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‘The v evidence of BSM |

e In the SMonly vy, o, a =€, p, 7:
Gauge Invariance = Lepton Flavour o conserved = Total Lepton # Conserved
& v strictly massless

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, & v, at L ~ 300/800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)
x Reactor v, disappear at L ~ 200 Km (KamLAND)
* Reactor v, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
= Lepton Flavours are violated = There 1s Physics Beyond SM
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‘The v evidence of BSM |

e In the SMonly vy, o, a =€, p, 7:
Gauge Invariance = Lepton Flavour o conserved = Total Lepton # Conserved
& v strictly massless

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, & v, at L ~ 300/800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)

x Reactor v, disappear at L ~ 200 Km (KamLAND)
* Reactor v, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
= Lepton Flavours 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§ is right-handed
L is violated = Majorana v = v°

L—Lgy = —%Myﬁug—kh.c. =
SU(2)y is violated = Effective LE

x Introduce vp

L—Lsy = —Mprrpvg — %MRWI/}% + 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§ is right-handed
L is violated = Majorana v = v°

L—Lgy = — M I/LI/L +h.c. =
SU(2)y is violated = Effective LE

x Introduce vr AND 1impose L conservation

L — »CSM — —MDZVR — %M%l/g + h.c. — Dirac v # ¢

e Either way = Charged current interactions of massive leptons are not diagonal

—W+Z Doyt Lvd + U Uiy LD?) + h.c

FOI‘N: 3‘|_SVS: ULEP=3 X N ULEPULT,EP :I3><3 UEEPULEP #INXN
e Either way = Lepton flavours not conserved in v propagation
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/
\ 4 The New Minimal Standard Model: v flavour oscillations |

e In vacuum:

Aij .
JF£i JF#t

JANY m2 — m2 L — No information on » mass scale nor Majorana/Dirac
Z] E

AE
= No information on Mass Ordering (= sign(Am?)) nor octant of § nor CPV

e When osc between 2-v dominates: P, .3 = sin? (20) sin? (Am2L)
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\ 4 The New Minimal Standard Model: v flavour oscillations |

e In vacuum:

Aij .
JF£i JF#t

A = (my — m2) LE = No information on v mass scale nor Majorana/Dirac

AE
= No information on Mass Ordering (= sign(Am?)) nor octant of § nor CPV

e If v cross matter regions (Sun, Earth...)
1t interacts coherently
Different flavours have different interactior

Ves Vs Vr only v,

e When osc between 2-v dominates: P, .3 = sin? (20) sin? (Am2L)

= Effective potential in v evolution: V. # V,, , = AV = —~AV" = /2GFr N,
= Modification of mixing angle and oscillation wavelength (MSW)

= For solar v’s: Dependence on 6 octant

= In LBL terrestrial experiment: Dependence on sign of Am? and 6 octant
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\/ ‘3V Flavour Parameters |

e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0 0 C13 0 813€i5cp co1 s12 0
ULgp = |0 c23 s23 0 1 0 —s12 c12 0
0 —s23 €23 _813e—i5cp 0 C13 0O 01

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

NORMAL INVERTED

me I;g Am3, > 0 by convention
' =
- ) Am3, > 0 for NO
) Amg, = 5
= . = Am32 < O fOI' IO
NEEI mi v 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,. 03
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013 053, ,Am% /
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Solar experiments
 Chlorine total rate, 1 data point.
e Gallex & GNO total rates, 2 points.
* SAGE total rate, 1 data point.
e SKI1 E and zenith spect, 44 poins.
e SK2 E and D/N spect, 33 points.
* SK3 E and D/N spect, 42 points.
» SK4 2970-day E spectrum and D/N asym, 46 points.
e SNO combined analysis, 7 points.
e Borexino Ph-I 740.7-day low-E spect 33 points.
* Borexino Ph-I 246-day high-E spect ,6 points.
e Borexino Ph-II 1292-day low-E spect, 192 points.
e Borexino Ph-III 1433-day low-E spect, 120 points.

Reactor experiments

e KamLAND DS1,DS2&DS3 spectra
with Daya-Bay fluxes 69 points

e DChooz FD/ND ratios with 1276-day (FD)
and 587-day (ND) exposures , 26 points.

e Daya-Bay 3158-day EHI1,EH2, EH3 spectra ,78
points.

e Reno 2908-day FD/ND ratios 45 points.

‘ Data to be Described I

Atmospheric experiments

IceCube/DeepCore 2019 3-year data.
IceCube/DeepCore 2014 9,3-year data (y? table provided |

K I-V 484 kton-years( x? table provided by SK)

Accelerator experiments

MINOS 10.71 x 1029 pot v,,-disapp data, 39 poins.
MINOS 3.36 x 1029 pot v,,-disapp data , 14 points.
MINOS 10.6 x 1029 pot v-app data , 5 points.
MINOS 3.3 x 1029 pot e-app data , 5 points.

T2K 21.4 x 1029 pot v,,-disapp data, 28 points.

T2K 21.4 x 10?9 pot v-app data, 9 points CCQE and 7 p

T2K 16.3 x 1020 pot v,,-disapp, 19 points.
T2K 16.3 x 1029 pot De-app, 9 points.
NOvA 26.6 x 102 pot vy, -disapp data , 21 points.

NOvA 26.6 x 1020 pot ve-app data , 15 points.

NOvA 12.5 x 102 pot v,,-disapp, 18 points.
NOvA 12.5 x 1029 pot De-app, 13 points.
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‘Global 3 v Flavour Parameters: Fall 2025 |

Global 6-parameter fit http://www.nu-fit.org
Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380
Good agreement with results from Bari (2503.07752, Talk by A. Marrone) and Valencia groups

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

— O | NUFIT 6.0 (2024) |
T T 1T | Il\IIICI)’Illol(IICIIQ’fl;l‘AI]lt;hISII(l ?tm) LU T T T T | T TTT | TTTT | TT I,I'l TTTT SK—atm E X2 table from SK1_5
15— \ 1 . i o
[ 1F 1F 1 1C24 = x? table from Icecube
Lo 1r 1r B data from 2405.02163
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‘Global 3 v Flavour Parameters: Fall 2025 |

Global 6-parameter fit http://www.nu-fit.org
Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380
Good agreement with results from Bari (2503.07752, Talk by A. Marrone) and Valencia groups

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

| NUFIT 6.0 (2024) |

15_| T 1T | LR WAL | T T |”| T T 1T | I_ [ \ ,' HEi llu‘ | T TTT | TTTT | TT I,'Ill TT
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15 _I | T T\T \\ | T T 1T | T T 1T |II| T I_ _II | T II‘I T | TTT ! | TT !! TT | ||l TTTTT IJ II_/f T T I,l | T T TTT LI T 1T I’I
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Am3, [10° eV7] ami, [10°eV?] ams, Scp

4 well-known parameters:
6123 6137 Am%la ’Amggl
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‘Global 3 v Flavour Parameters: Fall 2025 |

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

Esteban, G-G, Maltoni, Martinez, Pinheiro,Schwetz, 2410.05380
Good agreement with results from Bari (2503.07752, Talk by A. Marrone) and Valencia groups

NO, 10 (IC19 w/o SK-atm)
===z NO, 10 (IC24 with SK-atm)

| NUFIT 6.0 (2024) |

e 4 well-known parameters:

|IIII|IIII|III,I'|II
1

o 1 10 1 010 00 Am2. | Am2
- 11 11 1 b2, 613, Am3y, [Amg,|
ol 1E 1k - » 0a3: Least known angle
T 1t 1t 1 Maximal? Octant?
5_ R B R B —
- 1t 1t | { non-robust yet
_I 111 |I III|IIII|I_ _I 1 1 | 111N 1 1 | 111 | I_ _l 1111 |\\I/|/I/| 111 I\ ]

se Ordering NO or 10?

0
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0022 0024 0.026 04 045 05 055 0.6 06
) ) .2
sin” 0 sin” 0 sin” 0
12 13 23 9.
. /CPV .

15 _I | T T\T \\ | T T 1T | T T 1T |II| T I_ _II | T |||| T | TTT “ | TT ” TT | ||l TT | TTT IJ II_ f TT I/l\l T T T TT mT TT II,I_
- - — /
10 - - —
(\I>< B 17 T
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2 -5 2 2 -3 2 2
Am;, [107 eV7] Am, [107eV] Amg, Ocp
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‘Summary: Global 3 v Flavour Parameters I

Evolution of relative precision at 3 o

2012 2014 2016 2018 2021 2024
NuFIT 1.0 NuFIT 2.0 NuFIT3.0 NuFIT4.0 NuFIT5.1 NuFIT6.0 Improv
012 15% 14% 14% 14% 14% 13% 1.15
013 30% 15% 11% 8.9% 9.0% 8.1% 3.7
023 43% 32% 32% 27% 27% 21% 2
Am3, 14% 14% 14% 16% 16% 15% 0.93
|AmZ, 17% 11% 9% 7.8% 6.7% [6.5%] 5.8% [5.1%] 2.9[3.3]
dcp 100% 100% 100% 100% [92%] 100% [83%] 100% [98%]
AX3o_NO +0.5 —0.97 +0.83 +4.7[49.3]  42.6 [+7.0] —0.6 [+6.1]

w/o [w] SK atm data
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‘Mass Ordering and CPV I

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of 6~ p in NO
= 1O best fit in LBL combination = b.f. gp ~ 290°, CPC disfavoured at > 3.5¢0

|
0.65 D IO‘ No ot
oo E Parameter goodness-of-fit (PG) test:
. 099 _ normal ordering inverted ordering
%0'50;_ Xpq/n  p-value  #o | xBq/n  p-value  #o

045 T2KvsNOVA | 793 0047 200 | 183 061 050
040 NovA - . e . . . oq oqe

[ T2K ]
b NovA + 12K : No statistically significant incompatibility yet

0 — 9|0 — lg() — 2;0 — 360 0 — 9|O — 180 — 270 — 360

dep dcp
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hould we trust the global fits by phenomenologists?

Collaborations start performing (partial) combined analysis, e.g.:
Joint NOVA + T2K analysis of 2020 data became available in 2024 [20]

— — -
| Bayesian Cred. Int.
L .With reactor constraint
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[20] M. Sanchez [NOvA], talk at Moriond-EW 2024, La Thuile, Italy, March 24-31, 2024.

[13] I. Esteban et al., JHEP 09 (2020) 178 [arXiv:2007.14792] & NUFIT5.2[http: //www.nu—fit . org].

Michele Maltoni <michele.maltoni@csic.es>

RiunioNE CSN2, FoLigNo, 12/04/2024
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V., ‘Mass Ordering and CPV I

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of 6~ p in NO
= 1O best fit in LBL combination = b.f. gp ~ 290°, CPC disfavoured at > 3.5¢0

e Additional information from v, in LBL vs v, disapperance in MBL Reactors:
C%QAmgl NO +
S%QAmgl 10 T

2, AmZ, NO :
Am?, ~ Am%ﬁ—i? A:gl ? o Nunokawa,Parke,Zukanovich hep-ph/0503283
12 21

2 2
Amg,, ~ Am3z, +

| NUFIT 6.0 (2024) |

R A R N R N AR RRRRA R =
B 2:65: @%: : = Slightly better agreement in NO
N S 1 oo 1 = LBL+Reac: NO and IO equally good

2
32

Am

11 | I | 1111 | |
0.3 04 0.5 0.6 0.7 0015 0.02 0.025 003
.2 .2
sin 623 sin 613
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V., ‘Mass Ordering and CPV I

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of 6~ p in NO
= 1O best fit in LBL combination = b.f. gp ~ 290°, CPC disfavoured at > 3.5¢0

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

——=NO, IO (IC19 w/o SK-atm)

| NUFIT 6.0 (2024) |

1 1 |
0 90 180 270 360

Concha Gonzalez-Garcia



«®

r .

V., ‘Mass Ordering and CPV I

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of 6~ p in NO
= 1O best fit in LBL combination = b.f. gp ~ 290°, CPC disfavoured at > 3.5¢0

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

. . . . —NO, IO (IC19 w/o SK-at
e Additional information from SK-ATM: === NO, I0 §1024 with SK?ainm)> [ NUFIT 6.0 (2024) |
2 . 2 ~ T T T T
SK I-V x~ table added: Ax{5_NO . with SK—atm = 0

= NO = CPC
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V., ‘Mass Ordering and CPV I

e Dominant information in v, vs v, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of 6~ p in NO
= 1O best fit in LBL combination = b.f. gp ~ 290°, CPC disfavoured at > 3.5¢0

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

. . . . —=NO, IO (IC19 w/o SK-atm)
e Additional information from SK-ATM: === NO, 10 (IC24 with SK-am)  |_NUFIT 6.0(2024) |
2 . 2 ~ 15 fl T T I/—I\\l‘ T T T T T |\\| T T T | T T T II' I_
SK I-V x~ table added: Ax{5_NO . with SK—atm = 0 F
= NO = CPC [
10 |7
(\lé Z
But SK-atm beyond expectation s
and not fully compatible with either ordering? ]
16_""I""I""I""_ B
14f SKHV expanded FV 3 ' ' ' ' ' Dala(-569) 00 90 180 270 360
I — Data fit [ Inverted ] 1 g Ix::ﬂoo ] 5
12F .- MC expectation [l Normal i o (0.58) cp
r ﬁ Pro. (0.0091)
I SK Coll. arXiv:2311.05105
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A\ ‘Mass Ordering and CPV I

e Dominant information in v, vs 7, appearance in LBL:
Each T2K and NOvrA favour NO but tension in value of 6~ 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 agreement in NO = LBL+Reac: NO and IO equally good = CPC OK

. . . . — NO, IO (IC19 w/o SK-
e Additional information from SK-ATM: =2=NO. IO §1c24 with SKfl;nm)) |_NUFIT 6.0 (2024) |
2 ) 2 N '

= NO = CPC

My Conclusion: [ o
MO, 653 Octant, CPV depend on subdominant 3v-effects  ° % 5

= definitive answer will require new experiments:
— T2K and NOvA will run till ~ 2027
— JUNO taking data = Ordering (alone or comb with v-telescopes)
— Hyper-K and DUNE expected within a decade = Ordering, dcp & 6023

Talks by Frank,King,Machado,Blot, Valder,Rivera,Sisti,Perrin-"Terin,Martinez-Soler,Cerrone,Zhang
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‘Spin-off : Testing How the Sun Shines with /s I

Fitting together oscillations and normalization of v-producing reactions: f; = zsdx

1

\ / < = Constraint on solar energy WV e Serents s

100 | Neutrino Spectrum (+10) A

\ / produced by nuclear reactions o] e
5 Vs _E/ 107 S | .
“ 10 \\/ 253 Z 10 1057//

s [ +10.
104/’
7.5
109 F
5

2.0
15 ~
E .0 é
1.0 s 102
0.5
101
0.1 1

15 Neutrino Energy in MeV

fo

0000000 0
0N000000}.

1.0

ING

1.5

Present limit on CNO:

E | NE ngo < (0.75+0.3) % (30)

7.5

fre

25

<

Test of Lum Constraint:

000 -

Q000000
Q000

Q000 —

75
5.0
25
.0
0.325 [ s L . f d
A o (v — inferre
' . 7 = 1.04 £+ 0.06
o . .
80 1o 1o 1o e @
[N ! oo
g . 5
7.0
1.00 1.25 10 15 5 100 105 110 25 50 75 0.2750.3000.325 70 715 B
fop fig, foep fo fr fsg frep s, Am?,

MCGG, Maltoni, Pinheiro, Serenelli 2311.16226
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‘Spin-off : Testing How the Sun Shines with /s I

SSM independently determined fluxes can be used to improve SSM’s

Probability

0.98

Probability |

1.00
®/Ppas— Gsos

A

1.00
O/ Pyas— Gsos

1.050.8

1.0
O /Ppas— Gsos

1.205

¢/¢B23 —GS98

0 1 2 3

¢/¢B23 —GS98

0

1

3 4

<I)/(DB23 —GS98

MCGG, Maltoni, Pinheiro, Serenelli 2311.16226

1.0
@ /Ppas— Gsos

‘Il\‘lllll‘lllll

B hep_|

. | |
15012345678

@ /Ppas_ Gsos

FIT with CNO-Rfixed
FIT with CNO-Rbound
B23-GS98
B23-AGSS09met
B23-AAG21
B23-MB22-met
B23-MB22-phot
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. . NO :
B decay: Dirac or Majorana m;, = g m3|Ue;s]? = {
£y 10

L2 2 2 .2 2 2
1 my + Am3yci3s1y — Am3ciy

Cosmology: Dirac or Majorana Z m;= {

T III|'|T|'| TTTIT
xcluded KATRIN

L1 hnid

Zm, [eV]

||||||1T| ||||||T|'| T

T |||||||_
S

NO

—~

107

Zm, [eV]

EERTTTT IR BRI |||||u]1

Zm, [eV]

[eV]

ee

m

10 \/mf + \/—Amgl — Am%l — m% +

NO : /m? + /Am3, + m? + /Am3, + m?

| NUFIT 6.0 (2024) |

||||||1T| ||||||T|'| TTTIT

||||||1T| ||||||1T| ||||||1T| IIIIIT?

10"
m, [eV]

v-less 8- decay: < Majorana m.. = \ZUfjmj\ = f(my, order, maj phases)

0.0085 eV

In IO at 95% CL.:
0.048 eV
0.098eV <> my <
0.015eV

2 2

Sml/e <

< Mee <

‘Mass Scale & Dirac vs Majorana in 3v-mixing I

9 2 2 .2 2 2
mj + Amj,cigsiy + Am3 i

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

Combination global Osc+KATRIN

In NO at 95% CL.:
< My, <

0.058eV <Y my <
0 < Mee <

0.4eV
1.2eV
0.41 eV

0.4 eV
1.2eV
0.41 eV

Talks by Pavan, Gastaldo, Rossi, Di. Valentino;

Fu, Goria, Gusev, Petro, Palmeiro, Volta

Ferrari-Baruso, Pofi
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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
— Correlated information on neutrino mass-scale probes = MO

— Independent determination of solar v fluxes = relevant for SSM

e More Information on BSM?

— No new states in v 0sc experiments
— New states in v 0sc experiments



‘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
£ — £SM + ZAn_4 On
n NP

— At dim=5 only 1 operator:

A [\ ([~ _ :
O5 = 1L (LL,Z'(b) (ngL(i’j) = iU, M,v{ = Majorana Mass = v-less 33 decay
Hi Hi N 2 :
1gigs /lggs m,, ~ ANP > Amatm ~ 005 eV.

For \V ~ 1 = Anp ~ 10GeV ~ GUT scale
= Leptogenesis but no signatures in lab

For \V ~ (Y,.)? = Anp ~ EW scale

Concha Gonzalez-Garcia



‘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= Lgn + ZWOn
n NP
— At dim=5 only 1 operator:
Os = /C:; (LL,Z-@) (q%TL(LJ’j) = %PLMVVE = Majorana Mass = v-less 53 decay

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

L=Lgr + “50.f (L—agg) (&TLg) — Z 76,1 Os.i

ALN A%F

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

— possible signals in v exper: Non-standard v interactions (NSI), non-unitarity ...

Concha Gonzalez-Garcia



‘Lepton Mixing Unitarity I

e If v, mixed with n extra states U, pp = (Kj 3x3, /5. 3xn) Schechter, Valle (1980)

Qlee 0 0
Kl,3>(3 = I3x3 — Qepy Oy 0 X U3X3(9’lj7 5)

Qer  Qpr  Orr

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 flavour observables (CLFO)
= for M = EW scale stronger bounds from CLFO

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

Direct Schwarz Direct Schwarz
Qee 8.4 x 1073 [108] - 1.2 x 1073
o | 1.2x 1072 [117] - 8.6 x 107°
rr 2.9 x 1072 [110] - 6.0 x 10~*
lose] | 1.8 x 1072 [105] 1.4 x 1072 1.9 x 107° 5.4 x 1074
lare] | 6.1x 1072 [104] 2.2 x 1072 6.2 x 1073 1.5 x 1073
lor] | 911073 [104] 2.6 x 1072 6.9 x 1073 1.5 x 1074

Blennow et al arxiv: 2502.14980
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‘N eutral Current Non Standard » Interactions |

e Effective Lagrangian

LX) = —2V2Gpel [ (Uav"Lug)(fy,Pf), P=L,R

e Generically understood as:

f f

Lot ~ € (FF) (3 L)

Concha Gonzalez-Garcia



NSI in v Oscillations : Degeneracies

0 0 0
d ,
e In matter with NSI: zd—u = H"U H” =Uwac | 0 %%1 0 Ulac+Hns+HNSE
X Y 2
Am
0 0 —2Eil
1+ cee —Eup Eeu Eer Ne(r
HM IS = VAGEN() | <, A witheas() = 30 L0,
E5- Enr ETT — Epup f=pn,e ¢
e So H — —H™* (= Probabilities are Invariant) if simultaneously:
Am3; — —Amz, and (o _ eup) = —(er7 —euu)  Lost order info (ATM&LBL)
o0 —>m—20 Eaf — —Elg (a # B) CPV confusion (ATM&LBL)

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

for Ny(r)/N(7) # constant £, are not constants = degeneracy only approximate

Concha Gonzalez-Garcia



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

dor  G% Q% , ME,
0? , V scattered
g [ng +NgY] > neutrino

nuclear

For neutrinos at/below 50 MeV,
recoil

coherence condition(q < 1/R)

satisfied for a medium size A
nucleus (Ar, Ge, ... Cs, Xe) a
e =
2 £

o D
Although predicted in 1974, it has “:06 S5
not been observed until 2017! &8 secondary

intillati
Freedman et al, PRD9 (1974) 1389 . A

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 Rich physics program: precision EW tests, Nuclear physics, v-charge radius, p,,. ..
Talks by Atzori Corona, Buck, Cargioli, Cadeddu, Blanco

e For Myie.q = 50 MeV and NSI with quarks = effect in CEvNS
V ,V \%4 n,V
Qaﬁ X Z(gp 5045 + 525 ) + N(gn 6045 + Eaﬁ )

Concha Gonzalez-Garcia



‘NSI in 7-OSC (and CEvNs): Global Analysis I

With most general couplings to up, down and/or e:

LMA-D allowed by oscillations Important bounds on the NSI’s
Adding CEvNs (Myeq = 50 MeV) = Maximum effect at future LBL experiments
= LMA-D only above 20 el =els+ (2+YP)eks + (1+2Y,2)edy

10f
%oof
Lo
s |
X 8.
Né—q 7-
4 L

L L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] -
— Solar + KamLAND + o
reactors w NSTin 13 i GLOB-OSC w NSI in ES+CEvNS Ay
. n 30 % - w NSI in ES+CEw! X = 2.30 =
=1 GLOB-0SC wNSIinES 20 4 GLOB-OSC w NS | -
. - 10 — ) .
= GLOB —OSC w NSI'in ES + e NSI from mediato Ranges at 99% CL marginalized ‘
EvN . ot 5 —_— T —
CEVNS N 0.02 . GLOB-OSC w NSIin ES |+ CEuNS
e n‘. 30 % - = :
© oo 20 < 2 | F0.23, +0.25) & [+0.81, +1.3]
Y S, I VA F: —_ T &
o : - @ | [-0.29, +0.20] & [+0.83, +1.4|
- 0% ’ i e2 | |-0.29, +0.20]& |+0.83, +1.4|
©3040¢ ¥ 130 = i g
W of : J20 £, [-0.18, +0.08]
i |
h . 0.0 X 52 -0.25, +0.33
- 020 i 1 e | e [-0.020, +0.021)
DS 0 [ 1 e {30 =
0.20 I 20 <
040 F L I 1.0
PP | RIS | PRSI N oo
7 (T T A S S AN N B
LMA LMA-D | i
] V- A i @y | 20 <
4 , F 1 L 110
I I I i R D | S TS ISR [N ¥ A .
L L L L L L L L L 1 1.20 T TR 5 s L L T i i U d Y ‘: 2R T -J
0.4 0.6 0.8 e o _ @) « & : I 100y
.. 9 S04 ¥ 1 1 1 30 =
S 912 * ol i ] ] I 20 <
080 r 1 1 T L0
- TOW0 040 120 002 0 002 ]'-‘u.‘u‘] 000 TN 0102 0 02 0.4 0402 0 02 04 06 0 _06 12 00
Err Eur S =i E;i(;l Eeee

Coloma, MCGG, Maltoni, Pinheiro, Urrea 2305.07698
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‘From NSI to SMEFT |

In SMEFT NC-NSI for v, and ¢ as well as CC-NSI are related.

Are v-osc bounds still be relevant?

Recent efforts on consistently embebdding NSI contraints in SMEFT framework show
the relevance of the constraints from oscillations

Efv lo interval
| Operators
A Non-Osc. Non-Osc. + Osc. + CEvNS
S I\ /] Ceqlects | 0.76 =+ 1.80 0.07 £ 0.30
N 7 \ - 05 lceulypr1 | 0.110 +0.091 0.058 £ 0.076
el = S T o e e | 0.19£0.27 0.11 £0.25
iﬁﬁ % % &) ~~11 | Unconstrained 0.07 +£0.19
RO S i s e e i <~ B R tq
é:EET @ - % - @ v [¢eu]r711 | Unconstrained —0.04 £0.54
EEEEE % “5 % : § : ﬂ \/ EO)gq]”JJ = (015,41)(3;5"q7)
3 & % wel -~ win - \/ [Oez]jjjj: (€15,0;)(G 5" 0 qy)
:f_%: % s @ ﬁ ﬁ NS [Onilr175 = (g:la-ugl)(ujo-uaj)
RS —_:z\ / Oual 1120 = (o) (50" d5)
ﬁ“__lL \¥ @ - 74 o g.é ?r_‘i\i_fi %ﬁ '“_lL_{T [ ][[JJ = (ngu )(QJO-MQJ)
Cegleent (et [tdleen [ZE;)H]HW:I Teeduunr leedluun [égg]mr [eademnt [ eu][[JJ = (e?aue,)(uJJ“uJ)
Ocdlrrss = (€§0,87)(d50"d5)
Coloma etal 2411.00090
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From NSI to U (1)’ models with (ultra)light mediators

Coloma, MCGG, Maltoni ArXiv:2009.14220

e Effective Lagrangian
LX§1 = —2V2Gpel [ (vay" Lug) (fyuf)

e [f understood as:

1% 1%
q2—>0
/ /
1 /2
f . g
€a :5aﬁq d,
g T G r M2,

= adapt the OSC+NSI fit BUT performed in subspace of flavour diagonal NSI



For Mz > O(MeV) = Contact Interaction in H.¢: €7,

103

104.

1073

104

10-5 4

106}

1073

10-4 A

0. *
- 3
6L N
106} %,
u

From NSI to light mediator models

B+ ||

arXiv:1505.06906

S AR 2N | R S R | D S
102 101 100 10! 102 101 100 10! 102 101 100 10!
My (GeV) My (GeV) My (GeV)

— 1 9
— Wl GE M,

12

LSND
KEK-PF-000
White Dwarves

B E137

vCAL

E141

E774

Orsay
BaBar (vis.)
COHERENT
NA64
TEXONO

GEMMA
LHCDb (prompt)

DONUT
NAG62

OSC

SN (This work)

Coloma, MCGG, Maltoni ArXiv:2009.14220
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‘From NSI to ultralight mediator models I

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

| 5th force
1016 1 B Eq. princ.
\mlo—ZO

10724

0SC
i BSY (This work)

10—16
\53 10—20

10—24

arXiv:1505.06906 { - ]
By+L,+L; | L.+2L,+2L; |
10-15 1079 1073 10-15 1079 1073 10-15 1079 1073
My (eV) My (eV) My (eV)

Coloma, MCGG, Maltoni ArXiv:2009.14220
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‘Beyond 3’s: Light Sterile Neutrinos I

e Several observations which can be interpreted as Oscillations with Am? ~ eV?

L.SND &MiniBooNe

- -LSND °0% CL

- I:ILSND 99% CL

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

I7) _ _data  _ +0.024
RReac = Gredicr = 0-936 191023 at L 'S 100 m

Explained as v, disappearance

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

1.1
ol ] I
T F
> 09 g t 1 I
g o8 F I { }
ok | |
0.6 | | L L
> =~ S pad & <&
vs’@o ?’c&x’ & & 5 <

Explained as v, disappearance

Confirmed by BEST (40)
2201.07364



‘Beyond 3’s: Light Sterile Neutrinos I

e Several observations which can be interpreted as Oscillations with Am? ~ eV?

L.SND &MiniBooNe

- -LSND °0% CL

- I:ILSND 99% CL

10° 1072 10" 1
sin®2e

Strong tension with v disapp
Dentler etal, 1803.10661

99.73% CL
2 dof

10}

Am? [V

10°F

Disappearance
—— Free Fluxes
- — - Fixed Fluxes

Appearance
C w/o DiF)

107 'L L . R
1074 1073 1072 10!
sin? 26,

MicroBooNE 2412.14407:
No Confirmation (99% CL)

Talk by F.Gao

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

~daa - — 0.93670:055 at L < 100 m

RReaC —

Explained as v, disappearance

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

1.1
ol ] I
T F
> 09 g t 1 I
B o.sf I .} ?
ol i |
0.6 < = > ! Qo s : <&
Vgp@’o ?,c&'v & & el <

Explained as v, disappearance

Confirmed by BEST (40)
2201.07364



‘Beyond 3’s: Light Sterile Neutrinos I

e Several observations which can be interpreted as Oscillations with Am? ~ eV?

L.SND &MiniBooNe

Dlsappea_rance

es
F dFl
107 'h

1074 1073 1072 10!
sin? 26,

MicroBooNE 2412.14407:
No Confirmation (99% CL)

Talk by F.Gao

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

I7) _ _data  _ +0.024
RReac = Gredicr = 0-936 191023 at L 'S 100 m

Explained as v, disappearance

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

Ve + 1Ga— "1Ge + e~

1.2

1.1

- 1.0 T
é-u85 l I } =
ool i | t
0.6 < 3 = — — —
5 & o5 5 o

Explained as v, disappearance

Confirmed by BEST (40)
2201.07364



‘Beyond 3’s: Light Sterile Neutrinos I

e Several observations which can be interpreted as Oscillations with Am? ~ eV?

L.SND &MiniBooNe

D Lf?b J/ 10661
en O(/ /l

Dlsappearance
" Fixed Hia

107 1073 1072 10!
sin? 26,

MicroBooNE 2412.14407:
No Confirmation (99% CL)

Talk by F.Gao

Reactor Anomaly

Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

RReac = —28t2_ — (,93670-022 at L. <100 m

predict

Explained as v, disappearance

2022 with updated inputs (**°U)

321« DYB
S0+ HM
= 48t KI
2 46+ sm2023
&
NE 44~ |
mo
T 42
S
X 40
b;% 38 - lo
361 20
I 30
34
| | | | | | 1

54 56 58 60 62 64 66 68 70

O35 [x10~*em/fission]

10% 23°U flux reduction

Daya-Bay 2501.00746

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

Ve + 1Ga— "1Ge + e~

1.2

1.1

. 1.0f
B

_—

g F
> 09 I
0.8
0.7} I
0.6 | 1 1 1

Qﬁ

& & S P
S R 9};‘53" S5 & <
(<) (<)

g
.

Explained as v, disappearance

Confirmed by BEST (40)
2201.07364



‘Beyond 31’s: Light Sterile Neutrinos I

e Several observations which can be interpreted as Oscillations with Am? ~ eV?

L.SND &MiniBooNe

o) o]
OJ’ Sy . ain®20

"%, C’o&o'yith v disapp
J//(? 10661

e

- C%?z C&? <L

10}

10°F Appearax
C w/o D.
i)isappearance
—— Free Fluxes
101 — - Fixed FI
10~4 1073 102 10~!

22
sin” 26,e

MicroBooNE 2412.14407:
No Confirmation (99% CL)

Talk by F.Gao

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

T @
Enx; Qpﬂs V. disappearance

2022 wi.. O 1 inputs (**°U)

Berryman Huu 1756
Kipeikin etal, 21u. &
Giunti etal, 2110.060. O

T T
Q| = Buggy3 —+ DapBy =+ ILL 4~ Palo Verde 1091

~&- Bugey-4 % Double Chooz &~ Krasnoyarsk =~ RENO JAP
- Chooz ~ Gosgen + Nucifer % Rovno88 STEREQ

data
~redict

=0.93615553 at L <100 m

o
-

1.00

exp __ __exp KI
RIK =0c74a/%ra

Rug=0975 351

0.70 0.80 0.90

10 10° 10°
L [m]

Deficit < 1o

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

1.1F
i I
%035 l I { =
| | t
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S G -

Explained as v, disappearance

Confirmed by BEST (40)
2201.07364



‘Beyond 31’s: Light Sterile Neutrinos I

e Several observations which can be interpreted as Oscillations with Am? ~ eV?

L.SND &MiniBooNe

o) o]
OJ’ Sy . ain®20

"%, C’o&o'yith v disapp
J//(? 10661

e

- C%?z C&? <L

10}

Appearax
(

w/o D

Disappearance
s

1072 10!

22
sin” 26,e

MicroBooNE 2412.14407:
No Confirmation (99% CL)

Talk by F.Gao

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation:

T @
Enx; Qpﬂs V. disappearance

2022 wi.. O 1 inputs (**°U)
Berryman Huu 1756
Kipeikin etal, 21u. &

Giunti etal, 2110.060. O

T T
Q| = Buggy3 —+ DapBy =+ ILL 4~ Palo Verde 1091

~&- Bugey-4 % Double Chooz &~ Krasnoyarsk =~ RENO JAP
- Chooz ~ Gosgen + Nucifer % Rovno88 STEREQ

data
~redict

=0.93615553 at L <100 m

o
-

1.00

exp __ __exp KI
RIK =0c74a/%ra

Rug=0975 351

0.70 0.80 0.90

10 10° 10°
L [m]

Deficit < 1o

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

1.1F
i I
%035 l I { =
| | t
0.6 < 3 = — = —
S G -

Explained as v, disappearance

Confirmed by BEST (40)
2201.07364

But oscillation solution

eV

10

2
4

Am

sin?20¢e

Cadeddu etal, 2507.13013

Ruled out/tension with solar+
reactor+KATRIN



‘ Solar modeling and the Gallium anomaly I

om20lar - +KamLAND

MB

AGS

GS

AAG

SSM indep (wLC)
- Ga-source exp

0T TTI0007% TI0 S 102 10T 0o
sin? 04 sin? 014

Incompatiblity is SSM independent

100 . ; : :
-| I Solar+KamLAND RFC
| — Solar+KamLAND RFF

I |

1071 —

Sil’l2 914

1072}

0.8 1.0 1.2 1.4 1.6 1.8 2.0

L (v—inferred)/L

Compatibility =
2 10% of solar energy
not in radiation

MCGG, M.Maltoni, J. Pinheiro arXiv:2411.16840
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‘ Summary I

— Robust determination of 615, 613, Am%l, \Amgd

e 3y scenario:

— Mass ordering, #>3 Octant, CPV depend on subdominant 3v-effects

= interplay of LBL/reactor/ATM results. Not statistically significant answer yet
= definitive answer will require new experiments

— Correlated information on neutrino mass-scale probes = MO

— Independent determination of solar v fluxes = relevant for SSM

e Extended Scenarios Talks by Palazzo,Nebot-Guinot, Gao, Cadeddu

— No new states in v 0sc experiments

% 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

— Light-sterile (O(eV)) in v osc experiments:

x No consistent description of surviving SBL anomalies
* Relevant upcoming results SBND, JNS2

Concha Gonzalez-Garcia
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\ i [ ast decade: after including 6135 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _| T 17T LI LI T 17T |_ 12 [ T T | T T T | T T T | T T T /|
-0, =85° . L | — solar(Gs §
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\ i [ ast decade: after including 6135 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |
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sin°e,, Am3, [107° eV?]
e Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
in SK/SNO spectrum at global b.f. Ap /N .sKka-2055 = [—3.1 £ 1.6(stat.) + 1.4(sys.)|%

-7 ;_ Super-K 7: D_gg
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\ i [ ast decade: after including 6135 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |
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ot 8 N S 1 012 better than 1o agreement
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sin°e,, Am3, [107° eV?]
e Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
in SK/SNO spectrum at global b.f. Ap /N .sKka-2055 = [—3.1 £ 1.6(stat.) + 1.4(sys.)|%
0.6 :— op Borexino ('Be) e . ;':fe)xmo ®B) é
A% 0.5F =
Vool q%

0.3 [— Bestfit (SOLAR only)
- Best fit (SOLAR + KamLAND)
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= “hint” of NP in proII)Eéigation: NSI?




“dl AFTER NU2020: With SK4 2970 days data
Slightly more pronounced low-E turn-up

o
)
o
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D — ]

= = SK-I1V 3
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o — —
= [
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e In NuFIT 6.0
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