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A flavor Framewor

- Normal Ordering Inverted Ordering
‘I/i>_Uia‘ya> A

m? U3 —I 2

Am221
* The mixing matrix is described by three angles e

(0,5, 0,3, 053) , one Dirac phase (§,5) and two Majorana ol w -

phases (a, ) ——
T P Vs
v, v, U

P = diag(1,e'%, e'’)

23(053) S153(013, 013) R1,(0,,) [IDWW

e Unknown in Standard Picture

e Known in Standard Picture (Nufit 5.3,2024)

o Am} = (6.82 —8.04) X 107 eV? e Mass ordering :

o |Am}| =(2.42-2.59)x 107 eV? Am2 >0 [ Am? <0

¢ Slnz 912 — (0'275 - 0'344) ® Value Of CP phase (5CP) — 513
e sin” 03 = (0.023 — 0.024) e Absolute mass scale

® Sin2 923 — (0407 — 0620)

e Dirac/Majorana



(ig t) sterile neutrino

MiniBooNE .
LSND Gallium Anomaly
2 s [, "o Data(stater) =
8 17.5 F ® Beam Excess % :_%ﬁ ] v, fromp*" | " 1°2:
0 : . < = ) v, from K = N
= 15 B p(v,—vee)n = - 1 Ve from K° = 11E
8 = pv,e)n 6:""- I njiSid _: E
& 125] 3le — P [ T N
10 :_ 5 - - gthert S ] ‘a‘k N ) ®
i | onstr. SL. Error ] -
f + ——————— Best Fit ! = m\ 0.91
7.5} g [ - s L
i oyl | R
2.5 _—’— SIREIRELRLLIRLRS 2 - ? ‘ _E 07;_
o L . N T T
S o ‘ = RN S > v 5 5
04 06 08 1 12 14 -- e N vé{; Yg@k (5140 (gwﬁ &/\&@ <O @
L/E, (meters/MeV) 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 3.0 ° ° YQ’ Yy\’ <§f’ ng’
EJ (GeV) & G
v, = U, at 3.80 (C.Athanassopoulos v, = U, at 4.80 (Aguilar-Arevalo et Deficit in v, at GALLEX, SAGE, BEST
et al , PRL 1995) al.,PRL,2009) (Barinov et al.,2021)
L: 30 m; 20 MeV< E < 52.8 [.:540 m; 200 MeV< E <3
MeV GeV
2 2
L/E ~ 1 suggests Am~ ~ 1eV
4

Presence of a sterile neutrino with Am?* ~ eV~ can explain these.



(\/erg light) sterile neutrino

NOVA Far Detec‘tdljé(ﬁsh‘ River, IVIN)

* Long Baseline Experiments : < 0N i % 3 R

12K : L=295 KM , E=0.7 GeV Byt BES
NOvA: L=810 KM, E=2.0 GeV T RE A0 (ol N,

FeleiIaB

Z
I

| * 2 8 & | L L @ | ¥ W & 4 & 8 F 6 Rohe % F & 2
. TQK

— Normal ordering

o T2K,NOvA |

tension can be

0.6

0.55

Inverted ordering

Y994 10 CL
90% CL

20 CL
30 CL

20
0.5

improved with

0.45

15

0.4

introduction of
AmZ, = 107%eV?
sterile neutrino

( de Gouvea et al., PRD,
2022)
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(UltraJight) sterile neutrino

Borexino is a solar neutrino experiment in
(Gran Sasso, Italy

Results from Borexino doesn’t show

signatures of upturn of energy spectrum
below 8§ MeV expected from MSW solution

to the Solar Neutrino Problem. [Phys. Rev. C 8,
055504; Phys. Rev. D 82, 033006; Phys.Rev.D 83,052010]

v Possible solution is extra sterile neutrino:
v Am?~107eV?

v Mixing with active states sin”2a ~ 1072 : 10~

Counts / 2 MeV / 345.3 days

50

45

40

35

30

25

20

15

10

[PhysRevD. 83,1 1301 |]
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I

— = 1o sterile
— sin20=1x10"

sin20=5x10"

Energy (MeV)




SNO-NO

AmZ.,
Am:
Arnsz.ol
SNO-NO
V3 —
Arncgtm
Am:
Arnszol

Mass Spectra of 3+1 framework

S10-10

2
Am sol

Amz.,

Am?
SI10-10
Arnszo/
Am?
AMZim

- .
-,
-,

- .
-,
-,

S1I0-NO

V3

2
Am atm

2
Am sol

- .
-,
[

V3

SNO-IO

AmZ ~7x107eV*, Am?, ~2.5x 1073eV?
Am? =10"*V?2,0.01eV?, 1.3eV?

e SNO-NO and SIO-IO mass spectrum is

different for Am > Am

and Am ;< Am < Am

_ (left-above)
(left-below)

e SNO-IO and SIO-NO (right) spectrum

is similar for both the cases



H+1 Framework

rzF h\t ‘&w QQ
=

ueZ
M,MZ
U

us2

U3
”;43
U3

Ugs

Uey
l/tﬂ 4
Urg

us4

U1
%)
U3
Vg

® 4X4 unitary matrix

Majorana Phase

U = R34(034) S24(04, 024) 514014, 014) R3(053) S13(03,013) R15(010) P,

f 2

Ly :
14€

_ 2 .2 .2
P Uel = C12C13C14

'? — 2 L2 2 ia
| Uer = S12C13 €14

b 2 2 i
| ez = 513C14€

Cosmology:

U .

€l

Mgg < (28 — 122) meV

* Parametrised by 6 angles, 3 Dirac phase and 4

Mass Observable

Plank Collaboration (2018)

KATRIN Exp.
Phys. 18,160-166 (2022)

arXiv :2406.11438 |



STERILE NEUTRINO AND COSMOLOGY

e Massl 1 j ib N
assless sterile neutrinos contribute to /N g AN, = N, e%‘f ) 3.044 + 0.002

e Massive sterile neutrinos aftect N, and Xm,

* These parameter are bounded from cosmological observations like CMB, LSS, BBN etc
| ® 10 Parameter Cosmological Model |

_ 0.37
N = 31175,

zm; < 0.16eV ~

* Fully thermalised neutrino
AN, =~ 1, ruled out by
cosmological observations

* Can be evaded with secret interaction, low reheating temperature etc.
* Sterile state should have to be partially thermalized Hagstotz etal.,PRD, 2021

Zmi - ml + m2 + m3 + (m4 X ANeff)



10F

- 10-PCM Bound

e Am-=1.3eV”
e Am>=0.01eV”
e Am:=10"eV?

0.1+ 0.1°"
e sNO-NY e ISNO-TO
10°° 107 10°° 0.01 0.1 1 10°° 107 10°° 0.01 0.1 1
mlightest (eV) l‘Illightest (eV)
10° 10f

0.1

- 10-PCM Bound

-« Am-=1.3eV?
c Am>=0.01eV”
Am>=10"*eV”

SIO-NO |

10°°

10°*

IIllightest (eV)

10°° 0.01

0.1 1 10°°

10F¢

0.1F°F

e Am:=1.3eV"
-« Am;=0.01leV”
e Am2=10"%V?

L 10-PCM Bound

e A m-=1.3eV”
c Am:=0.01eV”
A m>=10"eV”

- 10-PCM Bound

810-10 |

10°*

IIllightest (eV)

10°° 0.01

0.1 1

e For SNO-NO

lightest — m,

_ 2 2
n, = \/m1 + Am,,,

my = \/ ml2 + Amgtm
m, =/ mi + Am;

e For Am? = 1.3eV~,
SIO scenarios are
disfavoured.

* Cosmology tends to
favour SN O scenarios
for sterile neutrino.



Allowed 6,, From Oscillation Experiment

P Adamson et al., PRL ,2020 P.Adamson et al., PRL ,2020
103 E I | | L ll E I | UL I 1 | LI g

E E 103 El lllllll || lllllll LI lllllll [ | lllllll || llllll [ | lllllll || llllg
2 L . _- — 90% C.L. Allowed -
107 E ) = , | [ILSND }
= > . 10 E _MiniBooNE (2018) : 13 =
- 7 — [ Dentler et al. (2018) -
10 E E 10 ;_ []Gariazzo et al. (2019) - _;
S - - - : -

= 1 , = L o
— = 1 T2 -
= F - © E I & =
C\IEQ — - N p ; B = _
10" = & 10k —
T » z = :
102 & - 102 & -
= R = :
~  MINOS/MINOS+ — = 90% C.L. (CL,) Excluded ————— -
103 b — Excluded FC 90% C.L. < DR 103 & — NOMAD ‘el .
§ ===: Sensitivity FC 90% C.L. (median, 1c and 2c) N . " § = --- KARMENZ2 =
- — Excluded 90% CL o . ~  — MINOS, MINOS+, Daya Bay and Bugey-3 _
10_4 1 1 1 1 1 1 ||IS 1 1 1 1 |1 lll 1 | 1 1 ; 10—4. 1 lllllll L1 lllllll L1 lllllll L1 lllllll L1 lllllll L1 lllllll Lo iianu
1073 102 10~ 1 10° 10> 10* 10° 102 10 1

: . 2 2

sin?0,, sin“20,,, = 4|U_,FU,_,F

0.01eV? 1.3eV?
0.1-0.2 0.0005-0.005 0.001-0.01




Tribium p clecag and sterile neutrino

"H —° Het + e + U, KATRIN Experiment

m? = Z U . |* m? * Measures f decay spectrum from Tritium
[ el l
= Isotope

Esfahani et al, snowmass 2021 e Current limit ay < 0.8eV

e Projected Sensitivity m; S 0.2eV

—mB=OeV

—mﬁ=1.1 eV

PROJECT 8 Experiment

* Used Cyclotron Radiation Emission
Spectroscopy (CRES) for energy

measureynent
NI TS L 0

0 ° f —

E-E,(eV) m, + (E/Cz)
Tritium end-point energy spectrum for
different m; scenario

Decay Rate (a.u.)

* Projected sensitivity is m; S 0.04 eV



105

A m?=1.3eV*
- A m?=0.01eV?
A m?>=10"%eV?
- KATRIN Limit /
KATRIN Sensitivity

| 1 s 2 ssnsl : 2 s enanil . s sanal r 1 e
10°° 10°* 10°° 0.01 0.1 1
mlightest (eV)
10E
- Am:=1.3eV*
B A m?=0.01eV?
L2 Am?=10"%eV?
-
| e —
S KATRIN Limit
) - KATRIN Sensitivity
- i
= 0.1
0.01 | | [ sro-no
10°° 102 1073 0.01 0.1 1
l‘Illightest (eV)

10 E

E AmZ=1.3eV?
2 Am2=0.01eV”
I Am2=10"eV?
= e ___
S KATRIN Limit
Qo - KATRIN Sensitivity
=
= 0.1
L Project 8 Sensitivity
0.01 = SNO-IO
AR TTT 1 ol 1 Ll Ll T
10°° 10°* 10°° 0.01 0.1 1
mlightest (eV)
10¢ 2 2
I Am>=1.3eV
B Am>=0.01eV?
-5 Am?Z=10"%V? L
L
s KATRIN Limit
Q - KATRIN Sensitivity
— i
= 0.1
- -};iloject 8 Sensitivity
DONE | STO-10|
AR TTT 1 T 1 Ll AT L 1 110
10°° 10°* 10°° 0.01 0.1 1

mlightest (eV)

e KATRIN rules out
SIO-NO and SIO-

IO scenario for
Am? = 1.3eV?

* Future experiments
will be important to
probe other
sCenarios
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— Std-NO / 4 — Std-NO — Std-NO
7 / 0.1¢
/ 0.1r - KamLAND-Zen Limit i
KamLAND-Zen s .
%a IS 74 Ea 10-PCM
£ [ n-EXOReach 10-PCM | £ )
ROV ey Bound | B Ermrm it el
1073
10-4 , Ll A T N R | L 10-4 C . L Wil e i il L
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lightest — m,

m4=\/m12+AmS2

e For 10~%eV? and 1.3eV?,

cancellation region increase

e For 0.01 eV~* ,cancellation
shifts on the left

lightest — m,

my = \/ ms; + Amg, + Am?

e For 10~%eV~?and 1.3eV?,
contribution is less than std-

IO, greater than std-NO

e For 0.01 eV~ negligible effect
due to small mixing angle



SIO-NO

0.1

10°° - 16'4 | 1073 0.01 0.1

~  Std-10
= Am?=10"eV?
— Std-NO

KamILAND-Zen Limit

3 n-EXO Reach

[ B A ]

mlightest (eV)

1

0.1 KamILAND-Zen Limit

3

=

E ------------------
10—3 : .....
N I T 0.1 1

mlightest (eV)

O.l :

v
ey
[ i

;S 7
//////

/////
Ay

/
s

/

B Am’=0.01ev?
L Std-1I0
Std-NO

s
s

i
/////////
/////////////
////////////////////////
////////////
/////

/7 7

s

5/ i
7 4 i
///////
//////////////////////////////////
S L/ 3
////////////
/////
//////
s

B e st sl ]

10—3 : ... @

T T T S R 0.1 1
mlightest(eV)

F - .
- v
(A4S

B Am’=0.0lev?
3 Std-I0

O.l
L
L
///////////
//////////////////////////
////////////////////////
////////////////////////
//////////////////////
////////////////////
/////////////
//////
o
E . e BEe . SEC IR
R e 111
-4 | PRI | e 01 1
101 _5 10-4 10'3 0.01 ¢
Inlightest(e \ )

0.1-

- KamLAND-Zen Limit

////////
//////////
////////////////
////////////////////////////////
///////////////////////////
//////////////////////////
///////////////////////
/////////////////
/////////////

Vi
/////

10—3 ::-: - @ @

7 e
////////
//////////////

FE A s el e spaatt ot et Ersatab e s srsrt]

| .‘ SIO-NO,

Ol e et o
mlightest(ev)

0.1

0.1 1

/////////////
///////////
/////////////////////////////////
/////////////////////////
//////////////////

//////
//////////

VA
///////////
///////////////
///////////////

’ A,

S S/

10_3 :;.; e

= Ami-13ev:
= Std-10

S e
/////////
///////////////

L e el e spaatt ot it Ersata e s srsrtl]

‘ SIO-10

10_140‘5' 10 10° 0.0l
mlightest(ev)

0.1 1

lightest - my

* Narrow cancellation region is
possible for 10~*eV?

e For 0.01 eV?, maximum

parameter space is ruled by
KamLAND-Zen

e SIO-NO scenario for 1.3eV? is
ruled out from Ovff experiments

lightest — m,/m;

e For 10~%eV?, contribution

is less than std-10, greater
than std-NO

e SIO-IO scenario for 1.3 eV?

is also ruled out from Ovpp
experiments



SUMMARY

* Addition of one sterile state implies four mass spectra

* We study the implications of the mass spectra on mass-related observables

e Current cosmology allows SNO-NO , SNO-1O for 0.01 eV?* and smaller , SIO-NO and
SIO-IO for Am? = 107*eV?

e KATRIN experiment completely ruled out the SIO-INO and SIO-IO scenario for
Am? = 1.3eV?

* Future experiments like Project 8 will be able to probe SNO-IO and SIO-10O completely

* Ouvpp experiments like KamILLAND-Zen also rules out SIO scenarios for additional
sterile state with 1.3 eV* mass-squared difference

e KamLAND Zen experiment almost rules out the SIO-10 scenario Am? = 0.01eV?>
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* Long Baseline Experiments :

T2K : L=295§ KM , E=0.7 GeV s

(Nizam et al. ,Mod. Phys Lett. A, 2018)

NERR, Unky. Talfho)] ¢

NOvA: L=810 KM, E=2.0 GeV |8

f

NOVA Far Detector (Ash River, MIN)
f—lqikmu\p,s Far Detqéifi;’}f:}i(éou@ MN)-
; T ""__:t_).—’-—-‘—{‘/— : ’ e 2

(de Gouvea et al. , PRD, 2022)

Parameters (3v) T2K NOvA
NO | I0 |NO | IO
sin? fa3 0.526 | 0.53 |0.58 | 0.58
Amsg; x 107%eV?| 2.46 |-2.506 | 2.51 | -2.56
sop (107 19819 °(30.6°)-95.4°

Parameters (4v) T2K NOvA
SIO-NO | SNO-IO |SIO-NO| SIO-IO
sin? a3 0.44 0.44 0.62 0.59
Am?, x 107%eV?|  2.48 -2.38 2.44 -2.32
Sop 79.2° | 254° | -54° 183°
[Amy|* eV2 9.0 x 1073]1.1 x 10728 x 1073|1.0 x 102

e T2k, NOvA Tension can be improved with introduction of Am;, = 107%¢V* sterile neutrino




Cosmological Model Parameters eArpy Model

S — 7. N, = Relativistic d.o.f

H, = Hubble parameter

8. Z m,, = Total neutrino mass
2. Q,h* = Baryin Density

. w = Dark energy equation
3. Q,pyh* = Dark matter Density ’ A

ﬁ dn, .
4. n, = Scalar spectral index | 10. —- = = running of spectra

index

5. 7= Reionization Optical depth

11. A;,,,, = CMB angular spectrum
6. A, = Primodial amplitude of scalar

| perturbation 12. r = scalar to tensor ratio



BOUND FROM COSMOLOGY

o Sterile neutrinos contributes to N g

n— p+e + v,
pt+tn— D+vy L |
A. Hubble Parameter D+ p—"He +7 /
D+ D— “He+n
87TG D+D—="H+p :')’He—g'-

H*a) = —(p, + p,) TP e

2 3 A e T
3 P == D _...3H 7. "H +" He }L|+‘y
8. *‘He+n— "H+p

4/3 TZ 9. He + D —=* He +
N 7 4 1 N ‘ 10. 3l—le:e +4Heﬁb7;e-ll-)y

— —  — 11. 7Li + p—="He +*H
py eff 8 1 1 '07 12. 7Ble +':1—} 7ii+ pe

AR

barvon densit 02 =
yo_01 y Q. h

B. Big Dang Nucleosunthesis 0.26 g

0.25 E

Y

0.24 E

e N 15 clirectlg affects the Production of Iight elements 0.2

= 10—
abundances in BBN. o b
e Increase in N.g, increase *He abundance = )
=
10Q—10 =

10—10

barvon—to—photon ratio =



