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OUTLINE

Status of the 3 global description
Explorations/Implications beyond 3v’s
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Massive Neutrinos in 2025 Concha Gonzalez-Garcia 2

‘The v evidence of BSM |

e In the SM #Avp = L, conserved < m, = 0

e We have observed with high (or good) precision:
* Atmospheric v,, & v,, disappear likely to v (SK,MINOS, ICECUBE, KM3NeT)
* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accel v, & v,, appear as v, & U, at L ~ 300/800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)
*x Reactor 7, disappear at L ~ 200 Km (KamLAND)
* Reactor v, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
= L., are violated = There is Physics Beyond SM
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‘The v evidence of BSM |

e In the SM #Avp = L, conserved < m, = 0

e We have observed with high (or good) precision:
* Atmospheric v,, & v,, disappear likely to v (SK,MINOS, ICECUBE, KM3NeT)
* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accel v, & v,, appear as v, & U, at L ~ 300/800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)
*x Reactor 7, disappear at L ~ 200 Km (KamLAND)
* Reactor v, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
= L, are violated = There 1s Physics Beyond SM

e The important question:

What BSM?
e The starting path:

Precise determination of the low energy parametrization
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‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

* With SM fields: Use v{ 1s right-handed
L is violated = Majorana v = v°

L—Lgy = —%Myﬁug—l—h.(z. =
SU(2)y is violated = Effective LE

x Introduce v

L—Lgy = —Mprivg — %MRﬁVg + h.c.
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‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

* With SM fields: Use v{ 1s right-handed
L is violated = Majorana v = v°

L—Lgy = —%Myﬁug—l—h.(z. =
SU(2)y is violated = Effective LE

x Introduce vr AND 1mpose L conservation

L—Lsy =—Mprrvg — %M%Vg +h.c. = Diracv + V°:
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‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

* With SM fields: Use v{ 1s right-handed
L is violated = Majorana v = v°

L—Lgy = —%Myﬁug—l—h.(z. =
SU(2)y is violated = Effective LE

x Introduce vr AND 1mpose L conservation

L—Lsy =—Mprrvg — %M%Vg +h.c. = Diracv + V°:

e Either way = CC Int interactions of massive leptons are not diagonal=- Ut zp

= Lepton flavours not conserved in v propagation = Flavour Oscillations:

En: * * . A'L z : * * .
PO‘B = 5046 —4 Re[UaiUganjUﬂj]sm2 ( 23> + 2 Im[UnganjUﬂj]sm (A’LJ)
JF#e JF#e

ADij _ (Bi—Ej)L _ 4 27("”%2_7”?) L/E
2 2 ' eV Km/GeV

No information on v mass scale nor Majorana versus Dirac
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 8136i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_pr 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

NORMAL INVERTED
ms A mo ~ .
Iwg“ Am3, > 0 by convention
m; g
2
L 5 Amz, > 0 for NO
= Amz, = )
5 me Am32 < O fOI' IO
CE:I m \ 4 ms
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 8136i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_pr 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

me o1 Ic;;c]ﬂ Am?Z, > 0 by convention
. A2 Am3, > 0 for NO
= M3y = 5
R . Amsz, < 0 for I0
CEI m; \4 ms
Experiment Dominant  Important Additional
Solar Experiments 012 Am%l 013
Reactor LBL (KamLAND) Am3, 01 015
Reactor MBL (Daya Bay, Reno, D-Chooz) 6,3, Am% /
Atmospheric Experiments (SK,IC) 053 Amg ’ 013 ,0¢p

Acc LBL v, Disapp (Minos, T2K,NOvA)  Am3,. O3

Acc LBL v, App (Minos, T2K,NOvA) Ocp 013 O23, Am3z, ,Am3,
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org
Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380
(In last years good agreement with results from Bari and Valencia groups)

NO, IO (IC19 w/o SK-atm)

= NOIO (1024 with SK. | NUFIT 6.0 (2024) | B
T T 1T | T IICI)’I |O|(IC|: Ill‘xlllt; ISI | 2|1tm) LU T T T T | T TTT | TTTT | TT I,Ill TTTT SK—atm p— X2 table from SK1_5
15 — 1 ! — \ - —
[ 1F 1F 1 1C24 = x? table from Icecube
Lo 1r 1r B data from 2405.02163
>< L 4 L 4 L _
< L 4L 4L |
sE L L 7 IC19 = Our analysis of Icecube
- 1r 1r ] data from 1902.07771
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org
Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380

(In last years good agreement with results from Bari and Valencia groups)

NO, IO (IC19 w/o SK-atm)

S h SK. | NUFIT 6.0 (2024) | .
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15— \ 1 — \ II’ — \ I
- 4 + \ ] 1 4 L \ 1 ] 2 2
- 1t \\‘ ’I," 1t \“ / ] 612, 613, Am21, ’Am3£|
!
ol 1 \ iy 1L 4 -
L 1L \ 1| T \ < k |
N>< L 1L \\ / II 1L \ \ AN I ]
< B 1L \ / 1L 1 \ /I h ]
- i I ) I 4 L \ <7/ I ]
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_I 111 | 111 1 111 _I 1 1 | 111N /I | | " 1111 | d/I/I | 111 I\ 11 | 111 I_

0
02 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026/ 0.4 /45 0.5 055 06 0.65

sin2 912 sin2 913 sin2 923
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L 4L \ Ly Il
L 4k \ L/
10 = | v
[V B 7 \\ *
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5 - — —
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(In last years good agreement with results from Bari and Valencia groups)
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org
Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380

NO, IO (IC19 w/o SK-atm)

===== NO, IO (IC24 with SK-atm)

| NUFIT 6.0 (2024) |

\

III|II|II|IIIII|IIII|I T T T
1

V.

AN
|IIII|}\I/I/I|IIII\

0
0.2 0.25 0.3 0.35

.2
sin 912

0.4 0.018 0.02 0.022 0.024 0.026

.2
sin 913

O[T T T

.2
sin 623

4 045 05 0.55

0.6

0.65

TIWrvyrrrry 1171 7Tn
RERIAY | J

I|I|III|III|I||||I|||II|IIII
n |

—_

L

T T T T TTTTT | T TTTT I
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- \ 1 4 1 n 1 I - / \ I
- 4 L 1 H 1 1| 1L / \ |

\ 1l 1 I / \ I
B 1r 1 " 1 1 r /7
~ 1 r " ] -1
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B 1L \ ]
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360

4 well-known parameters:
9123 9137 Am%la ‘Am§£|

9 023: Least known angle

Maximal? Octant?
non-robust yet
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‘Global 3 v Flavour Parameters: Spring 2025 I

Global 6-parameter fit http://www.nu-fit.org

Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380
(In last years good agreement with results from Bari and Valencia groups)

NO, IO (IC19 w/o SK-atm)
===== NO, IO (IC24 with SK-atm)

| NUFIT 6.0 (2024) |

e 4 well-known parameters:

T 1T T T T T T T TTT T T T T TTTTTTTTTTTTTOLTIT
I I N I I I I 1]

| | | 012, 013, Am3,. |Am3,|
ol 1F HF - ® Oo3: Least known angle
I I 10 10 1 Maximal? Octant?

- 1t 1t { non-robust yet

oL ol L D L N L T Dl DNl L D ]

s e Ordering NO or 10?

0
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026 04 045 05 055 0.6 0.6
.2 .2 .2
sin 912 sin 913 sin 623 /CPV?

15 _| | T TNT \\l L | L |II| T |_ _|| | T |||| T | TTT ‘ | TT ” TT | ||l T ||| |||, ||_ f T T |/l\| T T T 17T
- \ 1 4 - - /
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- 1t .
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2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp
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——NO, IO (IC19 w/o SK-atm)

| NUFIT 6.0 (2024) |

| —
0 90 180 270 360

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of ¢ p in NO
= IO best fit in LBL combination = b.f. dcp ~ 290°, CPC disfavoured at 2> 3.5¢

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
Slightly better in NO = LBL+Reac: NO and IO equally good = CPC OK
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——NO, IO (IC19 w/o SK-atm)
=== NO, IO (IC24 with SK-atm)

| NUFIT 6.0 (2024) |

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of ¢ p in NO
= IO best fit in LBL combination = b.f. dcp ~ 290°, CPC disfavoured at 2> 3.5¢

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
Slightly better in NO = LBL+Reac: NO and IO equally good = CPC OK

o Adding SK-ATM y? Table:
Favouring of NO=- CPC

2 ~
AXIO—NO,With SK—atm = 0
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——NO, IO (IC19 w/o SK-atm)
=== NO, IO (IC24 with SK-atm)

|\|||||||||'|
\ [

| NUFIT 6.0 (2024) |

T T 1T 17T | 1T 1T 1771
-~

7

15

IP{\'III‘!\'\

0 90 180 270 360

6CP

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of ¢ p in NO
= IO best fit in LBL combination = b.f. dcp ~ 290°, CPC disfavoured at 2> 3.5¢

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
Slightly better in NO = LBL+Reac: NO and IO equally good = CPC OK

e Adding SK-ATM x? Table: SK-atm Eevond expectation and not clearly compatible
Favouring of NO=- CPC o e | e SEE

10F

2 Y L F
AXIO—NO,With SK—atm — 6 5 8

!ﬂl[iﬁ]t)_l}. arXiv:2311.05105
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‘ Confirmed Low Energy Picture I

— Robust determination of 645, 613, Am%p !Amﬁgl

e 3y scenario:

— Mass ordering, #>3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. Not statistically significant yet

= definitive answer will require new experiments: Talk M. Sorel
— T2K and NOvA will run till ~ 2027
— JUNO taking data = Ordering (alone and/or comb with v-telescopes)
— Hyper-K and DUNE expected within a decade =- Ordering, dcp & 623

11



"I Byproduct: Testing How the Sun Shines with /s | "

e Sun shines by nuclear fusion *He
e Two main chains of nuclear reactions:

pp Chain : CNO cycle:

[Mp+tp—2D+te +u] [ p+e +p—2D+u eOV<E o 0.707MeV
(90.75%)] : [ (025%) X \( =
D+p:>"H9+'y /

P P

‘He + *He = o + 2p *He + *He =+ "Be 4+ [ (6)"He + p = He + ¢ 4 v, |
(p-p 1: 86%) | (0.00002%)
[ 1
[(3) ™Be + e~ — Li+ v | "Be+ p— B+
| !
Li +p — 20 [(4)°B =+ *Be" + e + 1| NSy

(p-p 11 : 14%) | \ V\
5Be* '—3- 260 /

(p-p LI 0.015%)
v <E ,>=0.999MeV

e Standard Solar Models predict < 1% of solar luminosity from CNO cycle.

10: ﬂil% Bahcjillfserenelli 2((}05 .
They also predict the corresponding neutrino fluxes & fo 4 [wps
émV:—‘ | = i_‘\i
& i:: ilO.Sf//‘E/
105/ i
102 ‘/Ef/

Neutrino Energy in MeV
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‘Byproduct: Testing How the Sun Shines with /s I

D,

Fitting together Am?, 6 and normalization of v-producing reactions: f; = FooT
= Constraint on solar energy produced by nuclear reactions
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Present limit on CNO:

L
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Test of Lum Constraint:

Lo(v —Llnferred) 1041 0.06
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MCGG, Maltoni, Pinheiro, Serenelli 2311.16226
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‘Byproduct: Testing How the Sun Shines with /s I

SSM independent fluxes can be used to improve modeling

T T I 'IIIIIIIII 'IIIIIII T T T L III{IIIIIXIIIII

pp pep h Be 8B _n hep |

098 1.00 1.02 095 _ 1.00 1.050.8 1.0 1.2 0.5 1.0 15012345678
®/Ppo3_ Gsos ®/Ppos_ asos ®/Ppo3_Gsos ®/Ppo3_ Gsos @ /Ppo3_ gsos

Probability
i

——T N L A pr-ro=1n7 — FIT with CNO-Rfixed

— 13N— - 17F _
> - _ u N FIT with CNO-Rbound
= B i — B23-GS98
'.rEU_ B | — B23-AGSS09met
Q — B23-AAG21
)
| -

o

— B23-MB22-met
— B23-MB22-phot

T’"‘l"ni. I

0 1 2 30 1 2 3 4
O/ Ppas— Gsos O/ Ppas— Gsos ®/Ppo3_Gsos

MCGG, Maltoni, Pinheiro, Serenelli 2311.16226
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‘ Confirmed Low Energy Picture I

— Robust determination of 645, 613, Am%p !Amﬁgl

e 3y scenario:

— Mass ordering, #>3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. Not statistically significant yet

= definitive answer will require new experiments: Talk M. Sorel
— T2K and NOvA will run till ~ 2027
— JUNO taking data = Ordering (alone and/or comb with v-telescopes)
— Hyper-K and DUNE expected within a decade =- Ordering, dcp & 623

e Oscillations DO NOT determine the lightest mass nor distinguish Dirac/Majorana
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Single 5 decay : Pure kinematics, Dirac or Majorana v’s, only model independent

le—
59 . le-11

T 2 2 92 92 2 2
— mp-2ev 15 2 2 2 _ NO : mj + Am3;ci3875 + Am3; 573
a m; = E m#|Ue;|* = {

5 104 \ . 2 2 2 .2 2 2
< 0.5 R IO o mg + Am21C13812 - Am31013

0.0 <

1/N dN/di
o

" PPresent bound: m,, < 0.45 eV (90% CL KATRIN 2406.13516 )

N
000000000000000

Katrin sensitivity to m,,_ ~ 0.3eV

v-less Double-5 decay: < Majorana v’'s
TOV _ Me

If m,, only source of AL T} o = e -
. z Gov Vel mee
¢ Mee = ‘ZUgjmj‘
N = a7  tama o
= f(my,order, maj phases)

Present Bounds: m.. < 0.04—0.2 eV

. . . 2 2 2 2 2
COSMO for Dirac or Majorana E m= 1 NO° VG + /Amgy +mg + / Am3y + my
m,, affect growth of structures 10 /m2 + /—AmZ, — AmZ, —m2 + /—AmZ, —m?
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Probes of Mass Scale in 3v-mixing: Correlations

17

In 3v-mixing the expectations for these probes are correlated: Fogli etal hep-ph:0408045

IIIIII|T| T TTTIT

S

xcluded KATRIN

[N |

Zm, [eV]

10° NO
1 IIIIILIJ 1 IIIIILIJ L1l
10°  10° 107
Might [eV]
100:|||||| T T ||||||| =
E 10-1 E_ _E
E>°’ F 10 .
NO
10-2 = =
:I 1111 1 I 1 11 III| 1 3
10" 10°
Zm, [eV]

3

_|_|-|T|T|'| T IIIII|T| T IIIII|T| I

C | IIIIILIJ | IIIIILIJ | IIIIIEJ

10

10°  10% 107
Might leV]
EI TT ||| T T T T1TTT |||
E IO
E
E @NO
i II| | 1111 III|

| NUFIT 6.0 (2024)

IIIIII|T| IIIIII|T| T TTT

3 2 -1

10° 10

Might [eV]

1 IIIIIII| 1 IIIIILL| 1 IIIIILL| IR NN

T

oo [0V]

m

1 IIIIILL| 1 IIIIILL| 1 IIIIILL| L
IIIIII|T| IIIIII|T| IIIIII|T| TTT1T

10"

10°

Zm, [eV]

10

NO

|_|_| 1 IIIII|_|_| 1 IIIII|_|_| L

-2

10"
mve [eV]

-
(=]
=)

Combination global Osc+KATRIN

In NO at 95% CL:
0.0085 eV <my, < 0.4 eV

0.058eV. <> " m, < 1.2eV
0 <Mmee < 041eV
In IO at 95% CL.:
0.048 eV <my, < 0.4 eV
0.098eV. <> m, < 1.2eV
0.015eV < Mee < 0.41 eV
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e 3v scenario: Robust determination of 012, 013, Am3,, |Am3,|

— Mass ordering, #3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. Not statistically significant yet
= definitive answer will require new experiments Talk M. Sorel

e What about mass scale and Dirac vs Majorana?
— Only model indep probe of m, 3 decay: /> m?|U.;|? < 0.45 eV (KATRIN 24)
— Dirac or Majorana?: v-less 8 decay (Talk M. Sorel)
— Cosmological effects?:Steadily improving bounds (Talk E. Sanchez . ..)

e Only three light states?



Massive Neutfin05| Beyond 3v’s: Light Sterile Neutrinos IzG

e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

19
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe




Am? [eV2]

Massive Neutfin05| Beyond 32°s: Light Sterile Neutrinos |3 190

e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe

Strong tension with v disapp
Dentler etal, 1803.10661

99.73% CL
2 dof
10"} =
I ——
———
10°F Appearance
( w/o DiF)
i)isappearance
—— Free Fluxes
107k
1074 1073 102 10!
sin?® 26,.c

ArXiv:2412.14407:
No Confirmation (99% CL)



Am? [eV2]

Massive Neutfin05| Beyond 3v’s: Light Sterile Neutrinos I“

e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe

Q: : :
“0, %, Oy .
Su %, d}gp &Q/]h v disapp

LISy, 0, ‘. <6l
Zo, Yoy

T avpe G

1L
1074 1073 1072 1071

MicroBooNE

ArXiv:2412.14407:
No Confirmation (99% CL)

19-c
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

LSND &MiniBooNe

2011 reactor flux calculation:

) __ _dat _ +0.024

Explained as v, disappearance

G . .
Su%, y s O&OJ]‘h v disapp
L. 0 G, 261
Sty %,
Q 0)
O, @ Y -
‘}; —— j}(.‘G
E ol appe (o,
MicroBooNE

ArXiv:2412.14407:
No Confirmation (99% CL)
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe

Q: : :
“0, %, Oy .
Su %, d}gp &Q/]h v disapp

LISy, 0, ‘. <6l
Zo, Yoy

10}

Disappearance
—— Free Fluxes
— - - Fixed Fluxes

107 'L
1074 1073 1072 1071

22
sin” 26,e

MicroBooNE

ArXiv:2412.14407:
No Confirmation (99% CL)

Huber, 1106.068,Mention etal ,1101.2755
2011 reactor flux calculation:
RReac = —222_ — (0.93610023 at L < 100 m

Explained as v, disappearance

2022 with updated inputs (**°U)

Reactor Anomaly

predict

Berryman Huber, 2005.01756
Kipeikin etal, 2103.01486

. exp KI
=o7%/ora

exp
Aok

o
N

1.00

T T T
| = Bugey-3 — DajaBay —+ ILL 4~ PaloVerde %~ Rovnod1

~5- Bugey-4 *~ Double Chooz &~ Krasnoyarsk =~ RENO SRP

% Chooz <~ Gosgen = Nucifer & Rovno88 STEREO
o

0.70 0.80 0.90

Ru=0975 7

10 10° 10°
L fm)

Deficit < 1o
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe

@ 5 .
Su%,, s O&OJ]h v disapp

5 %
LSy, Oy <61
Zo, Yoy

10}

Disappearance
—— Free Fluxes
— - - Fixed Fluxes

107 'L
1074 1073 1072 1071

22
sin” 26,e

MicroBooNE

ArXiv:2412.14407:
No Confirmation (99% CL)

Reactor Anomaly

Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

7

data_ — 0.9367) 053 at L < 100 m

edict
EXI.QS}
2022 Witho{ L‘inputs (2357))

Berryman Hube.

25
Kipeikin etal, 21033 O

. exp KI
=o7%/ora

exp
Aok

o
N

1.00

T T
| = Bugey-3 — DajaBay —+ ILL ~4- Palo Veru. S

~5- Bugey-4 *~ Double Chooz &~ Krasnoyarsk =~ RENO A

% Chooz <~ Gosgen = Nucifer & Rovno88 STEREO
o

< Ve disappearance

T

0.70 0.80 0.90

Ru=0975 7

10 10°
L fm)

Deficit < 1o

10’
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe

&G Co
S, g O&OJ]h v disapp

5 %
LSy, Oy <61
“o, Yoy

10}

Disappearance
—— Free Fluxes
— - - Fixed Fluxes

107 'L
1074 1073 1072 1071

22
sin” 26,e

MicroBooNE

ArXiv:2412.14407:
No Confirmation (99% CL)

Reactor Anomaly Gallium Anomaly
Huber, 1106.068,Mention etal ,1101.2755 Acero etal, 0711.4222:Giunti, Laveder,1006.3244
2011 reactor flux calculation: Ve + 1Ga— "1Ge + e~
) data_ _ () 93610920 at L, S100m  Raa = sy = 0.8+ 0.04at L ~0.5-1.1m

redict
Exk&kp < U, disappearance Explained as v, disappearance

2022 witlg{ L‘inputs (*3°0)

Berryman Hube.

25
Kipeikin etal, 21033 O

T

T T
8. | = Bugey-3 — DajaBay —+ IL ~4- Palo Veru. W1

~&- Bugey-4 % Double Chooz &~ Krasnoyarsk =~ RENO Rl
% Chooz <~ Gosgen = Nucifer & Rovno88 STEREO
o

exp KI
ofa/Sha
1.00

exp
Aok

0.80 0.90

Ru=0975 7

70

10 10° 10°
L fm)

Deficit < 1o
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBooNe

@ : :
“0, %, Oy .
Su%, d}gp &Q/]h v disapp

LSy, 10, Y <6l
“o, Yoy

10}

Disappearance
—— Free Fluxes
— - - Fixed Fluxes

107 'L
1074 1073 1072 1071

22
sin” 26,e

MicroBooNE

ArXiv:2412.14407:
No Confirmation (99% CL)

Reactor Anomaly

Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

7

data_ — 0.9367) 053 at L < 100 m

edict
EXI.QS}
2022 Witho{ L‘inputs (2357))

Berryman Hube.

. exp KI
=o7%/ora

exp
Aok

o

1.00

70

25
Kipeikin etal, 21033 O

(.
-

T T
-5 Bugey-3 - DajaBay -+ ILL ~4- Palo Veru. S
~5- Bugey-4 *~ Double Chooz &~ Krasnoyarsk =~ RENO A

% Chooz <~ Gosgen = Nucifer & Rovno88 STEREO
o

< Ve disappearance

T

0.80 0.90

Ru=0975 7

10 10°
L fm)

Deficit < 1o

Gallium Anomaly
Acero etal, 0711.4222;Giunti, Laveder,1006.3244

Ve + "1Ga — "1Ge + e~

Rea = —d2ta_ — 084+ (0.04at L ~0.5-1.1 m

predict

Explained as v, disappearance

Confirmed by BEST (40)
But oscillation solution

10% ¢

26

[eV?]

10 ¢

L Solar
—— KATRIN

[ |Gallium - Cadeddu et al.

— (p.n)
— (He’H)
n T

2
41

Am

107! 1
.2
SiN“20¢e

Caddedu etal, 2507.13013

Ruled out/tension with solar+
reactor+KATRIN



Massive Neutrinos in 2025
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‘ Solar modeling and the Gallium anomaly I

o mo0lar  +KamLAND

MB

AGS

GS

AAG

SSM indep (wLC)
Ga-source exp

N 16 10
sin? 04 sin? 014

Incompatiblity is SSM independent

fo1074 18 1672 10T

00

100, : : : :
- I Solar+KamLAND RFC
| — Solar+KamLAND RFF

1071

SiIl2 914

10—2:

0.8 1.0 1.2 1.4 1.6 1.8 2.0

L (v —inferred)/L g

Compatibility =
2 10% of solar energy

not in radiation

MCGG, M.Maltoni, J. Pinheiro arXiv:2411.16840
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e 3v scenario: Robust determination of 012, 013, Am3,, |Am3,|

— Mass ordering, #3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. Not statistically significant yet
= definitive answer will require new experiments (Talk M. Sorel)

e What about mass scale and Dirac vs Majorana?
— Only model indep probe of m, [ decay: /> m?|U.;|? < 0.45eV (KATRIN 24)
— Dirac or Majorana?: v-less 83 decay ( Talk. M. Sorel)
— Cosmological effects?: Steadily improving bounds (Talks E. Sanchez,. . .)

* Only three light states? No consistent/stable description/status of SBL. anomalies

e Additional information on NP?
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‘Bottom-up: Light ~ and New Physics I

If SM is an effective low energy theory, for £ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

1
L= Lgy + Zmon
— Ayp
— At dim=5 only 1 operator:
Os = /i‘;; (LLﬂ;q;) (qBTLg,j) = %7LM,/V€ = Majorana Mass = v-less 53 decay
Higgs Higgs L AT 2 :
t‘ig / g8 my ~ G—— >/ Amg,, ~ 0.05eV:

For \¥ ~ 1 = Axp ~ 10 GeV ~ GUT scale
= Leptogenesis but no signatures in lab

For \V ~ (Y,.)? = Anp ~ EW scale
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‘Bottom-up: Light ~ and New Physics I

If SM is an effective low energy theory, for £ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

’C:’CSM+Z ! O,

n—4
— Axp
— At dim=5 only 1 operator:
Os = /;\;JP (LLﬂ;q;) (&TLEJ) = %PLMVVLC = Majorana Mass = v-less 53 decay

— Atdim=6 Og ~ LLLL , QQLL are LN conserving but can be LFV so in general

L=Lsn+ jf’;i (L—an;) (gETLg> + Z X%; Oe,i

= possible to decouple :
New Physics scale A n responsible for the small m,, from
New Physics scale A r (<K A ) controlling signals at Lab experiments.

= possible signals in v experiments: Non-standard v interactions (NSI), non-unitarity
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o If v, mixed with n extra states Upgp = (K 3x3, /5. 3xn) Schechter, Valle (1980)

Qlge 0 0
KZ,BXS - I3><3 - Qe Cpp 0 X U3X3(92]7 5)

Qer O‘/M' Qrr

Xing arXiv:1110.0083; Escrihuela etal arXiv:1503.08879, Blennow etal arXiv:1609.08637
e For extra states with M/ 2 10 eV oscillation experiments depend on K 3x3

= effects in production, propagation and detection
(not always consistently accounted for in literature) Blennov et al 2502.14980

e Unitarity violation = effects in charge lepton observables (CLFO)
= for M = EW scale stronger bounds from CLFO

Averaged v Oscillations Flavour & EWPO [53]
90% CL m > 10 eV m > Mz

Direct Schwarz Direct Schwarz
Qee 8.4 x 1073 [108] 1.2 x 1073
pp | 1.2x 1072 [117] 8.6 x 1075
Qrr 2.9 x 1072 [110] - 6.0 x 10~*
lovel | 1.8 x 1072 [105] 1.4 x 1072 1.9 x 107 5.4 x 10~*
lore] | 6.1 x 1072 [104] 2.2 x 1072 6.2 x 1073 1.5 x 1073
lory] | 9.1x 1073 [104] 2.6 x 1072 6.9 x 1073 1.5 x 1074

Blennow et al arxiv: 2502.14980
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NSI

e Effective parametrization: £g; = —2\/§GF€£];(EQWMLV5)(f7MPf) , P=LR
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NSI in v Oscillations : Degeneracies

e Effective parametrization: £Y§; = —21/2G rel of (VO/WLVB)( fvw.Pf), P=LR

0 0 0
d ,
e In matter with NSI: zd—y = H"U HY=Uwac | 0O %51 0 Udac+HSM + HNSI
:U 174
0 0 Am%l
°E,,
1+ €ee — Eupn  €eu  Eer N (’I“)
aSM 4 ANST = \/2G r Ne(r) L 0 ur with £, (r) = _Z N: o el
Eor Enr €17 —Eup f=p,n,e
e So H — — H™ (= Probabilities are Invariant) if simultaneously:
012 — 5 — 012 (cee — €up) — —(€ee — eup) — 2 New “Dark” (12 > ) region (solar)
Am3 — —Am3, and (g _ sw) — —(err —euu)  Lost order info (ATM&LBL)
0—m—20 cap = —€hg (@ F#PB) CPV confusion (ATM&LBL)

Miranda,Tortola, Valle, hep-ph/0406280
MCGG,Maltoni,Salvado 1103.4265
Coloma, Schwetz, 1604.05772

for Ny (r)/Ne(r) # constant £,3 are not constants = degeneracy only approximate
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Massive Neutrinos in 2025
‘ NSI: Effect in Coherent Elastic v-Nucleus Scattering (CEvNS) I

e Predicted by Freedman etal in 1974. First observed by COHERENT experiment 2017.

do  G% Q* , ME,
¢ _ gy {nat S
= - - utri
4 [ng 4\_\]\[971] /' ,71

nuclear

For neutrinos at/below 50 MeV,
recoil

coherence condition(q < 1/R)

satisfied for a medium size e )

nucleus (Ar, Ge, ... Cs, Xe) a

Although predicted in 1974, it has ¢3“ &

not been observed until 2017! 8@ sccondary
recoils (heat)

Freedman et al, PRDO (1974) 1389 Sogrens

e By 2025: Observed in Csl 1708.01294, Ar 2006.12659, Ge 2202.09672,2406.13806,2501.05206
and Xe 2407.10892,2408.02877
Rich physics program: precision EW tests, Nuclear physics, v-charge radius, p,,
sterile neutrinos, light-mediators, NSI. . .
Explored by spanish pheno groups: Rossi+ 2311.17168, de Romeri+ 2211.11905, Miranda+
2109.09545, 2106.11660,2008.02759,2003.12050,2002.01482; Alonso-Gonzalez+ 2307.05176, Amaral+
2302.12846; Coloma+ 2305.07698, 2202.10829, 2009.14220,2006.08624,1911.09109; Baxter+ 1911.00762. ..
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Massive Neutrinos in 2025
‘ NSI: Effect in Coherent Elastic v-Nucleus Scattering (CEvNS) I

e Predicted by Freedman etal in 1974. First observed by COHERENT experiment 2017.

do  G% Q* , ME,
0?2 72 2“ . scattered
= - [Zg;/ -+ Ngr‘{] : > neutrino

nuclear

For neutrinos at/below 50 MeV,
recoil

coherence condition(q < 1/R)

satisfied for a medium size 586

nucleus (Ar, Ge, ... Cs, Xe) G
(" Sg
o 22 B®

Although predicted in 1974, it has .‘3“ S5

not been observed until 2017! >0 Sefgcno?gry(heat)

o
Freedman et al, PRDO (1974) 1389 P v,

e By 2025: Observed in Csl 1708.01294, Ar 2006.12659, Ge 2202.09672,2406.13806,2501.05206
and Xe 2407.10892,2408.02877
e For Myioq = 50 MeV and NSI with quarks = effect in CEvNS

Qup o< Z(gy dap + €5 ) + N(gy bap + )
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With most general couplings to up, down and/or e:
— LMA-D allowed by oscillations

Solar + KamLAND +
= reactors w NSI in ES

=] GLOB - OSC w NSIin ES
GLOB — OSC w NSIin ES +

10

— =3 crons
= °F

m?

L L

< 8F

~= F ‘@

g 7F

a F ~

LMA LMA-D

0.2 0.4 06 0.8
sin26,,

— Adding CEvNs (M eq < 50 MeV)
= LMA-D only above 20

°F NSI V\lth quarks onh (¢ = 0)
(Ay? = 2.30, 6.18)

4
D)
3 . N
\D)
2 N
R
EBLUE 1

\,\\\
-2 o
(~\‘U
-3 . .
-4 -3 -2 -1 0 1 2 3 4
&
é‘ﬁ(’

Still important bounds on the NSI’s
= Maximum effect at future LBL experiments

62?5 = 536 —+ (2 —+ Yn@)ggﬁ +

(1 + 2Yn@)€i6

GLOB-OSC w NSI in ES+CEvNS Ay? = 2.30 —
GLOB-0SC w NSI in ES+CEvNS Ax? = 6.18 ==
NSI from mediators with M;.q 2 50 MeV

Ranges at 99% CL marginalized ‘

GLOB-OSC w NSIin ES + CEuNS
5o c% | Fo.23, +0.25] & [+0.81, +13]
150 % @ | [-0.29, +0.20] & [+0.83, +1.4|
f"dﬂ e | |-0.29, +0.20]& |+0.83, +1.4]
. @ [0.18, +0.08]
£0.33)
+0.021

VIR 1 Sep
2 [-0.25,
e |-0.020,

IR, O S [

. 50
. 10
. 30 =<
. 20 <
. 10
00 -
o[ :
Cr 5.0
50.02: 4.0
Gz 0f 30 =
002f 20 <
0.04F Lo
N T Y T T T T R ' T O‘U
120f f |
0s0f ‘ E
(B%ow: b ]
Or r 1
-0.40 + r i
osob b W N
[T T
020f i 1
®% o — 1t
() £ L |
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020f 1 1
T Ny e <l
P r 1
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1 I ] 5.0
I T I 0oy
Es 1L 1 3.0
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€
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Err

nr

Coloma, MCGG, Maltoni, Pinheiro, Urrea 2305.07698
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In SMEFT NC-NSI for v, and ¢ as well as CC-NSI are related.

Are v-osc bounds still be relevant?

oncha Gonzalez-Garcia 29

‘From NSI to SMEFT I

Recent efforts on consistently embebdding NSI contraints in SMEFT framework show

the relevance of the constraints from oscillations

A(l)]
£g Il

11

™

®

P
«©

[C{d]uull [Coulppar

z/f ,,

:

fe

V/A 1

[Ceq ]uull fu]ﬂull [Céd]uyll

Coloma etal 2411.00090

J

\ |/

2 AT

. , s \ I Non-Osc.
: 1 . I Non-Osc. + Osc. + CEVNS
T
N8/
i e TN/

g s e
Q8 @\ /

IR e I

1o interval

Operators
Non-Osc. Non-Osc. + Osc. + CEvNS
Ceglectr | 0.76 £ 1.80 0.07 £ 0.30
[Cgu},mll 0.110 £ 0.091 0.058 £0.076
el s | 0.19£0.27 0.11 +0.25
[cé q) l7r11 | Unconstrained 0.07 £0.19
[¢ou]r711 | Unconstrained —0.04 £0.54

[@u] trll

[Oeql 1.4 :_(g_la'ugl)(q_Ja'MQJ)
[Og)]un = (¢16,0'1)(qs0"0"q,)

[Oeu]lljj = (510;%1

]

Ocq)
[@ eu]uu = (
[ ed]nJJ = (6

)(uGo UJ)

1JJ = (flaufl)(djaudcj)
= (e70,.€7)(2s6"qs)

€70, —I)(ujauch)
f0.87)(d50"dG)
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From NSI to light mediator models

103
..... CHARM
..... LSND
1074 {eenns KEK-PF-000
R --- White Dwarves
10® B E137
vCAL
106 ! E141
10 E774
Orsay
104 [ BaBar (vis.)
R COHERENT
= Losh _ NA64
B TEXONO
: B GEMMA
13: , , B_%(ITM+LT) 1L b Le— Ly 14 {Mm LHCD (prompt)
BN DONUT
BN NAG62
10-4.
= OSC
107 AN
. arXiv: 1505.06906 (ThlS WOI‘k)
10°; EALe—%(L#+LT) T . By+L,+Lif ‘ Le+2L,+2L,
102 101 100 10! 102 101 100 101 102 101 100 101
My, (GeV) My (GeV) My (GeV)

Coloma, MCGG, Maltoni ArXiv:2009.14220



PR PP P

Lonalbao

From NSI to ultralight mediator models

For ultralight (M’ < O(eV)) mediator = Contact Interaction to Long Range Force

10—16

\Q 10—20

10—24

10—16

\Q 10—20

10—24

10—16

\Ou 10—20

10724

arXiv:1505.06906 |-

Le+2L,+2L, |

109 103

My (eV)

1077

B,+L,+L, |
1075 1079 1073
My (eV)

107

109 10-3
My (eV)

| 5th force

1 B Eq. princ.

OSC

i AN (This work)

Coloma, MCGG, Maltoni ArXiv:2009.14220
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e 3v scenario: Robust determination of 012, 013, Am3,, |Am3,|

— Mass ordering, #3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. Not statistically significant yet
= definitive answer will require new experiments (Talk M. Sorel)

e What about mass scale and Dirac vs Majorana?
— Only model indep probe of m, [ decay: /> m?|U.;|? < 0.45eV (KATRIN 24)
— Dirac or Majorana?: v-less 8 decay (Talk M. Sorel)
— Cosmological effects?: Steadily improving bounds (‘Talks E. Sanchez,. .. )

* Only three light states? No consistent/stable description/status of SBL. anomalies

e Additional information on NP?

— La-dependent NP=- NSI = modified matter potential = Bounds
— Relevant information in the context of the SMEFT
— Relevant information for scenarios with light to ultralight mediators
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Backup Slides
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e Dominant information in v, vs 7, appearance in LBLL

Aszq ) 2 B+ L\ - A A Ve L B~L Az L
Pe ~ 855 sin? 2613 (B—Bl> sin2( z )—i—Jiisin(%) sin(%) cos( 321 +dcp

T Ve By
AmZ 7 . 2 . 92 .2
Aij = 4Ej Br =A31 = Vg J = c13 sin® 2013 sin® 2023 sin” 2019

N NO, sin® B € [0.44,0.58]
T (O, sin® 0y € [0.44,0.58]

= Each T2K and NOv A favour NO
But some tension in value of dp in NO
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e Dominant information in v, vs 7, appearance in LBLL

As1\? B+ L\ - Aa A Ve L B=L As1L
Puef:s§3sin22913 (B—Bl> sin2( z )—I—Jiisin(%> sin(%) cos( 321 :|:50p>

T Ve By
AmZ 7 . 2 . 92 .2
Aij = 4Ej Br =A31 = Vg J = c13 sin® 2013 sin® 2023 sin” 2012

= [O best fit in LBL. combination

|

N NO, sin? fys € [0.44,0.58] T UL
I (0, sin? 6y  [0.44,0.38] 0.65 - 10

B C
o 050 -
2] C C
0.45 .

F T NOvA 1 F
0.40 I
I Tk 1=
0 90 180 270 360 0 90 180 270 360

(5cp 5CP

Parameter goodness-of-fit (PG) test:

normal ordering inverted ordering

Xpq/n  p-value  #o | xBg/n  p-value  #o

— Each T2K and NOv A favour NO T2KvsNOVA | 793 0047 200 | 183 061 050
But some tension in value of ¢ p in NO No statistically significant incompatibility yet
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e Dominant information in v, vs 7, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of dop in NO
= 1O best fit in LBL combination = b.f. dcp ~ 290°, CPC disfavoured at 2> 3.5¢0

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
C%2Am§1 NO 4

s%zAmgl 10 R
s%2Am§1 NO
C%QAmgl 10

2 2
Amy,, ~ Am3z; +

Am?2, ~ Am3,+ Nunokawa,Parke,Zukanovich hep-ph/0503283

| NUFIT 6.0 (2024) |

0

T2K

%%
Dbl-Chooz

e B2 = LBL4+Reac: NO and IO equally good

=0

0.3 0.4 0.5 0.6 0.7 0.015 0.02 0.025 0.03
sin2923 sin2913

2
31

= Slightly better agreement in NO

AV
(e 4]
|III|III|III|III|III|IIIL

|III|III|III|III|III|III|_
|III|III|III|III|III|III_L

[10° eV Am

N
N

2

Am32
'{) 1
N

R
(o]

'
@W

[20]

N
(o))
|III|III|III|III|III|III|

%
N
[T




Massive Neyt=innn i= 200K

NSI: E%SI = —QﬂGpéig(DQVMLVﬁ)(fVMPf) ;

e Generically understood as:

MNAannha MRAanmalAas narCIa

P=LR
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Massive Neutrinos in 2025 Concha Gonzalez-Garcia

Flavour Parameters: leptons vs quarks

e [eptonic mixing matrix

0.80 — 0.85 0.51 — 0.56 0.14 — 0.16
U |36 = (0.23 — 0.51 0.46 — 0.69 0.63 — O.78>
0.26 — 0.53 0.47 — 0.70 0.61 — 0.76

e Very different and precision very far from:

0.97427 4 0.00015  0.22534 & 0.0065 (3.51 & 0.15) x 1073

Viekm = | 0.2252 +0.00065 0.97344 4+ 0.00016  (41.2711) x 102
5)
(8.677g37) x 1072 (40.4%575) x 1072 0.999146 ™ 5ga046

e CP violation

NuFIT 6.0 (2024) A

0.5 Zz_D%JﬁUeua -

LI e e e e e e LANLIL N Y L
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Massive Neutrinosp=—02s Lowcbo Lanzaley (Garcia

From NSI to light mediator models

Coloma, MCGG, Maltoni ArXiv:2009.14220

e Effective Lagrangian
Eﬁgl = _QﬂGngg(ﬁaVMLVB)(f'Yuf) :

e [f understood as:

1% 1%
q2 — 0
J J
1 /2
f . g
7 T \2Gy M2,

= adapt the OSC+NSI fit BUT performed in subspace of flavour diagonal NSI
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Massive Neutrinos in 2025 ‘ CosmOlogical Bounds . DESI Ia Gonzalez-Garcia 40

e ACDM: ) m,, < 0.064 eV (95% CL) But 3¢ tension with physical m,,

ACDM
ACDM 1.5 .
---. DESI DRI BAO + CMB CMB
—— DESI DR2 BAO i CMB (Baseline) — DESIDRI (FS+BAO) + BBN + (6., ns)oms
1.0 ey S —— DESI DR2 BAO + CMB (Baseline)
—— DESI DR2 BAO + CMB (L-H) b
CMB w i i
: & e
2 = "
0.5 =~ AN
AN <t
w
AN "
0.0 —! . 0.0 . . : :
0.00 0.05 0.10 0.15 0.20 —0.4 —0.2 0.0 0.2 ;
> my [eV] > omyen[eV] =
N
. . . . . >
e With evolving DE: ) ' m,,, < 0.163 eV No tension with physical m,,
—
wow,CDM ©
wow,CDM 1.5 — —
1.5 T I —— DESI DR2 BAO + CMB (Baseline) A
— DESIDR2 BAO + CMB (Baseline) —— DESI DR2 BAO + CMB + Pantheon+ S
—— DESI DR2 BAO + CMB + Pantheon-+ DI DIt A 2 s e 1 -
DESI DR2 BAO + CMB + Union3 T 10T G) e (o e
—— DESI DR2 BAO + CMB + DESY5 10 L
1.01 ! H f_ﬁ . 1 i
g ! i g A
E 1 1 Q‘ 1 1 ]
2 ) = Y
= N = AN\
0.5 1 \ i 0.51 AW\
0.0 — i : 0.0 : , LN
0.00 0.05 0.10 0.15 0.20 —0.4 —0.2 0.0 0.2

> my [eV] > myen[eV]



