia - 25 Feb 2026



Global fit to v oscillation parameters

20—
15F

10F

Ax?

0.018 0020 0022 0.024  0.026
sin 0

020

20—
15F

10F

Ax?

6.5 7.0 7.5 8.0 85 2.2 2.3 2.4 2.5 2.6
Am3, [107° eV?] |Am3,| [1073 eV?]

with SK atmospheric
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The CP phase

Observation of the appearance channels v, = U, in atmospheric

and accelerator experiments allows to measure Ocp

07 ‘NomalOwerng A. Booth, 2024
SK Collab, PRD 109 (2024) 072014 % Hormal Grdering : ©0

16 —
14

' L) L} L) A l L) L L] L l L L] L] L]

SK |V cxpanded FV
— Data fit [ Inverted
12 - .. MC expectation [[l]lNomal

T2KEPIC2023 = 5F — <aomcl — <emmct. | 2K prefers also
OSE NOvAPRD 2022 + 6F | | <soscL [l <e0% CL-

¥ T 0 T g ocp ~ 37/2
2 N 2
OCP
0.7F " Inverted Orderng -
0 ", PR TR S 1 -~.r 0'6_ —:
=a L wlE sl x/2 " R : NOvVA results
e € O°F 7 depend on mass
Super-Kamiokande observesa = b _. ordering
Ve €Xcess in agrement with [ TIKERJC223  — SOMCGL - SEoRL)
03L NOVAPRD 2022 <90% CL [[] <66% CL+
maximal CP phase §qp ~ 37/2 S S - 7
0
CP
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The CP phase

i INIOI | | | | | | | | | ; I\IIOVI'A\E
B — T2K 7
25: —— LBL

——  Global _

—— —! o

—— | T

;*. . . ] - L N N
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
o/m o/m
4+ NO: mismatch between NOvA and T2K and SK atmospheric results

Osr = 1.12m ; 6= /2 (0) disfavored at 4.30 (2.90)

4+ I0O: all experiments prefer & = 31/2
O6gr = 1.51; 6= /2 () disfavored at 6.80 (3.90)
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Neutrino oscillations in
the short/medium term
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JUNO reactor experiment

» precision and mass ordering V. Cerrone @ NOW 2024

Reactor U, signal 1BD event number {x103)
6 ven- . 0 50 100 150 200 250 300
) W?S ’Dyc,n'"" - T T T 1 T 7 T T | ™1 -
1C7} — Gt <yt PDG 2024 : 5 |
&\ : v Star only 1 -
\\\ [ e ang Ll ' ' ol
® 108] B S 4 shE; R Sty 1 >0 : It
£ ¢ S, S " e
.6 : = T "‘.““-\ i l - - — i
R e S e 1% C - - B =ty
a‘:: *»1}\\\‘ T e A : P~
= M\\*\«» — e “1 ',,,’//’/
S \‘\ \ . .,‘.:f:.' .’{‘.’.. =e -e -e - - pp—
@10 N 201 e
l _-—
1 :iy o i i ooy I —— NO: stat.+all syst. -
|UNC Deta Teking Time [days] ! —— 10: stat.+all syst.
: ----- NO: stat. only
i | ---=- |0: stat, only
o b e Lo e o Lo e Lo Lo Lo a Lo a L 1 L1 1 2
OO 2 4 6 ' 8 10 12 14 16 18 20
. S JUNO and TAQ DAQ time [years]
Am?2, 1.1% 0.8%
Am3, 2 4% 1.0%
in26 £ 2% 1 9% 4+ 30 sensitivity in ~7 years of data
12 - CE e
sin%g,; 3.2% L7 9% . . . .
4+ Combined analysis with atmospheric
Chinese Phys. C 46 123001 experiments will enhance the

sensitivity
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JUNO + atmospheric experiments

IceCube Upgrade + JUNO

A. Terliuk @ NOW 2024

(&)}

un

NMO sensitivity (o)
W

NO=True

1N

» IC86

4 = 1C86 (12 yr) + 1C93

— |C86 (12 yr) + IC93 + JUNO
8,3 *3agrange (NuFit 5.2}

4 IceCube Simulation

2-
Today
1 - New string
deployment
0 L e s At BN A &JUNOSta[’t
25 50 7.5 10.0 12.5 15.0
years

4+ Up to 30 sensitivity to neutrino
mass ordering (50 with JUNO)

ORCA + JUNO

P. Migliozzi @ NOW 2024
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4+ 4-60 sensitivity to neutrino MO by

2030 (below 30 with JUNO only)
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Next generation of v experiments

|4 1.2 MW wide-band beam from FNAL to
"‘ it — it SURF (1300km)
e § - ” . 4 4x10 kt Liquid Argon TPCs
R W, ' 4 capability to probe 2nd oscillation max

b | 4 great sensitivity to mass ordering

. 4 188 kton water Cerenkov

Hyper-Kamiokande' R T2HK: great sensitivity to Scp
:Iﬂmnﬁcootemrtc confron \ "; * TZHI(I( (1 ].OOkm) Wl],]_ have

rn ey pnrliale o fiesidion Heones

-
and the mystaries of the Unwarse’s LL‘C!’LU‘AIY'

similar sensitivities as DUNE
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Next generation of v experiments
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4 Best-case oscillation scenarios:

>30 CPV sensitivity in 3.5 years
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Ultimate
precision in
Ocp: 6-16°

4 Worst-case oscillation scenarios:

>50 mass ordering sensitivity in 1 year >50 mass ordering sensitivity in 3 years
+10yr: CPV over 15%0f 6cp values at >3c
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Next generation of v experiments
S. Moriyama @ Neutrino’24

Ocp Projected sensitivity to CPV 10 :
———— Stalistics ony c 9o (Normal hierarchy)
seerereenenn IMProved Syst. (v, /v, XS€C. error 2.7%) = _F
e T2K 2020 syst (ve;ve xeec. eror 4.9%) g &

%125 - Im ElLl ofs st ' € 7
c [ =5 -90° dfth IOyr e O
9 8 CP O e e s AR e -
2 °r o il 2 3P
Y I~ et x
o i g ar-
“6‘) 4: . aut® E 3;
5 oy E -_
0 1 1 2 1 1 1 4 1 1 1 6 1 1 1 8 1 1 1 10 1;_
Hyper-K preliminary HK years (2.7x10%' POT/year 1:3 v¥) T Y
True nermal crderng (known) sillé 0,4
sin’0,,=0.0218-0.0007, 5in’f,,=0.528, AmZ,=2 609x 10~ eV e
4+ >50 CPV discovery for >60% of Scp + >S50 sensitivity to mass
4+ lo resolution of 6¢cp in 10 yrs: ordering for all values of
~20° (~6°) for &cp = -90° (0°) 023 for NO
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Beyond the standard
three-neutrino scenario

Mariam Tértola (IFIC-CSIC/UValencia) o1 GSSI Astroparticle Colloquia - 25 Feb 2026



Beyond the 3-neutrino scenario

4+ Neutrino results suggest the presence of physics BSIM to explain:
v light neutrino masses (Inass generation mechanism)
v large neutrino mixing compared to quark sector (flavour problem)

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

4+ Many different BSIVI scenarios analyzed in the literature:
v presence of light sterile neutrinos

v mixing with heavy sterile neutrinos: non-unitary neutrino mixing
yheutrino non-standard interactions (NSI) with matter

vy exotic neutrino electromagnetic properties

= the presence of new physics may affect our current description of
3-nu oscillations as well as the future measurements
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Global fit to v oscillation parameters

relative 1o uncert

parameter best fit &= 1o 30 range
Am3, [10%eV7] 7557022 6.98 8.19 2.7%
(Am?2, | [107%eV?] (NO)  2.50- 57
A | 1073V (10) 240+ 1t rorin
31 : T ordering?
sin? 015/107} 3.55  5.4%
SiIl2 6’23/10_1 (NO) 4.32 5.96 -
Sin2 923/10_1 (IO) 4.34 5.93 octant?
sin? §15/1072 ( 2.05-2.38
sin 614/1072 2300 2.06 2.39  25%
o /m (NO) L1255 0.76-2.00 maximal CP
o/m (10) 1.5010 13 1.11-1.87 - violation??
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Sterile neutrinos

4+ sterile neutrino = singlet fermion of the Standard Model

— 1t has no interactions (exceptions: Higgs, mixing and physics BSM)

Motivations: sterile neutrinos can explain...

4 neutrino oscillation anomalies (m ~ eV)
4+ small neutrino masses (seesaw mechanism, m > TeV-Mpjanck)

4+ baryon asymmetry of the universe (leptogenesis, m>> 1 GeV)

4+ (part of) the dark matter of the universe.
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Light sterile neutrinos

4+ LEP measurement of invisible Z decay width:

Ny, =2.984 + 0.008

(light, active neutrinos)

Hints for a fourth (sterile) neutrino

(Am2~ 1-10 eV?)

LSND & MiniBooNE Reactor anomaly Gallium anomaly
Vy —7 Ve Ve — Vg Ve — Ve
. . T 111
e . Te g ] ;2“ | GallchICr
l -l:l' =T % T | Galkex S:CI 4
I% | -{_IL— T II- SAGE *'Cr
295 SAGE Ar —e+H
EegE A LU T l
o G 035 06 07 08 09 1 LI
Distance ta Reactor (m) observed / expected

Mariam Tértola (IFIC-CSIC/UValencia)

55

GSSI Astroparticle Colloquia - 25 Feb 2026



Light sterile neutrinos

4+ LEP measurement of invisible Z decay width:

N, =2.984 + 0.008 (light, active neutrinos)

Hints for a fourth (sterile) neutrino| (Am?2~ 1-10 eV?)

LSND & MiniBooNE Reactor anomaly n Gallium anomaly

1 1 1 1 1 1 1
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| m ) L
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Global fit in 3+1 neutrino scheme

Dentler et al, JHEP 2018 [See also Giunti et al]

‘ b 5 |5 99%CL 99.73% CI. -
107 S |§ 2dof: ] 2 dof
| < |2 {10
— S _
% LSND °
. 10°Fw/DiF ~
N i & 100k Appearance
(]'._:.‘ <] ( w/oDiF)
.Disappcarancc
10~} . —FreedFlhllxes |
DaR+DiF )y {4 AT
1073 102 10! 107 10~ 10~° 107
sin” 26, sin 26,
= strong tension between
= Constraints on short-baseline appearance (LSND/MiniBooNE)
Vv, — Ve oOscillations and disappearance experiments:

SK, IceCube, MINOS/+,...
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eV-sterile neutrino in Cosmology

+ In Cosmology, sterile neutrinos with eV masses contribute to:

2. my = sum of neutrino masses  Neit = relativistic degrees of freedom

4+ Considering the presence 4th light sterile neutrino:

— m >O.O5eV+\/Am2 > 1eV
Z Vo~ 41 M. Archidiacono @ Neutrino 2024

~ / | '
— Neff ~ 4 . In ACDM
anck | g
(TT, TE,EE+lensing) I

CMB-SO 1

4+ Cosmological constraints:

Ch3-54 1
v<0. 9 B
Neff — 2-96j8§§ Planck | BAO » z -t { 0 072 ev (95/0 CIL)
. Euclid [WLAGU+XC) | P —

Strong tension between the eV B, -

. . ) cuclid (WL4GC+XC) | o 'n':‘rt nt »«‘:‘m.u, Yo GL
sterile neutrino hypothesis and CMB-S1.- LiteBIRD = b OB lo

C O S m O I O g y () 50 100 1 F.-{I ] 200 250 300
3wy, (meV)
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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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NU neutrino oscillations in DUNE

Pue = (a11022)* P27 + afyass|ao [Py, + ofy ag |

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

0.12 ’{ _ 012 @ Scp =37/2 W - ;
- dea 71'/'2 Bl -
' _ dop =0 1.5)
o 008 - s hos | bop=m ]
1A A \ B
g | Al | [ S
0.04 | ~ 004} | . _
| ' ,, A ] 0.5
/ \ A |
o L. - o LM, NA L :
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 (10-3-10-2), the effect is less dramatic
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Bounds on neutrino NU mixing

» Analysis of short-baseline and long-baseline neutrino experiments:

NOMAD and NuTeV and MINOS, NOvA and T2K.

10 L b il T
-— an ]
:_ Xy
8‘ as3 —
6' 99% CL
4- .
-90% CL
2- ]
i a | - 2 s s sl . P
104 10-3 107 101
1 —aj
Parameter|90% C.L.|99% C.L.
1— a3 < 0.031 ] <0.056
1 — a9 < 0.005| < 0.010
1-—- Q35 < 0.110 | < 0.220
laoq| <0013 | <0.023
laz | < 0.033 | < 0.065
|ass| <0.009| < 0.017

10 ' -
[ —
[ — &
8 _ Q32
6 99%c. 4
¢
<] L
4
-90% CL
2._ -
N L1 P L
103 102 101
|axjs|

Forero, Giunti, Ternes, Tortola, PRD 2022
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Non-standard neutrino interactions

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

X= L,R)

NC-NSI:

€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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NSI 1n the solar neutrino sector

Standard 3v oscillations
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N®OI at future LBL experiments

NSI can significantly spoil DUNE’s sensitivity to:

CP violation mass ordering
DUNE (545)

10
DUNE (5+3)

ol : 20

Iee'.lly jae'.la |€ee| =0.01,0.01,0.1

|Ecul, |€exl, €ce =0.01,0.01, £0.1

..................................................

-1 ~05 0 05 1 Y
8/ (true)

Masud and Mehta, PRD 2016
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NSI 1n the solar sector

12—
1oF = tension between preferred value of Am?z; from
S KamLAND and solar data
Y L KamlAND
T8 .
= . = Am?;; preferred by KamLAND predicts steep
o upturn and smaller D/N asymmetry
< |
MB22m
45 g0 090 - T
i 90, 99% C.L. ] Borexino(BB)E
RN S Y TS + SuperK -
02 03 04 « SNO
sin’ 01> : F
4+ NSI (¢ ~0.3) can reconcile both results: & F I
~, 04 ° 1B
= flatter spectrum at intermediate E-region = - 'i% “’é‘* e
- | ——Slandad —— NSl-up o
0.2 — Doty
. r —— Sterila NSI-¢ b
= larger D/N asymmetries can be expected 11— |
00 05 2 3 5 7 10 i
E, [MeV]

Coloma et al, PRD96 (2017) Maltoni & Smirnov, EP] 2015

Escrihuela et al, PRD80 (2009);
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NSI & the T2K-NOvVA &¢p tension

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

4+ Maximal CP-violating NSI couplings e, and €er of order ~ 0.1-0.2 may
reconcile T2K and NOvVA results.

SM SM + NST (&) SM + NSI (&)
0.?0: LN B B B | I | L - 0_7(} [ rr r 1| r1 | T ()_?U: T LI N S S B SN RN S B B B B B .
x » T2K NO 1 - y 12K NG s W T2K NO 1
063F | g nOvA E O65E | NOvA r 0.65E | gnova E
0.60F . — . 0.60F = 5 0605 g -
P 0.55 :- - —* ‘ :. U;q:- - L} > — P 0 is.:- L :/ * ' {E
? 0505 4 = 050F ‘2 0.50F ' N S
045F 0.45F 0458 Vg -
040F - 0,405— — 0.40F -
0.35E st Ao - 0,355 T ————_— 0.35° - e -
0.0 0.5 1.0 L5 2.0 00 0.5 1.0 .S 20 0.0 0.5 1.0 L5 2.0
6(‘ p‘."JT (Scp,a"ﬁ (5(_'13‘."7.'
Chatterjee and Palazzo, arXiv:2409.10599 | e | =0.125 ler | =0.22
Chatterjee and Palazzo, PRL 2021 Pep = 1.357 Per = 1.70T
Denton et al, PRL 2021
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sSummary

4+ Global fits to neutrino oscillations exploit complementarities of data sets to
enhance the sensitivity of individual experiments.

4 From the updated three-neutrino global fit:

v/ precise determinations for most parameters (~ 1 - 5%)

v slight preference for 623 >45° - LO disfavoured by Ax2=> 2.0 (2.9) for NO (10)

v normal ordering preferred over 10 with Ay2=71.7 (3.1) w SK (w/0 SK)
v 6sr = 1.12m (1.5m) for NO (IO) ; 6 = /2 disfavored at 4.30 (6.80) for NO (I10)

4 First JUNO data established leading precision in solar parameters

4 In the near future, global fits (JUNO+) will be useful to enhance sensitivities.

4 Next generation experiments (DUNE, HyperK) will provide sensitivities
above 30 for CPV and mass ordering

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

Mariam Tértola (IFIC-CSIC/UValencia) 68 GSSI Astroparticle Colloquia - 25 Feb 2026



Thank you!

Grazie!



