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Three-Neutrino phenomenology
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The three-flavour v picture
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Neutrino oscillations

Solar neutrinos Atmospheric neutrinos
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Accelerator neutrinos
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Neutrino oscillations

Solar sector: Atmospheric sector:

, Am?L

Pz = sin” 26 sin

4E
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Neutrino oscillations

Solar sector: 013, Atmospheric sector: 013 6
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Reactor sector (SBL): Accelerator sector: 013 O
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Three-neutrino oscillations
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maximum sensitivity to Am?2 =

0.1 eV2
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https://cerncourier.com/wp-content/uploads/2020/07/CCJulAug20_NEUTRINOS_natural.jpg

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
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Global fit to v oscillation parameters
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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

neutrino spectrum

_ different experimental techniques
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The solar sector

12
I 4 012 measurement dominated
i by solar neutrino data
10
S 4+ Am?;; 1s better measured
> n
w Kl AND by KamLAND.
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Neutrino oscillations

Reactor sector: 013, /Am?31

Double Chooz
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Reactor neutrinos

Production: fission processes in
nuclear reactors
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1 GW reactor: more than 1020 antineutrinos/s

Detection: inverse beta decay

reactor neutrino

geo neutrino Y x e + prompt
\\
I/e p / \\‘
P R —— > Y delayed
N
mean capture time z/x\
~ 200 psec on proton n - Y
Y

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

Well understood, 1sotropic source

Ve
of electron anti-neutrinos .
T 8 Oscillations observed
. _"Ve (E<8MeV) as a deficit of V,
V,

Several
10 + ______
reactor cores sin?26
>
= ¥
§ Unoscillated flux
E observed here Several
Survival Probability detectors
P =1 - sin’20,; sin*(1.27 Am? L/E)
L,
Distance ~1000 meters
L ~1 km: 613, AmZ23+
— sensitive to [Am234| ~ few 10-3 eV/2 oscillations in vacuum
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SBL reactor experiments

UBLE

FTEoo”

FE Near Detector

. I . 70m high _~Reactors T,
e A e Far Detector
= '

100m 300m \%“,)
290m 1,380m Far Detector *’I;EJJ |

2 reactors + 1 ND + 1 FD (10ton) 6 reactors+4 ND + 4FD (20ton) 6 reactors+ 1 ND + 1 FD (16 ton)

’ N A R 7 T v T
FO/ND data [ ! - sin” 2013 = 0.0892 + 0.0044(stat.) + ().l)(l-l.)(s{/s.)', R
" : I B |Am?2,| = 2.74 £ 0.10(stat.) £ 0.06(sys.)(x10™3eV?) .
---------- No oscillation : : 1 R T | IR, e e, ik, i date A . AT
1.2 Best fit on sin? 26,, = 0.105 + 0.014 W SR v = A EH1 |
- MD uncertainty ,B B EH2 /\o B
N N : I> B 1> 5
11 Uncertainty is the square root of the covariance matrix diagonal terms T | EH3 T | -
g | o 095~ Best fit g B
5 | > i Iz
[ H l i _ S - -
"o | {1 o i S ]
i _ i 4 . ¢ FarData i
ool f 0 g__ 09— ¢ Near Data -
Tt : . L - = Prediction from near data Preliminary 7
I : be v i { PR SIS N S SR S R S S B 7
08 I i far(81i8days)+near(258days) i 1 0 0.2 0.4 0.6 08 0 " 01.2 L L L 0{4 L L L 0{6 L L L 0{8
1 2 3 4 B 6 r 4
L,/ (E, [km/MeV] L, /E, (km/MeV)

Visible energy (MeV)

Mariam Tértola (IFIC-CSIC/UValencia) 18 NBI Neutrino School 2025



The reactor sector

Am3,L
Peezl—SiH22(91gsiI12< 31 )

1K
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Neutrino oscillations
Atmospheric sector: 023, 6813, Am?31, ©

..Su“b'er—'K

lceCube |

~ ANTARES

KM3NeT
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The atmospheric sector

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

Am?
~ 1 —sin? 260 in? 32L
Sin 23 SIn <4E )

(1 km mountain overburden)

-V

SK Collab, PRD 109 (2024) 072014
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— 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

V¢
¥ I CECUBE
= lceTop— — —pp=———Gm T R '
50m TR P wp ~ hadrohs

IceCube Collab, arXiv:2405.02163
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i D
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Normal Ordering 90% C.L.

Data is collected here and managed research fac 3.2
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— more precise than Super-Kamiokande
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The atmospheric sector

ANTARES observed atmospheric neutrinos at the
Mediterranean Sea

+Buoy 5
. ] <
@ Storey i | 1000 B
- . ¢ ; }’l‘ :,( :
: Cable to 6001
| shore M i
Station 400 et ...............................................................................
oo B : §
- : P on 200__ ....................... ........................................ ............................. ........................................
. e ,& Box - s
‘l[ _I ! ! | 1 L ! ] | ! ! ] ] | ] ] ] 1
Anchor = el Cables 0 50 100 150 200
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— results in agreement with oscillations in the channel v, -ve
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Neutrino oscillations

Accelerator sector: 013 O
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The accelerator sector

4+ Designed to check the atmospheric neutrino oscillation channel
4 L/E ~500 km/GeV to be sensitive to Am?23; ~ few 10-3 eV?2

4 Combine near detector + far detector

Super-Kamiokande J-PARC
Near Detector 280 m

I 1000 m
Neutrino Beam N OVA
MINOS el | NOVA
VY.
The MINOS Experiment — Ash River
T2K Intermmcm‘aal_6 /
Falls
Soudan
Buluth |° Fermilab Soudan '
10 km Duluth ¢} ——\
R 735 km NN
12 km
Mi
Detector 1 Detector 2 e ® |A/f
Fermilab Near Detector: Far Detector:
‘ IL IN 980 tons 5400 tons

MO

Fermilab

— results consistent with atmospheric data J
{ fL

— sensitive to vy—v, and v,—Ve
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The accelerator sector

v, and U, disappearance

. . . Am;L
P(yﬂ — yﬂ) = P(vﬂ — yﬂ) = 1—sin“(20,5)sin”| 1.27 .

— only sensitive to sin220.3 and |Am2s;|

v, and U, appearance

. _ sin220,; a = Am3/Am3, ~ 1/30 }
Py, — v,) = sin“0,; 1 - sin’[(A — 1)A5, Jo = sin 20, sin 20,5 sin 26,3 cos 6,5
= (F)2V/2G 2 '
. . s i4 (F)24/2C Fh ElAms,
+ ) S111 S11 Sin —
=x e 31 31 31
e e
a COS 1 S11 Sin = . a
e 31 31 31
— 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
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Global fit to v oscillation parameters

20—

10F

Ax?

0.018 0020 0022 0.024  0.026
sin2913

020

20—

15F

Ax?
S

5 26 2700 05 1.0
|Am3,| [1073 eV?] §/m

Ly2(I0-NO) = 7.7

6.5 7.0 7.5 8.0 8.5
Am3, [107° eV?]

Mariam Tértola (IFIC-CSIC/UValencia) 29 IFCA Master Seminar - April 4th 2025



JUNO reactor experiment

x10?
100F :
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JUNO reactor experiment

» precision and mass ordering
V. Cerrone @ NOW 2024

: ( ‘ 6 years 20 ye.‘ars“ ‘
10% | § — Statsyst. | PDG 2024 Reactor U, signal IBD event number (x103)
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e ' L |
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...... §3 . 30 o e W N NN VR VN NN
10-2 L ) ‘ L L L ‘ ‘ | > [ | i
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- : ----- NO: stat. only ]
- R 10: stat. only ]
Am%l 11% 08% 0||||1||||1|\|i||||\||||I|||I|||I|||I|1|
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KM3NeT-ORCA

KM3NeT: two underwater neutrino telescopes at the Mediterranean,
ARCA (astrophysical neutrinos) and ORCA (atmosp. neutrinos)

ARCA
h = 700m - DU\

.‘._—-.m\\ - saa .
D
- g
A . N e ————
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-0 ¥ 55 >
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JUNO + atmospheric experiments

IceCube Upgrade + JUNO

A. Terliuk @ NOW 2024

NO=True

(o)}

= |C86

4 = 1C86 (12 yr) + 1C93

= |C86 (12 yr) + IC93 + JUNO
0,3 =30 range (NuFit 5.2)

9}

IS

4 lceCube Simulation

N
1

NMO sensitivity (o)
W

Today
i | New-string
deployment
| ] -
2.5 5.0 5 100 125 150
years

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

ORCA + JUNO

P. Migliozzi @ NOW 2024

Sensitivity [o]

KM3NeT Preliminary  Total now: 0.65 - 1.24 sigma | Last updated: 2024-05-27 18:29:46 UTC

=== JUNO 7’
ORCA p
== = ORCA+JUNO 7’

H
\
\

N\
\
\

\
)

1 A o
| = /,
/
/
0

202> 2027 2072 202 2072

Date

202° 207! 202° 207° 20%°

0

4+ 4-60 sensitivity to neutrino MO by

2030 (below 30 with JUNO only)
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Global fit to v oscillation parameters
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The CP phase

Observation of the appearance channels v, — v, in atmospheric

U

and accelerator experiments and allows to measure the Oqp

SK Collab, PRD 109 (2024) 072014

16_ T T T T T T T T T T T T T
- SK -V expanded FV

14 | .

[ — Data fit [ Inverted

12 ---MC expectation [ Normal

T —7t/2 0 /2 T

Super-Kamiokande observes a
Ve €Xcess In agrement with

maximal CP phase O-p ~ 37/2

= Z
sin 923

T T T T T T T T T T

0-7:_I ‘Normal Olrd;erilngl ~ A. Booth, 2024
0.6k

T2K prefers also
0.5F .".
0.4 -

© T2KEPJC 2023 = BF — <90%CL --- <68% CL]
0.3:_NOvAPRD 2022+ BF | | <90% cL [I] <68% CL-

- lg (')gn NOvVA results

0

e dependonmass
0.7~ Inverted Ordering ] Ord. erin g.
0.6]- .
0.5F v E

Next generation

[ T2K EPJC 2023 — <90%CL ===+ <68% CL_: experlments:
03[ NOVAPRD 2022 <90% CL [[] <68% CL- DUNE, Hyper-K
b
2 2
8CP

Mariam Tértola (IFIC-CSIC/UValencia)

35 IFCA Master Seminar - April 4th 2025



Next generation of v experiments

| 4 1.2 MW wide-band beam from FNAL to
gzzzzri:::;r&;ound - - SURF (1300km)
g == e ==—— . 4+ 4x10 kt Liquid Argon TPCs
' 4+ capability to probe 2nd oscillation max

| + great sensitivity to mass ordering

. 4 188 kton water Cerenkov

Hyper-Kamiokande | ¢ T2HK: great sensitivity to Scp
A gigantic detector to confront /; * TZHI(I( (1 ].OOkm) Wl],]_ have

elementary particle unification theories
and the mysteries of the Universe’s evo[umv/

similar sensitivities as DUNE
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Next generation of v experiments
prr ey BOpT e T

5 20.0F- DUNE Simulation —— MO Sensitivity — S 1050 = MO Sensitivity _E
- - i ] : All Systematics ]
g 17.5 3 Qg%’::%”:ggﬁzg i %’ 9.0 Normal Ordering
- ..g 15_0;_ Ocp= —1/2 _; = 5:_ 100% of &¢cp values _:
N 3 1250 ER :
g 2ot 1 2% ;
B 8 75F : 8 *°F E
3 % 50 % 301 ]
z g 25F .._.é g 15F ) _’_:
- = > L —— c
g foprnponfmpermt], e e,
d Years Years . . .
g 120 prerr e NMNER MMM NN precision in
‘m.| s 3 DUNE Simulation —— CPV Sensitivity _: _ 4.5 2 DUNE Simulation —— CPV Sensitivity ? SCP' 6_ 1 60
() © [ Al Systematics ] B 4.0} All Systematics = '
2 2> 90 Normal Ordering = > - Normal Ordering 3
. = - Ocp= —TJ2 ] = 3'55_ 75% of &¢p values E
(&) ® 75 - @ 30 ]
B 60f - B 25F E
S 450 N S 20F -
< . ] = 10F 3
O 15/ = > O osf . 3
_111111111111111 llllllll lllllllllllll’lld _111111.;1111111] 11111111 lllllllllllll’ll:
00 25 50 75 H00 125 150 175 200 00 " 5eh0 e 00 125 150175 20.0
Years Years
4 Best-case oscillation scenarios: 4 Worst-case oscillation scenarios:
>50 mass ordering sensitivity in 1 year >50 mass ordering sensitivity in 3 years
>30 CPV sensitivity in 3.5 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 % .
Statistics only c 9 (Normal hierarchy)
------ e---==.  IMmproved syst. (v./V, XSEC. error 2.7%) 2 -
............ e T2K 2020 Syst. (v./7, XSEC. error 4.9%) g 8
T L D of
= [ x 7
S ob o dmpactof syst. 2 > | 1oy
§ o —de=o0 after 10yr g
(2} n > et -
S o Tl :
o °f 2 af
o | o [
u% 4:- ............................... = 3
%) Y ooliii &
(% 2:' E 2
1 | I 1 | | | | | | I | | | I | | 1 e
0 > 4 6 8 10 L
Hyper-K preliminary HK yeal‘S (2.7)(1021 POT/yeal‘13 V'V) 0_ 10{4* —t ‘0.145‘ - ‘ofs - 10.1551 - O}GL
True normal ordering (known) sin® 0,5
5in°0,,=0.0218+0.0007, sin°0,,=0.528, Am5,=2.509x10eV*/c”
4+ >50 CPV discovery for >60% of &¢p 4+ >950 sensitivity to mass
4+ lo resolution of 6cp in 10 yrs: ordering for all values of
~20° (~6°) for Scp = —90° (0°) 623 for NO
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Neutrino masses

4 From oscillations we know that (at least 2) neutrinos do have mass!!

. s v, Ve

4 V3 v, - $am2
v I L
2
Amz, >0 Am3, <0
v, I
Am%ll

%1 - V3 I v

4 What about the absolute mass scale? Do we have information?

From oscillations: Imy > \/ Am3,(NO) = 0.05eV
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Neutrino mass scale

Neutrino oscillations Cosmological constraints
In ACDM!
Planck IS |
(TT, TE,EE+lensing)
— CMB-SO-
CMB-S4-
Planck+BAO
- - CMB(Planck+ACT) 2m,<0.072 eV (95% CL)Ff
Direct constraints DESI BAO - ’
Buclid (WL+GC+XC) | o
. +Planck
* nevv: World-beSt dlre?t Euclid (WL+GC+XC) B Current data, 95% CL
neutrino mass constraint L CMB-S4+LiteBIRD | e Future CMB, 10
fI' om I{A.TRIN' Bl Euclid+CMB, 1o
0 50 100 150 200 250 300
> - m, (meV)

mg < 0.45 eV (90% CL)

M. Archidiacono @ Neutrino 2024
C. Wiesinger @ ICHEP 2024

* Relaxed to 2 m, < 0.11 eV (Naredo-Tuero, arXiv:2407.13831)
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Neutrino physics beyond the Standard Model
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Beyond the 3-neutrino scenario

4+ Neutrino results suggest the presence of physics BSIM to explain:
v light neutrino masses (Imass 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
vheutrino non-standard interactions (NSI) with matter

v/ 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

parameter

best fit &= 10 30 range

Am3, [107°eV?]

A | [10-%eV?] (NO)
[Am3, | [10_36V2] (IO)

sin? (912/10_1

sin? 923/10_1 (NO)
sin? 923/10_1 (IO)

SiIl2 (913/10_2 (
sin? 913/10_2

o/m (NO)
o/m (10)

7.557035  6.98-8.19

2.00=
2.404

4.32-5.96

4.34-5.93

2.05-2.38
23709 2.06-2.39
1.127015  0.76-2.00

1.11-1.87

relative 1o uncert

2.7 %

mass
ordering?

5.4%

- octant?

2.5%

- maximal CP
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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Beam Excess

Hints for a light sterile neutrino

Anomalies in neutrino experiments with very short
baselines source-detector (10-100 m)

LSND & MiniBooNE Reactor anomaly Gallium anomaly

17.5:_ ® Beam Excess 1.2 J‘{, ! T T | l I T T IIIIIIIIlllll—lllllllllllllll
C | B ! ! 1 I |
F B pfy, 60 1.15— & 3. - §= 3T ]
75: ) 14 21 3_ =§ $575 33 ¢ oy Gallex ' Cr b ®
- E3 pfv,e’)n : 56 54 d3 §i8% 38 3 s 9 '
125- — aa 25 BE g 3@ & ¥ O v o S
X ] z 1.05— T T 5 =
0: | [EE other H ‘\F_ L § Ny 1 .
o 3 g == | allex " Cr
1 : i 2 1 ? 1 y T_
75_ % : ,ﬁ 0.95—— ' J_ _L
L 2 > I —+ — 51 L
- % [ 3 -
: ; B oo . T+ 11 | |SAGE cr -
S| R 4 : T @>r — -
s B e 0.85— VRS o ] SAGE VAr | °
PEAAN s i v d4d3 i
“~ s it 0.8— 88383 —
s g222 .
B 2880d e o !
0 0.75 : : -7 : : | 1||1||11||1111|1111||1111111
1 . . 1 . ==L e T 05 06 07 08 09 1 1Ll
e = 10 10 10 observed / expected
0.4 0.6 0.8 1 1.2 1.4 Distance to Reactor (m) pec

LE, (meters’MeV)

Explained with neutrino oscillations with Am2~1 eV2in the channels:
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Interpretation of the anomalies

Amzsd ~ 8x10-5eV= Amzatm ~ 2x10-3eV?2 AmZLSND ~ 1 eVa

= Can only be accommodated considering four neutrino states

m2A

(2+2) '° (3+1)
| — " The new neutrino
om could not be
B
, produced at Z decay
Am’LSND
2
B N, = 2.984 + 0.008
— | (LEP)
O e— .~ Sterlle netimo
ol ]
v, v”
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2+2 neutrino scheme

+This scheme requires the presence of sterile

neutrinos either in solar or atmospheric neutrinos (2+2)
| |
o,
+However, solar and atmospheric data show a [ .
strong preference for active oscillations
_I | I I | L | VAL | || I_
AXZ B i B oxp
- . 2 — !
— - !
% |- I 11 1 I 11 1 I | :
0 0.2 0.4 0.6 0.8 1
N, Maltoni et al, NPB643 (2003), NJP06 (2004)
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Beam Excess

Hints for a light sterile neutrino

Anomalies in neutrino experiments with very short
baselines source-detector (10-100 m)

LSND & MiniBooNE Reactor anomaly Gallium anomaly

17.5:_ ® Beam Excess 1.2 J‘{, ! T T | l I T T IIIIIIIIlllll—lllllllllllllll
C | B ! ! 1 I |
F B pfy, 60 1.15— & 3. - §= 3T ]
75: ) 14 21 3_ =§ $575 33 ¢ oy Gallex ' Cr b ®
- E3 pfv,e’)n : 56 54 d3 §i8% 38 3 s 9 '
125- — aa 25 BE g 3@ & ¥ O v o S
X ] z 1.05— T T 5 =
0: | [EE other H ‘\F_ L § Ny 1 .
o 3 g == | allex " Cr
1 : i 2 1 ? 1 y T_
75_ % : ,ﬁ 0.95—— ' J_ _L
L 2 > I —+ — 51 L
- % [ 3 -
: ; B oo . T+ 11 | |SAGE cr -
S| R 4 : T @>r — -
s B e 0.85— VRS o ] SAGE VAr | °
PEAAN s i v d4d3 i
“~ s it 0.8— 88383 —
s g222 .
B 2880d e o !
0 0.75 : : -7 : : | 1||1||11||1111|1111||1111111
1 . . 1 . ==L e T 05 06 07 08 09 1 1Ll
e = 10 10 10 observed / expected
0.4 0.6 0.8 1 1.2 1.4 Distance to Reactor (m) pec

LE, (meters’MeV)

Explained with neutrino oscillations with Am2~1 eV2in the channels:
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Testing the LSND anomaly

Experiments designed to check LSND signal: MiniBooNE & MicroBooNE

LMC Argielles et al, 2021
et ! 102
______ _Ii_:—-ﬁ:—- L ] Argiielles et al. 2021
ft;';m r[(),;g{l Abs (;rber 450 m Detector e

e ; b MiniBooNE

104 “\ {<— ler

> \ \ > Vs

MiniBooNE Detector /% l 3o

Signal Region ’: ;\ \ N |
.- - . 2 '
4‘ >
10~ -
MicroBooNE 3o N

e I lusive :"/ P \\-\

_ CCQE .

l” - p————— pp——— v S— p—————
104 10-9 10~ 10! 1

ﬁill"|:2[)}‘, ) = '1|{'I“|J|{."|.’
ﬁ — Not enough evidences to confirm
or rule out the anomaly
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The reactor anomaly

New theoretical models and reactor results indicate that the neutrino flux for
*%°U should be reduced by 5-10 % with respect to previous estimations

| I I I I I

5.5 B@ NEOS-Il Preliminary

31 RENO (2018)

A Daya Bay (2017)- - S
-[&] Huber (2011) i

=
o

.

&
(@)
S P
o

V239 (x10743 cm?/fission)
S
(O]
|
N\
\
B

—
- — -

*e
* .
hd .
3.5
» B

“
- “'
. .
.......

-------
.....
......

Measurements at reactor
__—" experiments NEOS, RENO and
DayaBay

> Previous theoretical predictions

— this result reconciles experimental
data with theoretical predictions,

! 1
5.6 5.8 6.0 6.2 6.4 6.6

solving the reactor neutrino flux

6.8
V735 (x10743 cm?/fission) anoma|y
P. Vogel, Neutrino 2022
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Current status of the Ga anomaly

. DANSS 90% MicroBooNE (sin? 26,. = 0) <+ All Ga3e
4+ Recently confirmed by Prospect 95% MicroBooNE (sin? 20, marg) ~ — All Ga2o
. Stéréo 95% RAA 95% (allowed) — All solar v,'s 95%
BEST (B a.kS an EXp erlment RENO+NEOS 95%  — Neutrino-4 2 (allowed) Excluded by VSBL
. o 0 KATRIN 95%
on Sterile Transitions) at 4o |
o 10°F i\
1.1F _ :
i o | . s
) 1.0 — L . Al
=09 S S ———
e | T 100 2 / —— ey < ;
I R I L % ------------------ f — e i
E e -———_;> e
0.7 -
: N D
0.6 | T I | [ |
& > > & & &
F & L L . i
c,vc’ %v" \‘5’ y“” & é,&' 10703 10~= 10~ 10°
S, Q ® sin®26
Barinov et al, PRC 2022
o1
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Hints for a light sterile neutrino

Anomalies in neutrino experiments with very short
baselines source-detector (10-100 m)

LSND & MiniBooNE Reactor anomaly Gallium anomaly
17.5:— o Boam Excess 1'27} [T T | [ [ |1‘! | [ [ | []il | TTT T T T T T TTTT BEEBEREE
L | | |
15F B pfs, 9,6 15— 1= 3 ] | | |
: =3 pi, e — id Gallex *'Cr | | e
- % E= Gal
- :|: . SAG —
- 245 SAG
T I IEE.I R : : lllllllllllllllllllllll 111
: ==L : — | L L1l o5 06 07 08 09 1 LI
0.4 0.6 0.8 1 12 14 " Distance to Re;gtor (m) 10 observed/ expected

LE, (meters/MeV)

Explained with neutrino oscillations with Am2~1 eV2in the channels:
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Global fit in 3+1 neutrino scheme

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

| p 5 | 994 CL 99.73% CL
10°¢ S |5 2dof ; 2 dof
| < |2 :
_ N3
> LSND
— 10°kw/DiF
= ; h Appearance
4 : (7~ w/o DiF)
.i)isappearance
10—1 . — g'reedFIl:Lllxes
DaR+DiF 107
T T o = = =
sin” 26, sin® 26,
= strong tension between
i ° - hd ° °
Constraints on short-baseline appearance (LSND/MiniBooNE)
v, — Ve oscillations 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. m, = sum of neutrino masses

4+ Considering the presence 4th light sterile neutrino:

— > my 20.05eV + \/Amil > 1eV

— Nesi= 4

4+ Cosmological constraints:

0.34

Strong tension between the eV
sterile neutrino hypothesis and
cosmology

M. Archidiacono @ Neutrino 2024

Nest = relativistic degrees of freedom

Planck

In ACDM!

(TT,TE,EE+lensing)
CMB-SO+

CMB-54 1

Planck+BAO

Z my, < 0.072 eV (95%

CMB(Planck+ACT) § ,

+DESI BAO

Euclid (WL+GC+XC) |
+Planck

Euclid (WL+GC+XC) |
+CMB-54+LiteBIRD

—e—

—eo—

B Current data, 95% CL
Future CMB, 1o
[l Euclid+CMB, 1o

0

50

150 200 250 300
> - my (meV)

IL)*
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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 6c¢p), 9 more parameters are needed

4 General parameterization for non-unitary NxN mixing matrix

11 0 0
Uan — ( ]‘X ‘;‘{ > with N:NNPUSXS _ a9 (oo 0 U3><3
31 @32 33
Escrihuela et al, PRD92 (2015)
See also Xing, PRD2012 for n=6 — Qi real, a;; 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 = 7r/2 e :
| - ] s
» 0.08 |! 4 ¢ 0.08 [ .
T | g
Qs _ | a3 _ 1| &
0.04 | i 0.04 | | | /\ i P
_ A 0.5f
0 . 0 A E
10 10 00 .
E [GeV] E [GeV]
Escrihuela et al, NIP 2017 Miranda, MT, Valle, PRL 117 (2016)

— (8, ¢) degeneracies in P for Ex 3 GeV spoil sensitivity to &
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DUNE CP sensitivity with NU

6 |a|<1073
[ |ape|=0/
|- ,/
z fr
5H5.g ......... A L LELTY TRyt N} IRy ..5.g........., 2 N I.a,.,gL;IlO." .........
i /. \ e \ 8
+ 4 \ / \ W o emmen..
| ’ \ ’ \ 4
L / \ /4 \ 7
4 [ | /<102
|\$ i i P ! lal< \ lael=10
i \ / \
L I I
\ \
-3a/! 1 \ 30 : .
3""' I‘ """"""""""""""" "'"'o""""""' m-m=--- iy St [l """""'_:_'_'_','\ """"
L 1 _‘—"\ - )
| 1 \ - s - !
S A | al<107 \ - \ 7 "
U 7" /] \ Ve . \ !
N A i \ / \ ’ L
2 Y P ! \ ] AP .\ / \ / _ 10—1 \“'
h/c \ I 7 \_‘ “‘ / \\ / |a/_je|— \
X SN ‘\\‘ / \ ! \
1- s \ ‘e |alfree "N / \ / \
/ ’ \“ N
:"'/ ‘:‘ ‘e N / \ 'l \
'/’ ! ol I \ /i \
O / | | \ | |
JT JT JT JT
-JT - 0 = T =77 - 0 = 7T
2 2 2 2
Ocp Ocp

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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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:

€a3 7 0 — NSI violate lepton flavor (FC-NSI)
€aa — €38 7 0 — NSI violate 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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Models leading to sizeable NI

LNC_NSI = —2V2GF el %

4+ models with heavy mediator: mx >> 100 GeV = ¢ << 1

4+ models with light mediator: mx ~ 10 MeV, ¢ ~ 1 with gx ~ 10-4-10-3

= bounds on production avoided due to small coupling

= NBSI effect suppressed in scattering exp. with g2 >> Mx?2
(NuTeV, CHARM, q ~ GeV)

= BBN bounds can be avoided with mx = 10 MeV

10 MeV <mx <1 GeV
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NSI 1n the solar sector

12
10l = tension between preferred value of Am?;; from
> | KamLAND and solar data
78 .
S | ‘ = Am?;; preferred by KamLAND predicts steep
W ol AR 1 upturn and smaller D/N asymmetry
3 i
MB22m \‘\\\\ A
41 90, 99% C.L. N T T T T
I s & Sk
0.2 0.3 0.4 < g = SNO 3
sin” 61, =
4 NSI (¢ ~0.3) can reconcile both results: E EE
= flatter spectrum at intermediate E-region & SRR
| —Standard ——NSlup | T §TTTTT ol
02— . S
. B —— Sterile NSI-dw ;
= larger D/N asymmetries can be expected I T A RS R
0.1 05 1 2 3 7 10 14
E, [MeV]

Escrihuela et al, PRD80 (2009); Coloma et al, PRD96 (2017)

Maltoni & Smirnov, EP] 2015
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NI at future LBL experiments

(623-¢rr) degeneracy in DUNE

55+
. DUNE
[ - — NSI w/priors
Lo NSI no priors
507 DUNE+T2HK (TN
| ---- NSI w/priors ST
& -
© 450 R S |
\\_s?:_'__.;'.l_
40+
- 90% credible regions
0.30 0.40 0.50 0.60 0.70 ~0.5 0.0 0.5
sin® 0y, &
Gouvea and Kelly, NPB 2016 Coloma, JHEP 2016
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N®OI at future LBL experiments

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

CP violation y mass ordering
10
DUNE (5+5) : _DUNE (545)
8- - 20F

l€eul, [€cc], |€ce] =0.01,001,01 (6ul, e, e =001,001, 40,1

— —_
W 6 - <15
g )
. S - .................... TR o - Tl
|
o) 4" . b 10
""""" PN R
/7 ) 4 D N N P T
2_ '/ \‘ ,I \\ . 5 ____________
’ \ / s
4 \ / 0
7 \ / \
/s \ / \
0 1 l 1 4 1 l 1 OI
e 0 0 . 9 05 0 05 I-
6 / 1t (true)

Masud and Mehta, PRD 2016
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The T2K-NOvVA &cp tension

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

4+ CP-violating NSI with a new complex phase ¢eu0r der close to maximal
with NSI couplings €, Or €er0f the order of 0.2 may reconcile T2K and

NOvVA results.

0.70

0.65 F

0.60 Emums

§ 0.55F
= c
g 0.50:-

045 F

m T2K
| NOvA

040F

0.35C

0.0

.0
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0.5
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2.0
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< 0.55

=
‘7 0.50

T | T T
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| T
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0.0

Chatterjee and Palazzo, PRL 2021

0.5

Ocp/m

1.0

1.5
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SM + NSI (&e7)
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0.60 Fin,
SH0sSF
= - W
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045F

0.40 F

T | T T | 1 L] T T L
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Denton et al, PRL 2021
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BSM searches with
CEvVNS experiments
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Physics potential of CEVNS

Freedman, PRD 1974

Nuclear form factor Barranco et al, JHEP 2005

~
do MT T

T 4 5 = )@
14 |4 )

Axial contribution:

Weak nuclear charge small for most

— 17(1 —4sin2 6:0) — N nucleil, it cancels out

Qw =12 w) | for nuclei with even

sin® @y ~ 0.23 — neutron contribution dominates number of p and n

4+ Standard Model tests: nuclear physics, EW measurements (0y;)

4+ BSM searches: neutrino electromagnetic properties, NSI, couplings with
new mediator particles,...
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Neutrino magnetic moment

my

+ Minimal SM extension (with m,) predicts i, ~ 3 x 10~ 9 (—V) L = larger
c

in BSM

4+ The (effective) neutrino magnetic moment gives extra contribution to

CEVNS cross section:
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90% C.L. limits

. < 3.6 (3.8) x 107° up
fo, < 2.4 (2.6) x 1077 up

Data from
COHERENT
Experiment
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Non-standard interactions

\_ NS [(gh + 26 + <) 2+ (gf + et +2¢8) ]
+Z [(25w + 6w ) Z + (5££' + 25@@/) N] :
0,0
q q
Flavour-changing NSI| |Non-Universal NSI|
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