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Neutrinos in the Standard Model

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

4+ Only neutral fundamental fermion: Dirac or Majorana nature?

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

Dirac mass term Majorana mass term Lowest dim mass term

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

X X X

Neutrinos are strictly massless in the Standard Model!
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Neutrino anomalies

Atmospheric neutrino anomaly (80’s)

Solar neutrino problem (60’s)

: 100 — — ———T
%a 1412 %1.0 018 %126 %1.0 [7) V | (a) 200 v @ (b)
E - i - s 80 % - 1150F " g -
: BERE ] T EH
® 60 - ; "" T XXX : @@
0.48+0.07 69:5 re) XX 100 F ; -
#Z x ]
0.41+0.01 z 67“’ = 40K . X ;
i ) [ & !E.
e 0.30+0.02 o 50 | i
£ 201 -
SAGE GALLEX E
NG SNO 0 — . 0 - L
Cl Hgo Kamiokande 20 ‘ '1 0 1 '1 0 1
_ COS® Ccos0
Theory ‘Be W PP, pep _Expemrpepts ]
8B B CNO Uncertainties
Mariam Tértola (IFIC-CSIC/UValencia) 3 CPNR Workshop 2026



Solar neutrino problem (60’s)

Neutrino anomalies

Atmospheric neutrino anomaly (80’s)

81112 %w*g}g %12&2 %ww ) 100 | l(a.) 200 == (b)
7 Y_0.18 e
« % I _ c sof Ve .. gl Vi =T
S : i : B R
Q 60 - i s %% 0% Iini ' - m. R SR
0.48+0.07 o mmr .. b~ é@ RREXA XXX ] @bﬁ
, 7 [k 3] 100
_ 6vs5 » 40k -~ - '
0.41:0.01 5 Bxox ; -"I""
2.56+0.23 | 0.30+0.02 e 50 _"!"' -
i £ 20} -
SAGE GALLEX g
. (;NO SVNO 0 PP . O . P
Cl e Hzo Kamiokande Ca D2 i '1 0 1 -1 0 1
Theory M "Be M P P, pep Experiments m COS@ COS®
88 M CNO Uncertainties
Ve—V V — Vi -V
e H, YT ValL — UakVikr H £
k
L
41
Ve v, V),
VaVaVaVataVaVaVaVa Vu
L
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The three-flavour v picture

|neutrino mixingy|

1 0 0 cos 13 0 sinfige™ cosflis sinfio O e 0 0
U= 0 costh; sinbhy o 1 0 —sinfy cosfhy 0 0 €” 0
0 —sinfy; cosbly —sinfi3e” 0 cosbis 0 0 1 0O 0 1

neutrino mass spectrum|

v/ 3 mixing angles: 02, 023, 013

. . B v, N v V1
3 CP phases: 1 Dirac + 2 Majorana -
/ b J v — e YWY
B
/ 3 masses: mi, mpy, ms V1
. Am?2, >0 2
= absolute neutrino mass: mo - Am3; <0
.. v, -
= two mass splittings: Am%ll
v v, v: I v
2 2

de Salas et al, 2018
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Neutrino oscillations

Solar neutrinos Atmospheric neutrinos

2
3
\ Cosmic roy
.Il P, e, M
3

9

b
x 0' \12

Accelerator neutrinos
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Neutrino oscillations

Solar neutrinos Atmospheric neutrinos

2
3
\ Cosmic roy
.Il P, e, M
3

9

b
x 0' \12

Accelerator neutrinos
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Global fit to v oscillation parameters

Valencia Global Fit https://globalfit.astroparticles.es/

Pre-JUNO 2026

NO

0.022 0.024 0.026

Sin2 913

0.018 0.020

i L L L L ‘ L L L L L L L ‘ L L L L | i L L L ‘ L L L L L
6.5 7.0 7.5 8.0 8522 23 24 25 26
Am3, [1073 eV?] |Am3,| [1072 eV?]

2.0

See also NuFIT and Bari analyses
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Global fit to v oscillation parameters

Valencia Global Fit
parameter best fit £ 10 30 range
Am?Z, [107°eV?] 7.52 00 T7.26-7.82
(A [ [1073eV?] (NO)  2.50£0.02  2.44-2.57
(A2, [1073eV?] (I0)  2.4040.02  2.34-2.46
sin® 01,/10~" 3.08790  2.83-3.31
sin? ¢, /10" (NO) 5467910 4.40-5.87
sin? 0,3 /107" (10) 5467012 4.45-5.84
sin? 013/107% (NO) 2.214+0.05  2.04-2.38
sin? 013/1072 (10) 2.24%005  2.07-2.40
5/m (NO) 1.0870 17 0.74-1.98
5 /7 (10) 1.52701  1.15-1.85

relative 1o uncert

1.2 %
0.9 % IMass
ordering?
2.6%
4.5%
octant?
2.5%

maximal CP

8-19% violation??

Mariam Tértola (IFIC-CSIC/UValencia)
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Global fit to v oscillation parameters

Valencia Global Fit Pre-JUNO 2026
parameter best fit = 1o 30 range

relative 1o uncert

Am?Z, [107°eV?] 752700 726782 127%
A3, [1073eV?] (NO)  2.50- mass
Am?, | [1073eV?] (10) 2.40- ordering?
sin? 912/10_1 2.6%
sin? 623/10_1 (NO) : : -
sin? 05, /1071 (10) 4.45-5.84 octant?
sin® 015/1072 ( . 2.04-2.38
2 —2 4 +0. 2.5%
S11 913/10 24—0.06 207_240
5/m (NO) LOSINT  0.74-1.98  [gkeg maximal CP
: 20
5 /7 (10) 1524011 15 1.85 violation:
Mariam Tértola (IFIC-CSIC/UValencia) 9 CPNR Workshop 2026



Beyond the 3-neutrino scenario

3y 4+ Absence of any new physics besides neutrino masses

picture 4 CPT conservation: same masses and mixings for v and v

HOWEVER...

4+ Neutrino results suggest the presence of physics BSM 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:

: : : .. limits on NP
v Non-standard interactions  Non-unitary mixing
v CPT and Lorentz violation  E.m. v properties Robustness of 3v

v Light sterile neutrinos v Large extra dimensions oscillations with NP

Mariam Tértola (IFIC-CSIC/UValencia) 10 CPNR Workshop 2026



CPT violation in the
neutrino sector
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CPT tests

« CPT invariance tested in
several matter-antimatter
systems:

= neutral kaons
= electron/positron

= proton/antiproton

= H/anti-H

:III

* Several experiments at the
Antiproton Decelerator and
ELENA (Extra Low ENergy
Antiproton) @CERN

Absolute precision (GeV)

10727 10724 1074 107*® 10-15 107! 10 10°® 103 10°

1 1 1 1 1 | 1 1 |

H-H HFS

H-H 1S —2S

K°-K® mass

p-p Mass

p-p g/m

p-P magnetic mome
e~ -e* mass

e~ -e* charge

1* madTE—

+

e* maagnetic

d-d mass
3He-3He mass

10~27 10-2%4 10~2%! 10-18 1071 10°1'?2 10° 10°®° 103 10°

Relative precision

E.Widmann, IFIC Colloquium 2020

Mariam Tértola (IFIC-CSIC/UValencia)
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CPT wviolation in neutrinos

If CPT is not preserved: |  P(v, — vg) # P(Ug — Uq)

4 neutrino oscillation results derived under the assumption of CPT
conservation should be reconsidered Barenboim, Ternes, MT, JHEP2020

4 neutrino oscillation data can be used to constrain CPT violation at

the neutrino sector
—p» Barenboim, Ternes, MT, JHEP2020

= current data

j Barenboim, Ternes, MT, PLB2018

= future: DUNE, Hyper-K = » Gouvea & Kelly PRD2017

+ Test hypothesis: neutrino and antineutrino oscillations are ruled by
different parameters: —2 — —
(97; IR (S )

(Am2 9,@]‘, 5) VS (Amﬂ,

ji

Mariam Tértola (IFIC-CSIC/UValencia) 13 CPNR Workshop 2026



Bounds on CPT violation

Barenboim, Ternes, MT, JHEP2020

4+ Updated bounds at 3o:
sin® 015 — sin® f12| < 0.14 IAm3, — A3, < 4.7x107° eV?
SiIl2 (913 — SiIl2 513 < 0.029 |Am§1 o Am%1| < 2.0 X 10_4 eV2
sin? fy3 — sin? 093] < 0.19

For previous results, see:
Ohlsson & Zhou, NPB2015

Ax| =z —T Barenboim, Ternes, MT, PLB2018
15_ T T T T T T T T T T T T T T T | T T T |
10-
3

5[

I —— LBL only

_\“ [ || L —-- LBL + REAC |
00 0.1 02 03 04 000 00 002 003 00 0I 02 03 04 05

|Asin?0,5| |Asin?0;5| |A(Am3;))| [1073 eV?]

Mariam Tértola (IFIC-CSIC/UValencia) 14 CPNR Workshop 2026



GPT oscillation analysis

T2K and NOvVA reanalysis without CPT invariance (NO)

10— — — Barenboim, Ternes, MT, JHEP2020
— 2K, V
— 2K, V
T T2 CPT consenving v all values of 6 and &
== NOWA ¥ | remain allowed at ~ lo
- = NOVA, CPT conserving
YU v/ 013+ 013 accounts for
<] different behavior in
neutrino and antineutrino
e channels
/,/ \\\
/7 N o 0 .
e R v/ Very poor sensifivity wrt
== N CPT-conserving scenario
0.0 0.5 1.0 1.5 2.0
o/m
v channel: good agreement between T2K and NOvVA
v channel: not so good but poor sensitivity to &
Mariam Tértola (IFIC-CSIC/UValencia) 15
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GPT oscillation analysis

LBL + REAC (DayaBay & RENO) sensitivity to CP (NO)
Barenboim, Ternes, MT, JHEP2020

20— — 1BLv
ooooo - LBL' U |
i | -.- IL_:EIZE’:E ZPT—conserving: / Combined LBL analYSiS:

157 i = improved sensitivity for &
~ _ = reduced sensitivity for &
> 101 :

, v LBL +REAC do not improve
- results for 6
5 L o
v Any value of § is allowed at
i L . cove® | 2G
0.0 0.5 1.0 1.5 2.0
o/m

The T2K-NOvVA tension in NO disappears

Mariam Tértola (IFIC-CSIC/UValencia) 16 CPNR Workshop 2026



CPT sensitivity in DUNE

— disappearance + appearance channels

4+ DUNE’s simulation: . . .
— 3.5 yr neutrino run + 3.5 yr antineutrino run

4+ Sensitivity to the difference between neutrino and antineutrino params.

_ — _ 2
A$—‘$—LE‘ for x:Am31,923,913,5
Barenboim, Ternes, MT, PLB2018

4 Poor sensitivity to 2F | | 1 £ [ 7
differences in CP phase - 3 values of Bzs: 3 E =
20 | , lower and n ]
and reactor angle - octant 1 -
o I5SE - —
+Factor 3 improvementin & F i F .
atmospheric splitting 10 4 F -
sE e F =
A AmZ < 8.1 % 10_5€V2 0 - " | . :/T\/J | R :

(Amg,) 0 0.5 1 0 0.01 0.02

(30) AO/TT Asin2913

Mariam Tértola (IFIC-CSIC/UValencia) 17 CPNR Workshop 2026



Light sterile neutrinos

Mariam Tértola (IFIC-CSIC/UValencia) 18 CPNR Workshop 2026



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.

Mariam Tértola (IFIC-CSIC/UValencia) 19 CPNR Workshop 2026



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
L ! ! ! | | |
C ‘ 1.15— @ I 3 I T ]
15F B pf,-v,60n _ i - = ©= % .
: , 14— 118 B firi i f I I PRRSRE T 1
F E3 pv,e’in : 58 54 45 2888 3% ¢ 3 ¢ nex | MF '
125+ — aa 25 o S 68 8 ¥ 8 ¥ & S
C e z 1.05— T T & —
10: | [EE other E ) ‘\F_ L § Sl 1, ;
~ % o == - | anex r
: & ! ¥;,; ] ' T"
750 B I 0.95— ' —
L > - 4 — 51 I
L % — &
: : B 0o . T+ 11 | |saGE™cr -
S| R 4 : T @>r — -
[ R 0.85— . T T |SAGE YAr H—e
PEAAN s i v d4d3 i
Sl R 0.8 R -
-ﬁ A4 :
I~ 3332 L n !
0 0.75 : : =7 : : | e b by b b i b
1 . . 1 . ==L e e 05 06 07 08 09 1 1l
S Pl 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
Mariam Tértola (IFIC-CSIC/UValencia) 21

CPNR Workshop 2026



Testing the LSND anomaly

Experiments designed to check LSND signal: MiniBooNE & MicroBooNE

Argtielles et al, 2021

/ 2 -
K =4 Vo= “- ‘ - -
i gl s Argiielles et al. 2021
B
Magnetic Decay .
focusing horn region  Absorber 4(51?nm e é
¢ MiniBooNE
\
10 " { <) le
] )

20

MiniBooNE Detector 3

Signal Region

" o) e
Amg, eV~

See next talk by

Jay HyunJo N
10~ 10! 1
sin? (20,.) = A U,u|?|Usa?
” 1 - L 1 — 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

“
- “'
. .
.......

lllllll
-----
......

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

> Previous theoretical predictions

— this result reconciles experimental
data with theoretical predictions,

1 1
56 "3 60 62 64 066
V235 (X10743 cm?/fission)

6.8

P. Vogel, Neutrino 2022

solving the reactor neutrino flux
anomaly
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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
23
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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 B | | |
15F B pfs, 9,6 15— i I ] | | |
' =3 p,en — 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:

M. Archidiacono @ Neutrino 2024

Nest = relativistic degrees of freedom

Planck

In ACDM!

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

CMB-54 1

v<0. 7 *
Neg = 2961_8%?31 Planck+BAO & m ! 0.072 eV (95% L)
R3] A
) Euclid (WL+GC+XC) | ——|

Strong tension between the eV +Planck |

: : : Euclid (WL+GC+XC) | o - Sii:tc?\i? ]?i% CL

sterile neutrino hypothesis and +CMB-S4+LiteBIRD . oy |

cosmolo 0 50 150 200 250 300
gy > - m, (meV)
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Non-unitary neutrino
mixing
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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

2PX% + ofagslan [Py, + oty |agr|?

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

o2 [T ] o[ a-wzmmd| [ T
I - L dcp =T/2 mm i
_ or =0 ] 1.5}
» 0.08 1 008 cp =T i
T 1 .
S et ] =R
0.04 | | | 0.04 L i‘ |
Z\| | I AA A 0.5;
O - EE— l\ L L T N S R | 0 i .\ AE -/ , oy E
1 10 1 10 O —
E [GeV] E [GeV]
Escrihuela et al, NJP 2017 Miranda, MT, Valle, PRL 117 (2016)

— (8, ¢) degeneracies in Pc for Ex 3 GeV affect the sensitivity to §
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Sensitivity to CP-violation and
mass ordering in DUNE

CPV sensitivity, Normal Ordering
DUNE Sensitivity - 7 years (staged)

Normal Ordering
9 sin’26,, = 0.085 + 0.003 .~ 10 years (staged)

6,,: NuFit 2016 (90% C.L. range) === sin’0,, = 0.441 + 0.042

DUNE Conceptual Design Report (CDR)

arXiv:1512.06148

Exposure:

556 kt*MW*y
300 kt*MW*
0.2 04 06 08 1

0108060402

0
Oop/Te

Width of bands indicates variation in
possible central values of 023

MH sensitivity, Normal Ordering

30
- DUNE Sensitivity - 7 years (staged)
- Normal Ordering
[ sin®20,, = 0.085 + 0.003 1 10 years (staged)
B 3= 0.085 + 0.
25} 6,,: NuFit 2016 (90% C.L. range) ===-** sin’e,, = 0.441 + 0.042

a2
oL

—d
o

0

lllllllllllllllllllllljllllljllllllllll

-1 -08-06-04-02 0 0.2 04 06 08 1

Ocp/Te

>50 sensitivity for both orderings and the

full range of &¢p
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DUNE CP sensitivity with NU

d21 a3z, d32
7
- al<1073 -~
6 o |ael=0f7”
4
4
5H5.g ......... A T L L L LY TN RSPy .5.g ......... f:.: ................. I.a,.,gL;IlO." .........
" / \ e \ ” o k
: // ‘\ ,/ “ ///' """"""
47 I/ “ / 2“ I'l'
o Th / ) J 1a]<107 : |yl =10
< N | J \
3H3..q et A L g..... '.‘.....»......“ I .?.’.q SRR WSRPRRY 1. WO
. 1 f ‘ ! e T Pt N
o \ 7N - !
- ~ i |a|<10 1 \ 7 \ »~~ L
A -\ J \ / \ ’ L
2 pond N | AR - / \ " |ael= 1071 L
~ \ N Tt / \ / Hel \
X SN / \ ! \
1047 W\ f- 7 |alfree N / W \
/ . . .
: "/ ‘:‘ . ‘\“ / \ 'l \
,:'/' ! ‘\‘:‘ 4 \W i \
O \ \ \ \
IT IT JT T
-7 - 0 - T -TJT -7 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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Bounds on neutrino NU mixing

One parameter

(1 d.o.f.)

All parameters
(6 d.o.f.)

90% C.L.

30

90% C.L.

30

Neutrinos + charged leptons

11 >
Qo >
o33 >
lag1| <
las1| <

|a32] <

0.9974

0.9994

0.9988
1.7 x 1073
2.0 x 1073
1.1 x 1073

0.9963

0.9991

0.9976
2.5 x 1073
4.4 %1073
2.0 x 1073

0.9961

0.9990

0.9973
2.6 x 1073
5.0 x 1073
2.4 x 1073

0.9952

0.9987

0.9961
4.0 x 1073
7.0 x 1073
3.4x 1073

Neutrinos only

a11 >
a99 >
Qo33 >
lao1| <
lag1| <

|a32] <

0.98

0.99

0.93
1.0 x 1072
4.2 x 102
9.8 x 1073

0.95
0.96
0.76

2.6 x 1072

9.8 x 1072

1.7 x 1072

0.96

0.97

0.79
2.4 x 1072
9.0 x 1072
1.6 x 1072

0.93

0.95

0.61
3.6 x 1072
1.3 x 107!
2.1 x 1072

Escrihuela et al, NJP 2017

4+ Analysis of short-baseline
and long-baseline neutrino

experiments:
NOMAD, NuTeV, MINOS,
NOvVA and T2K.
Parameter|90% C.L.[99% C.L.
1—aq1; | <0.031| <0.056
1—ag | <0.005| <0.010
1—as3 | <0.110 | < 0.220
Qo1 <0.013| < 0.023
Qs <0.033 | < 0.065
32 < 0.009 | <0.017

Forero, Giunti, Ternes,
Tortola, PRD 2022
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The T2K-NOvVA Ocp tension

Non-unitary mixing analysis of T2K and NOvA (NO)

Forero et al, PRD 2022
20||| 20 S L e B
N . :
1.5 X 4 1.5} -
~— |
= i = o
61.0—* b t31.0 —
0.5 - 0.5 -
1o (a11, A22, |@21]) = (0.99,0.999, 0.01) | 1o (a1, @232, |a21]) = (0.97, 0.99, 0.02) |
oob—— ot v 0.0 e
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
¢o1/m ¢o1/m
4 NU includes additional sources of CP violation.
+ No significant deviation from unitary mixing is found: updated bounds
with LBL and SBL =MINOS improves current neutrino limits!
= The tension is not alleviated in the context of NU neutrino mixing
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Non-standard neutrino
interactions

Mariam Tértola (IFIC-CSIC/UValencia) 34 CPNR Workshop 2026



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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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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NSI 1n the solar sector
P,, = % 1+ cos 26 cos 260mat]

3v oscillations

Am? cos20 — 24/2EGr N,

cos 20,,, =
\/(Am2 cos 20 — 2/2EGrN,)2 + (Am? sin® 26)2
12
10
= |
> B
m‘” L KamLAND
l 8 [ ,—’—
- - <
= | Sk ;
NS B ||\|‘\ o ‘l:
1
S 6_ ‘\\‘\ ,': o
<] B \\\\ ,','
MB22m \\\\\ ‘,/'/l
4~ 90, 99% C.L. N
| ‘ |

1
0.2

3v oscillations + N&SI:
N,—> N, + 8{;“]\9
= degenerate solution with:

ehaNy > — €lN;—2N,, 60— /2 -6

E | L] I | I I | L I | L I | L >

N; E %> > i
2L, - LMA-I LMA-D .
] - -
B F -
5 B L Y B
E LMA-0 §

L 1 1 I L 1 1 I L1 1 I L. 1 1 I L. 1 1
0 02 04 06 08 1
. 2e
S1n SOL
Miranda et al, JHEP 2006
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NI at future LBL experiments

(623-¢rr) degeneracy in DUNE

0.40

0.50
sin® 0y,

0.60

0.70

Gouvea and Kelly, NPB 2016

55+
. DUNE
[ - — NSI w/priors
Lo NSI no priors
S0 DUNE+T2HK (T
| ---- NSI w/priors ST
>
] | {7
) N ~. R
s 5
RPN
R
40+
- 90% credible regions
-0.5 0.0 0.5
Eup
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.
SM SM + NSI (&) SM + NSI (&¢;)
0.70 f———7 —— B 0.70 LN e o e 070 T
065 | W oK NOU oes T NO 3 oesp | ™I NO 3
0.60 — g 0.60 - 0.60 - -
< 055 £ <1 055 < 0.55 — -
NE 0.505— NE 0.50 N& 0.50; | -
0.45;— : 0.45F 0.452— % :
0.40 —k j 040k 0.402— —
0'350.-01 10 T 20 "B s 0 s 20 0'350.-01 0 s
Ocp/m Ocp/m Ocp/n
Chatterjee and Palazzo, PRL 2021 Denton et al, PRL 2021
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BSM searches with
CEvVNS experiments
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Coherent Elastic v Nucleus Scattering
(CEVNS)

Freedman, PRD 1974 Cadeddu et al, EPL 143.3 (2023)

Elastic coherent (CErNS) Elastic incoherent Inelastic incoherent
Azo 2 2R Azo < 2R Az0 K 2R

4+ If Es100MeV, nucleon amplitudes sum up coherently:

= cross section is enhanced as (Ntarget)?
= up to 2 times larger than IBD: one can use kg-size detectors!
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Coherent Elastic v Nucleus Scattering
(CEVNS)

2017: First observed at the
Spallation Neutron Source

5 10 15 20 25 30 35 40 45 50 55
Neutrino Energy (MeV)

. ---- "°Cs CEVNS . .
) M 27) CEVNS (Oak Rldge Nathl’lal La.b)
= v, '?ICC X N2
B — IBD --".'..'..'..'..'..'..'..'..'..'..'..'..'..'..'..'.,’..'. ......... .
— wmmAnnT s T :‘l:'u:::;:..':.:lr:: k ‘ml‘f I\"I‘I' :‘.-;\a'-‘:‘l‘-::um 10 Increase .’.‘.I::::?n ;n'l‘u n‘tl.ufvrlu
B Ve€ L amnnRRRE
. 1 P u
5 'E e S °
8 - | T
o - poanibivgns
e | CICNCE.:
8 107 . '
s =
g _r '
2 [
© 102
E ------------ >.,.Q— :5 —
N SPOTTINGA
1 0_3 e GHOST
""""" L1 11 g
neutrinos scaiering from il

COHERENT Coll. Science 357 (2017) 1123
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Physics potential of CEVNS

Freedman, PRD 1974

4+ Standard Model CEVNS cross section: Barranco et al, JHEP 2005

Nuclear form factor

do GiM; MT T\, o5 GEM; MT T
— = 1 - — — — |Q[F, 4 — — —)F .
dT ~ 4n ( 2E2  E, [ (q )D+ ( * A7)

Axial contribution:
small for most
nuclel, it cancels out
for nuclei with even
sin? Oy ~ 0.23 — neutron contribution number of p and n

dominates

Weak nuclear charge

Qw = [Z(1 — 4sin? by ) — N|

4+ New physics may affect the nuclear form factor, weak nuclear charge or add
new terms to the cross section
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Non-standard interactions

N/ V= (o +2eld + <)) Z + (ob + it +2¢8) N|
3 (26l + el ) Z + (el +2e ) N|.

0,0
| | ’

Flavour-changing NSI| |Non-Universal NSI

0'6: 0'6: 0.6:I B 0.6i||f\lf|1lf\I\Ill\ll\ll\lll\ll
: - 05 F 5 05 F
04 F 04 = ] -
- - 04 A - 04 F h
02 F 02 F 03 F = 03 F
S 1 35 ooF zx O2F 1 zz %f
£8) -
- - 01F
—02 F 02 F 0.0
VY S nyys “OLE E “OTE coniar
- - —-02 F 3 02 F
—0. u —0. u _'3:|I||1I|1| ETE INENETE RN M _0.3:[I|llll|1|l1lllllllllllllllllll:
—04 -02 00 02 04 06 —04 -02 00 02 04 06 —04 —02 00 02 04 06 08 —04 —02 00 02 04 06 08
e ety eV
06: 06: 0.6:||\|\||\| TT T rrrrrrrig 0.6i|||\||||\\I\\I|\II\|II\I|\II\
04 F 04 F 05 F 3 05 F
- - 04 ;— i 04 ?
02 F 02 F 03 F = 03
28 oo0F 1 =5 ooF =z 02F 1 == “2F
w - 1 © - %) ) E
- N 0.1 -
—02 —02 F 0.0 E
—04F s —04F —01E E —01E  GslLar
- ' —-0.2 ;— i —-0.2 ?
—U. —U. = B _0.3:|I\|\I|\| \I\ll\l'\lrlll\: _0.3;I|I\II|\I\\I\\Il\ll\'ll\l'\ll\:
—-04 -02 00 02 04 06 —-04 -02 00 02 04 06 —04 —02 00 02 04 06 08 —04 —02 00 02 04 06 08

dv AV
€ € dv av
eee 686

Data from COHERENT Experiment De Romeri et al, JHEP 2023
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Neutrino charge radius /Z\

4 It is the only EM neutrino parameter that is different from zero in the SM:

(<7°2 ) (2 ), (2 >) — (—0.83,-0.48,-0.30) x 10732 cm?  Bernabeu et al NPB 2004

Vee Vip Vrr

4+ New contribution to the CEVNS cross section, proportional to

cr  V2TapM 2y (r2 ) €[—61.2,-48.2] U [~4.7,2.2] x 10732 cm?
e Veg : _
3GF (ry ) €[-58.2,-52.1] x 107°% cm” (lo)
12 _|||T||||||||||||||||||||||||||||_ 12 T 17T 1 n| T T 1 40 1 T 1T T T 1 1 1
N ] i ] - Csl i
10 |- - 10 — 20 | Csl+LAr -
8 I - 8 I .
I oF 1 S°r ]
4F . 4 | 1,240 -
2 b Csl - 2 | col 4 7 _eo b v —
B CsI+LATr] B V CsI+LATrT B 7
0 Lot dos NeA il W ENEEE NN 0 [ IV I B I I —80 [ T N N L1
-100 -75 -50 25 0 25 50 75 -100 -75 -50 25 0 25 50 75 -100 -75 -50 -25 0 25 50
(r> ) [107%?cm?] (r2 ) [107%%ecm?] (r2 ) [10~%?cm?]
ee Up ee

Data from COHERENT Experiment De Romeri et al, JHEP 2023
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Neutrino magnetic moment

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

in BSM
4+ The (effective) neutrino magnetic moment gives extra contribution to
CEvVNS cross section:

do,, | MM Tl 1 1 @}
ﬁ = T (= ) 22 )

dE, lcEvNs m2 \E,, E, s
lZ_ | | IIIIII| | | I 1 II! ll_ | | IIIIII| | | IIIIII_
R I 10F  cl E 90% C.L. limits
L Csl+LAr - L Csl+LAr -
8 [ 7 8 [ .
=6 1 &6k 1 . < 3.6 (3.8) x 1077 pup
- . - ] —9
4 F - 4 F 4 Hy, < 2.4 (2.6) x 1077 up
2 F - 2 F -
0 B I i {1l 0 n -y { 1]
1010 10—? 108 1010 10— 108

e

1. | 1.
Data from COHERENT Experiment ks De Romeri et al, JHEP 2023
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Limits from reactor CEvVNS data

CONUS+ Collaboration, 2501.05206

80

=D
C3 C5 C2 ata

. Signal prediction

Excess events [kg™ (10 eV)™]

=)
LI L L L L I B
+
—m—
—.

1 I 1 1 1 1 l 1 1 L L l 1 1 1
200 250 300 350

lonization energy [eV]

-
ol
o

E ' ACOHERENT
é‘ 107 BII\I_;\IEDRCAMPF E
5) Super-K ]
g TEXQNO " .
Bounds on neutrino magnetic moment S 1 cguse  moass)
2 10 :_MUNUgT Ka.mLand E
(90% CL) *g E CONUSTEXONO Csi 5
&0 j BOREXINO |
§ _GEMMAI .
ff —10 Q 1n-11L o -
. <478 x 1077 up (CEvNS only), £ 107 o] T
p <1.10x107% up (CEvNS + EvES) z A
Ve Vi o Vef
Neutrino Type
De Romeri et al, PRD 2025 Atzori Corona et al, PRD 2025
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New light mediators

Light-vector mediator Light-scalar mediator
doyw V[, L Cy 2 Aoy, (SM doyn (15 m3; By C% F2 (|3?)
dE,, |CEvNS V2G QM (2my En + m3) dE,, |CEVNS dEyy |CEUNS 4 E2 (2my By + m%)2

10_3 E_I'I'I'I'I'ITI| NIRRT ALY LAY 10_3 E_I'I'I'I'I'ITll IR LLILLLLL DOLLALILLLLY WLBSLRLLLLLY |||||i_ﬂ
—4 L il —4 L -

\Y \Y 10 : E 10 - § v v
- CsI+LAr \/
= - = - {

: : : : S
1076 E e 1076 E = /\
bl f_ ; ; ] @
10—7 | IR AR T11| AR Ti1] AN S En i S 10—7 (AN R ANt Ay A i |
1073 1072 107! 10° 10 10*% 10° 1073 1072 10! 10° 10! 10* 103
my [MeV] mg [MeV]

= CEvNs provides complementary constraints to other light mediator searches.
De Romeri et al, JHEP 2023
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Neutrino generalized interactions (NGI)

° 12 T LI I | L B Y 12 T 12 g ]
NGI includes : 1 N :
dd.t. 1 t f 10 ; Csl - 10 ; - 10 [+ Csl :
a 1 lona. 'YP?S (o) sk CsI+LAr _ sk : o F CsI+LAr ]
Lorentz-invariant ool ST 1 %6k E
interactions sf 1 4f 1 4f .
involving scalar, o E I o d 1 af E
vector and tensor 0 002002 000 002 004 0005000 005 010 015 020 025 "o
terms: Cs
100 S L L L B
075 F (e 4 004p
0.25 F . T
L 000 F . 1T ot
—0.25 £ - B
050 ;_ _i -0.02 :
—0.75 F 3 omf
q q _1.00:I|III|Il||ll||lll|l: i 1
—0.04—0.02 0.00 0.02 0.04 -0.05 0.0 005 0.1 0.15 02 025  -0.05 0.0 0.05 0.1 0.15 0.2 0.25
C{ Cy Cy

do NGI GFmN myE 2 myE E
F 2 nr 9 SM (1 _ nr nr)
dEnr CEvNS 4w W(‘Cﬂ ) 5 2E2 QEg N <CV N QV ) QEg Ez/

| 2 B my By B Eony E
De Romeri et al, JHEP 2023 T80T (1 4FE?2 E, ) =R E, } '
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Neutrino electric (milli) charge

4+ In BSM models, neutrinos can acquire small electric charges: millicharges

4+ This electric charge would generate a new contribution to the CEVNS and
ES cross section, proportional to

CsI+LAr

[ T ' |
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De Romeri et al, JHEP 2023
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Conclusions & Outlook

Neutrinos remain a unique window to new physics

4+ Oscillation experiments have established a solid picture of v mixing
4+ The origin of neutrino masses remains unknown

4+ New interactions and properties are still largely unconstrained

Precision measurements, complementary probes and
new experimental strategies will be essential to
uncover physics beyond the Standard Model
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