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Neutrmos : What we know

* Neutral leptons with three flavours

* Flavour eigenstates not the same as mass eigenstates

+ Leads to neutrino oscillations — have been observed

* Mixing between flavour states governed by Upy,ng
* Mass splittings and mixing angles are measured

# The limit on sum of neutrino masses from cosmology



Three Neutrino Paradigm

* Measurement of non-zero @5 in reactor experiments =s==fi- three neutrino picture
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Neutrimo Oscillation Parameters
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Neutrino Oscillation : from discovery to precision

Normal Ordering (best fit)

Inverted Ordering (Ax* — 6.4)

bfp +1a 3T range bfp +lo 30 range
sin? 072 0.303' 5015 0.270 — 0.341 0.303' 5057 0.270 — 0.341
g | b12/° 31.31 — 35.74 33.41'9-75 31.31 — 35.74
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Are there more than 3 neutrmos ?

electron

neutrino

Sterile => No Standard Model Interaction
Can mix with Standard Model Neutrinos

Light ? Heavy ?
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Sterile Neutrimos

Mour

Low Scale Seesaw (inverse seesaw,

vacuum stability leptogenesis, ;
neutrino less double beta decay, Colliders, cha.rged.
charged lepton flavour violation, dark TeV lepton flavour violation

matter )

Gev Fixed Target Experiments

Dark Matter
" MeV Meson decays

-
i QV Oscillation Experiments

meV




Sterile Neutrimos

Mour

Low Scale Seesaw (inverse seesaw,

vacuum stability leptogenesis, ;
neutrino less double beta decay, Colliders, cha.rged.
charged lepton flavour violation, dark TeV lepton flavour violation

matter )

GGV Fixed Target Experiments

Dark Matter
MeV Meson decays
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IL.SND results

800 MeV proton beam from
LANSCE accelerator

w
LSND PRL 1995, § 17.5} o Boam Ewess
‘ Water target PRD 2001 lU 15 _ Lo p.f\-ll_.v"g")n
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Dy — Ve L~30m 20 MeV < E <200 MeV 3.80 excess Am? = 0.2 e\V/?
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Sterile Neutrimo
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MimiBoone

vV, — U
L € Same L/E as LSND
[~ 541 m 200MeV < E < 3GeV e /
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A.A. Aguilar Arevalo, PRL 121, 221801, 2018.
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Possible Scenarios

N

(242) i (3+1)
1 | 1 2+2 disfavoured by solar and
A atmospheric neutrino data
A
Aml 3+1 minimal scheme —
strong tension
B 20
A
g I D
M I T | T 1 o,
V V. )\
e U
Gomez-Cadenas, S. Goswami,
Gonzalez-Garcia, Phys. Rev. D, 1996

PRD 1995
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Appearance Probability

LSND and MimiBoone

200 < EQF < 3000 MeV

0.020 r . T T
—— MiniBooNE best fit (0.918, 0.041 eV?) -
--- (0.01, 0.4 eV?)
0.015 MiniBooNE 1o allowed band
$ wvmode: 12.81 x 10*° POT
I 7 mode: 11.27 x 10%° POT| /
0010 & LSND _ -
0.005 |
0.000
—0.005 1 L 1 1
0.0 0.5 1.0 15 2.0
LJE [meters MeV]

Combined significance ~ 60

A.A. Aguilar Arevalo, PRL 121, 221801, 2018.
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Two neutrino fit

MiniBoone : neutrino + antineutrino



3+1 mixing framework
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Disappearance and appearance tension

, (Am? L
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Dentler, Hernandez-Cabezudo,Kopp, Maltoni, Schwetz JHEP 2017
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Low Energy Excess in MimiBoone

MiniBooNE, PRL 121, 221801 (2018)
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Isitdue to background eflect?

Interaction  track Cherenkov

v, CCQE

v, Hn—p+u

v.CCQE
VtN—p+e

NCn©e

vEN—Vv+N+a" o

NMuon :
Electron
Neutral pion

From : S. Jana , Pheno 2019

Cannot distinguish between Cherenkov cone of electrons and single photon

The single photons coming from NC background cannot explain the excess



Sterile neutrinos and low energy excess

1 3+1 RF Signal
_+_ [ 342 DI’ Signal
1 343 BF Signal
® Data
11 B Hackgronnd

3+N sterile neutrino scenario
cannot explain the MiniBoone low
energy excess

MiniBooNE v modece

EvcntschV

' : ' -
C oo 3000

Energy (MeV)
D. Cianci, talk at Applied Antineutrino Physics Workshop 2018
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SBN@Fermil.ab
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MicroBoone

+ 8 ton surface based
LArTPC detector

* Taking data since 2015

* Primary goal is to
identify if the MiniBoone
LEE is

Electron Neutrinos

SM background eV steriles?

21

Same beam and similar baseline
but different detector technology

........

+ Can separate electrons and
photons because of excellent
resolution of LigAr detectors



MicroBoone Results

+ Disfavour NC A — ~ as origin of LEE 94.8% C.L.

¢ No electron neutrino excess in data

Events Observed / Predicted (no eLEE)

0.0

2.5 1

2.0 1

BB

1.0 1

0.5 1

® MicroBooNE Observed
== Predicted, no eLEE (x=0.0)
-~ Predicted, w/ eLEE (x =1.0)

o} —

|

{ ¢

leip
CCQE

leNpOm 1e0pOm  1leX

https://arxiv.org/pdf/2110.14054.pdf

See however
https://arxiv.org/pdf/2111.10359.pdf

The electron neutrino excess cannot be
excluded in a model independent way
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New physics ?

Result from all 3 detectors in SBN


https://arxiv.org/pdf/2111.10359.pdf

3+1 fit : MimiBoone and MicroBoone

—— 341 MiniBooNE Fit
—— 341 Combined Fit
* Bes Fnt

3+1 Fit U |Una?  Am?  Ax?/ dof
MiniBooNE only 0.508  0.0205  0.191 27.8 /3
Combination 0.502  0.0158 0209 247 /3

TABLE 1. Summary of results. The Ay?/dof in the last col-

umn compares the 3 + 1 model to the no-oscillation model.

R — e ——— |

A.A. Aguilar-Arevalo et al. [MiniBooNE], Phys. Rev. Lett. 129 (2022) 201801

23



Can we have lighter sterile neutrinos ?
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T2K and NOvA and CP
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Very light sterile neutrinos

Hint of eV scale sterile neutrinos to explain LSND /MiniBoone anomaly

Can there be lighter sterile neutrinos ?

10!
S - -
3
e — . —
M=
g
<1 '-0—4 — — S
¢ 4 . ot
12K | NOvA Joint
0 B - -
103 10— 10~ 1 10~ 10 10~ 1107 10~ 10~!
sin? 031 ¥ sin” 05 ¥ sin® 0557

Us = R34(034. 034) Roa(024) R14(014. 614) Roa(023) R13(613, 613) Ri2(612)

Additional parameters give improved fit
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Counts / 2 MeV /[ 3453 days

Spectral upturn in solar neutrino data

| ! |

no stenile
sin20=1x10"
sin 2a=5x10"

Encrgy (MeV)

{PhysRevD. 83,113011}

27

The predicted spectral
upturn from
MSW effect not seen in data

Ultra light sterile neutrinos with
A ~ 1072 eVi@sin“2a ~ 107> : 107>

explain this



Mass Spectra for 3+1 Picture
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Absolute neutrio mass

Information can come from three different sectors

search for Ov33-decay

- BR-decay: °Ge, "3Xe, ...
- model-dependent (a;)

kinematics of weak decays

- R-decay: 3H, EC: 1%3Ho
- model-independent

i=1

Present Limit < 0.8 eV,
90% C.L. from Katrin
experiment

Courtsey: G. Drexlin, NOW 2022

large-scale structures

- CMB, galaxy surveys,..
- model dependent (Ho)

-

Present Limit < 36-156
meV, 95% C.L. from
GERDA experiment

20

Present Limit < 0.12 eV,
95% C.L. from Plank



Allowed parameters from experiment

Phys. Rev. Lett. 125.07180]

lllll

Phys. Rev. Lett. 125.07180!

]Oﬂ T T ] ™
107 - - [9:0]335(.;; Allowed
= 3 107 F _ MiniBooNE (2018)
- N [CJDentler et al. (2018)
10 E 10 L [Gariazzo et al. (2019)
< 4L N &
> b E| > 1
o - 3 ®
oy - R ? 2’5
107 F E 102
E AaNOBARNGE —_— ] 90% C.L. (CL,) Excluded —
10° - Excluded FC 90% C L. ... 1072 — NOMAD q
s Senstivity FC 90% C.L (median, 1o and 26) P - KARMENZ
F — Excluded 90% CL, = MINOS, MINOS-, Daya Bay and Eugey.3
1 1 1 1 lllll L lllll 1 1 1 1 LAaain L 11 Loy 1 LA LAl Loy
103 5 = e y 10 0" 105 10 10° 107
sin?0,, sin“20,,, = 4lU_,FIU,,F
2 — :
Am; 10~%cV? 0.01cV? 1.3¢cV?
S
sin? ), 0.1-0.2 0.0005-0.005 0.001-0.01
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Effective Number of Neutrinos 1 Cosmology

Radiation Density :
74\
o A \MP Z Pve T Pother = Mll'xg(ﬁ) Py
- I N o VeVuVr
pr N /)A;\(;—}- 8 (11 ) :\ = o \ _/ Nefr = Nes&{l + AN

Photon Energy Density energy density of relativistic neutrinos

i _(NSM
il @/\3:)44 +0.002

Big Bang Nucleosynthesis
Large Scale Structures
Cosmic Microwave Background
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Sterile Neutrinos and Cosmology

Sterile neutrinos contributeto N, and X

For massive neutrinos: N4 and m Y =mi+my+mz+ms

1 energy density of
* 10 parameter Cosmological Model non-relativistic
_ 2 11+40.37 neutrinos
Neff =3.1 1—0.36
>m: < 0.16eV i '
i 2203.07323 ACDM+Neg+) | my+wo+nrun

(active and sterile states

Fully thermalised neutrinos => AN, ~ 1 in equilibrium)

* Non-thermal or partially thermal

Hagstotz et al. , PRD , 2021
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Cosmological mass bound

lof- Am - 1.3 eVv* 1050 Ami - 1.3 eV I
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SG, Pan, Pachhar,, PRD, 2024



Cosmological mass bound

2 (eV)

LOFQ Am?-1.3ev* 105. 2111;:—(1).3'::\{;. ]
L - m: - 0.01leV”

fe  Am;-0.01eV’ ; )
(=  Am:=10"eV Z=m1+n12+m3+ (m4x ANeﬁ)

Fe AL =10"eV

1.3 eVZ2, 0.01 eV?
Allowed

- 10-PCM Bound
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10° 10°* 1077 0.01 0.1 1 10° 10 10°° 0.01 0.1 1
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1 1-
c .
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0.1 0.1°"
i aevel % o GneTml 4 v jeGTay ‘“‘S‘f()-N() L% iavvead @ gasavnll 4 ' iSEIwy  § ....S-rn-ro
10°° 10°* 107° 0.01 0.1 1 10°° 10 10°° 0.01 0.1 1
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< =i SG, Pan, Pachhar,, PRD, 2024
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Constraints from Beta decay
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Neutrinoless double beta decay (SNO-NO)

10~%eV? 0.01 eV? 1.3 eV?

" 51d-10
— Am=10"eVv’
=/  Std-NO

—
—

B Sud-10
— Aml=00leV’
B Sud-NO

0.1: 0.1;

= 10-PCM = 2
£ | n-EXOReach __ __ Bound | n-EXOReach gy  “oUn¢
10° 107
10-0,’5 - - 1 / " '] 10-0 = _.-‘ - 1 " '] .5 = - ’ 1 ']
10 10 10° 0.01 0.1 1 10 10 10° 0.01 0.1 1 10 10 10° 0.01 0.1 1

M0 (€V) M0 (€V) M0 (€V)

lightest — m,

S 2
"'2 e Jm] ar AmSOI mgll;lo_NO £ z uz.m'.
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my =4 /m; + Amg,, : I
m;;‘(’"NO = ¢ m/';"ﬂd"w’ + (5 mye'’ OT d

SG, Pan, Pachhar,, PRD, 2024
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Neutrinoless double beta decay (SNO-10)

L ‘ 2
10~ %eV? 0.01 eV? 1.3 eV
e S0 1= ami-o0ev’ = Ami=13eV’
B Anc-10%V? = $td-10 % SNO-IO
2 SO S S1-NO o
0.1+
0.1F
3 J z
é 5 E eAcpy
L ' =i n-EXO Reach ” . Bound
10° .
—ﬂ 10
lo*; ) S anann . o o xs 00 UTRRTEN . o . DR LT 10" = ._‘ ‘-0 - o 10-4 2 " " 3
10° 107 107 0.01 0.1 1 10 10 10 0.01 0.1 1 10° 107 10° 0.01 0.1 1
Mo (€V) Miguens (€V) Mieeene(€V)
SNO-IO __ .2 std—I10 2 Ly
My = Cy |Mgg — +lymye

Part of parameter space disfavoured for all the mass squared differences

37 SG, Pan, Pachhar,, PRD, 2024



Neutrinoless double beta decay (S1I0-NO)

10~ %eV?

0.01 eV?

1.3 eV?

- Sld-lO =2 6 m:' - 0.011:\' ]
1~ Ami=10"V"’ SI0-NO 1= Sd-10 SI0-NO 1
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0.1 0.1 — 0.1t
z 1% TR Zew g
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10° 10" 10”
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: PRD, 2024
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Neutrinoless double beta decay (S1IO-NO)

10~ %eV? 0.01 eV? 1.3 eV?

= Ami=00leV*

= Sd-10

1= Ami=10%v? 510-NO 1 std-10 S10-NO 1
= §d-NO = §1d-NO
0.1+ 0.1 — 0.1
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O A @ ()~ A
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™y m = \/m4 ik Amsol
Amiy -
~d : ¥ m, m, = \/mf 4 Am.s?ol
- L AmE < Amgy,
N e __ my SG, Pan, Pachhar,,
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Neutrinoless double beta decay (S10-NO)

0.01 €V2 1.3 €V2

= Am-001eV
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Neutrinoless double beta decay (S10-10)
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Sterile Neutrinos and Seesaw Model

1 _ - 0 mp I/i
T IS : L= _(VLa N f{)
ype I Seesaw 5 m% Mo N»

— $BBT B U 0 | »

Diagonalized by U, =~ with B = mpM5
—Bt —iB'BJ \0 Vg

Light Neutrino - 1.7 . -
Mass Matrix m, = —mp Mp"mp = U diag(my, ma, m3) U

Heavy Neutrino

T Mg = Vg diag(My, My, M3) V!

_ 1
Non-unitary UPMNS N=(1-3BB Hhu
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How to generate eV scale sterile ?

Extended Seesaw (v$, Ng) to (v$, Ng, S) 3 NR, 1S

0 mp 0
7X7 mass matrix M = m% Mp m%s Mp > mps > mp

0 mps 0

my, = mpMptmhg(mpsMztmhs) tmps(MzH)'mh — mpMztmh

myg = —mpsMp 1777,’-’1;5
— 771.D]\-"I§1m:’1;5(]\'fIS]\'ff};lm%S)_l = O(mp/mpgs)

Barry, Rodejgohann, Zhang
43 10.1007/JHEPO07(2011)091
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Summary

“ Sterile neutrinos can exist ar all energy scales

+ Some hints in favour of eV scale sterile neutrino

“ Strong tension in data

» eV scale sterile constrained from cosmology, beta decay, neutrino
less double beta decay

* Are lighter than eV sterile neutrinos allowed ?
“ Four different mass spectra

+ Constraints from cosmology, neutrino less double beta decay
disfavour some of these mass spectra
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X FUNDRISING A TEN DOLLARS
FOR PARTICLE PHYS|cS FOR AN EMPTY

RESEARCH

10 Dollars or Million Dollars ?
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Evading Cosmological Constraints

107 '
90% CL contours

Bl MiniBooNE
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) 10° 107 107 10°

10% 10+

M.Adams et al.

Eur.

sin”260,,. = sin?20,4sin0,,

Phys. J.80 (2020)
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Interactions with an ultralight scalar

Y. Farzan, Phys. Lett. B. 2019
J.M. Cline, Phys. Lett. B 2020

Large lepton anti-lepton asymmetry
in the Universe

Foot and Volkas, PRL 1995

Low reheating temperature

Gelmini, Palomarez-Ruis, Pascoli, PRL 2004



LSS and neutrimo mass

m. =0.5 eV

L/

Neutrino free streaming erases structures
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Effecave Number of Neutrinos

|U64|2 - |U#4|2 = |U1'-'1|2

/eV?)

2
41

Solving Boltzman
Equations for
3+1 picture

log,o(Am

long |U04|2

# The parameter space for SBL anomalies => AN ;= 1
= > Fully thermalised neutrinos
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