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What we know so far about Neutrino Oscillations ?

Detailed talk by Rahul, Poonam
rimary Questions
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Several decades of a rich program of experimental neutrino measurements
have provided the resolution to decades-long experimental anomalies
associated with solar and atmospheric neutrino measurement
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@ vmass hierarchy:

IV, A v, I -
“‘Are the states vV, & v, — i'g
v,heavier or lighter NOFmagl Inverted
than v, ? §
CP Violation: S

5 Bep =#=(0,m7)?, Neutrino and

anti-neutrino asymmetry

Octant of 0,

77 sin26,3#0.57 Non maximal
mixing?I f so, which way?

Precision oscillation measurements |

BUT experimental neutrino anomalies have been observed that still remain
unresolved, and have served as primary drivers in the development of the
next generation experiments.
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Short Baseline Anomaly

Micro BooNE




@ The SAGE and GALLEX experiments
designed to confirm neutrino oscillation
from SUN

& Neutrino detection via

o MTGa+v, — TGe+e™

@ The ratio of observed over expected ~
0.86 + 0.05 ( ~ 30 deficit)

o Ve disappearance into sterile state?

@ Recently confirmed by BEST
experiment (~40) BEST
arXiv:2109.11482 , Barinov Gorbunov
arXiv:2109.14654

@ They found the ratio to be ~0.8,
consistent with the SAGE and GALLEX
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Anomaly #2 : the Neutrino 4 experiment

@ 100 MW thermal power All data 2016 -2019 + background 20119
SM-3 reactor | 4 Observed, 24p, 500keV. Dec, 2019. The period
of oscillation
@ Anti-neutrino detector 15 A, =7.26,si0°20, = 0.38 T
.. . S MeV is 1.4 m
(liquid scintillator) s L LL
. — ..’ — \ | (2 3
|OCC('|'€d GT Cl dISTC(nCe Of j 1.0 - } ﬁ ‘I FJ_* L %ﬂ ‘_;_ A.P.Serebroy, et al.
= " S A f e %’ . ¢ JETP Letters,
5m from the reactor o | + : 1 Volume 105,
F 1 Issue 4, pp 213-221.
o Measuremem‘ = 0.5 | AM’=7.25¢V’, sin’(20) = 0.38 y’/DoF  17.09/17 GoF  0.45 | arxiv:1809.10561
. ' Unity Y/DoF 27.98/19 GoF 0.08
performed with the

reactor ON/OFF " R 0 -
condition, which provides V
antineutrino spectrum.

% No contradiction with Gallium Anomaly, the combined result of
the Neutrino-4 and gallium anomaly gives

sin? 26,, ~ 0.35 + 0.07 (5.00)
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Mueller et al. 1101 2663 Huber1106 0687, Giunti et a/ 2110 06820
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o Ve flux from nuclear reactors ~ 3.5% (~ 3¢) below prediction

o Oscillation of v. into sterile neutrino vs ? (L/E too small for
standard oscillations)
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Kopeikin Skorokhvatov Titov arXiv:2103.01684, Berryman Huber arXiv:2005.01756, Giunti Li Ternes Xin
arXiv:2110.06820

@ With updated input data to flux calculation (new p
spectra from 235U fission)

reactor flux anomaly, resolved with new input data to flux calculation
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reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra

is there really an anomaly?

gallium anomaly
unresolved, recently reinforced
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o V. appearance in a v, beam(~30)

@ Source—detector distance ("baseline”) ~ 30 m

& Yy — V. oscillations
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reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra
Is there really an anomaly?

gallium anomaly
unresolved, recently reinforced

LSND
unresolved

N9 NN
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Booster e—ii-———=

Magnetic Decay

focusing hom region Absorber 450 m Detector

dirt

@ Unexplained low-E excess (4.80)
@ Consistent with LSND
@ L/E too small for std. oscillations (wrong Am?)

XXV DAE-BRNS, 2022, A.Chatterjee 13



7
: I Vﬂ_} )‘

Booster , _,;—":'*—;s b

(7))
—
5wk
>
L
350 +
300

@ Unexplai 5

M CO nS |S.h 200 [ :: Best-fit
150 -@- Data
@ L/E too
100
(wrong A
50
0200 400 600 800 1000 1200
v [MeV]

XXV DAE-BRNS, 2022, A.Chatterjee 14



e _ e K
RIR =072 /0],

ettt —
“

070 080 090 100 110

N(LEYN(LE)
51 "
=i
+5,,
'}‘ S
N »
« h"
=, =]
g
-l:
o
8 g hia
.
. T

e
- - ]
8 aos

[5]

n< e 1 _
a o= ]
- 0.9 -
D oesk / -
5 o 3
3 ;
S Best fit .
= o ]

o-6s cuul.en : en.:.m saxcgg ’ s-els-n

Beam Excess

Events

o 8 88 88 8§ 8

XXV DAE-BRNS, 2022, A.Chatterjee

reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra
Is there really an anomaly?

gallium anomaly
unresolved, recently reinforced

LSND
unresolved

MiniBooNE
unresolved

"NO N NN
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& Flavor conversion

nclusion of a new light sterile neutrino

@ Inclusion of dark sectors: Dark matter particles, dark neutrinos, Long
lived Heavy Neutrinos etc.

@ Conventional explanation : Single photon production, reactor flux
modeling eftc.

And many more theoretical models ...

XXV DAE-BRNS, 2022, A.Chatterjee 16



Anomalies hint towards a eV-Scale Sterile neutrino

Require additional neutrinos with masses at eV scale

@ vg: Sterile States (no weak
interactions)

ATE
@ singlets of SU(2) x U(1) gauge group m | L™ = A:,z
@ Can affect oscillations through Vi | e— Vs,
mixing
Va Vs,

@ The right-handed neutrinos are, by

2
definition, sterile. Améy ~——21eV

: V3 ,
@ To generate neutrino masses, we Amir, —-—— ~25x 10 3¢V
i _ v
need to couplg the (ag‘nve) left 2 | 74 % 10-5eV?
handed neutrinos to right-handed V) | e—
Ve V H Vr Courtesy C. Giunti

heutrinos.

@ Hence, sterile neutrino has a great
motivation both from theory and
experiments
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3v scheme 3+1 scheme

Am3; ~1eV?
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Small perturbation of 3v mixing
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Appearance (a # A)

2
PPt | =~ sin® 29,5 sin’ (%)

Va—V3 /

sin” 20,5 = 4|Uqa|?|Uga |?

» 6 mixing angles
» 3 Dirac CP phases
» 3 Majorana CP phases
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Disappearance

l()§)BL(_) ~ 1 — sin? 2740 sin’ (A 41L)
4E
Vo—Vg

sin? 2¥0a = 4|Ua4|2 (1 - |Ua4|2)

» Amplitude of v, disappearance:

sin” 20ee = 4| Uea|* (1 — |Uea|?) =~ 4|Ues|

» Amplitude of v, disappearance:

sin’ 20, = 4|Up4|2 (1- |U#4|2) =~ 4 UM4|2

» Amplitude of v, — v, transitions:

sin? 20¢y, = 4| Uea|?|Upa|? =~ %sinz 20 sin? 20,
quadratically suppressed for small |Ugs|? and |U,s|?

|

Appearance-Disappearance Tension

See reviews by C. Giunti
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& Short-Baseline means : L/E ~ 1 (m/MeV or km/GeV)
o It covers a wide range of experiments

o Reactor based v experiments (L/E ~ m/MeV)
@ Accelerator produced v experiments (L/E ~ 1 km/GeV)
& Atmospheric Neutrinos in IceCube (L/E ~ 1000km/TeV)

XXV DAE-BRNS, 2022, A.Chatterjee 20



Key aspect : distance to reactor (L) Ami, ~2-10 ev* x (m@m)

Very short baseline (VSBL) « Complementary Am? coverage — Short baseline (SBL)
: -L~0(10 m) 5 -L~0(1 km)
Q -accessto large Am? 5 ‘ ‘ - restricted to smaller Am?

Y - restricted space available arger detectors possible
background environne or background

..................................

Research reactors (HEU)
- lower power, lower stat

Commercial reactors (LEU)
- high power, high stat

<> - compact core (@ = 0.5m) * - extended core (@ = few m)
' - pure U (irrelevant) - mixed isotopes (irrelevant)

XXV DAE-BRNS, 2022, A.Chatterjee
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102: T T TTT1TTT T : ':1 O 102: T T T T 11710 T} LBl AR
& Complementary oo s | Y| g Gl ?
constraints from ‘W DB+Bugey-3 | li B KATRIN |4~
. M Solar : = B LBL CPV Z=
d'ffer'enT r'eC(CTOI" 10 - ® KATRIN % 105
experiments (SBL + M Galliun :
VSBL) allow to probe & - g\ <
large range of Am? = ,,,w _ C
g - o P, S
= KATRIN + Reactor < | <
constraints already ‘ g
: 1071 - - 1071}
cover mOST Of Ga“lum - “///// . " Future Reactor
L 7144 7 _ L
Anomaly parameters N : [ PROSPRCT-TL |
q, %
I ’ "B JUNO-TAO
@ Reactor Anomaly 102 Sk ) gl S
: 10~ 10~ 10" 1 10~ 10~ 10~ 1
strength (< sin26,, ) . .y
sin“26,, sin“20,.
STI” depends on fIUX Snowmass 2021 white paper 2203.07214
modeling: not fully
solved yet

Positive observations (BEST, Neutrino-4, RENO-NEOQOS) in (strong)
tension with other experiments, to be confirmed in the next few years
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@ The MiniBooNE experiment observes a total excess of 638.0 +/ 52.1 (stat)

+/132.8 (syst)

@ The overall significance of the excess, 4.80, is limited by systematic
uncertainties, assumed to be Gaussian, as the statistical significance of the
excess is 12.20.
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Phys. Rev. D103, 052002
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MiniBooNE (2002-2019) observed a low-
energy excess (LEE) of electromagnetic
events with 4.80 significance

XXV DAE-BRNS, 2022, A.Chatterjee

™M MiniBooNE Cherenkov detector

unable to distinguish photons and
electrons, and unable to detect
hadronic final- state particles below
Cherenkov threshold.

-

.

It detected v_by the electrons
produced in charged current (CC)
interactions. v

f

N

However, photons, that pair
produce extremely collimated ~
electron/positron pairs produced
an identical Cherenkov ring
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Cherenkov detector: 820 tonne mineral oil 170 (85) tonne liquid argon in cryostat (TPC) volume
MiniBooNE 2.5 m MicroBooNE
ignal region Beam M. |

v o

PeStorvee |/ bevcron s
Z[ Mmlé o 4 - / EZ3 / _ MicroBooNE 468.5 m @

L N, @_ i

MicroBooNE experiment is designed to understand the
MiniBooNE LEE region (same L/E) with LArTPC detector

XXV DAE-BRNS, 2022, A.Chatterjee 25



Examination of MiniBooNE LEE

o Electron-like excess (v, excess)

55 Q MicroBooNE Observed
Non-v. background
Intrinsic ve
e =+ Total, no eLEE (x=10.0)
- Total, w/ eLEE (x=1.0)

| o = 2l
/™R

0.0

% Mismodeled/ unknown process?
2.0 -

%k Oscillation-driven excess ?

& Photon-like excess

3k Mismodeled/unknown process producing

photons, e.g.
2

Events Observed / Predicted (no eLEE)

lelp CCQE leNpOn 1e0pOm leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

@ Observed v. candidate rates are statistically consistent with the predicted
background rates in the LEE region

@ The MicroBooNE eLEE result disfavors the MiniBooNE anomaly originating
from a pure v. excess

@ The MicroBooNE eLEE results can be re- interpreted under a sterile neutrino
oscillation hypothesis: a combination of short-baseline v. appearance and ve

disappearance

XXV DAE-BRNS, 2022, A.Chatterjee



@ This LEE search proceeds with a simultaneous side-by-side fit of four
topologically distinct samples

Two NC A—Ny rich EEj Two high-statistics NC z° rich
single-photon selections two-photon selections

R
~ 1 2 Phys. Rev. Lett. 128, 111801 [ '

1y1p 1y0p 2y1p 2y0p
2 Y2 4 )

~

F )

%) ° S . EIEm NCa- Ny [ NC 17° Coherent L 25
o NC A =Ny NC1x” Resonan EAjaca) 5 DNGA — Ny E 350 @ NC 17 Non-Coherent . CCyv, 17’ 2 :_E “g 111;5 'IIIZn-Coherem E gg :'n: S’Ohemm
> > u . [ [ BNB Other B CC v/V; Intrinsic (G} = . :
H LEE Modal (5, J=o18) NG DIS i LEE Model (x,,=3.18) £ “CEW. Dt Ousde TPC) B228) Cosmic Data 2 200 Din (Outside TPC) B2 Coorvcbata
[_JAll Other Backgrounds NC1r° Higher Resonances S 250 ;_’”” B e o g 5% Toul 3:&59{3,‘;'}?’42"6" Error
_ C. MicroBooNE @ 150— MicroBooNE
MicroBooNE ty1p Data § 200 5 Runs 1-3 (5.84x10% POT) C Runs 1-3 (5.89x10%° POT)
(6.80x10”° POT) @ soE 2y1p Selection o F 2/0p Selection
\_% Total Constrained E 100—
\\ Background & Error 10084 e O
— o ==
50 &
MicroBooNEtOpData ll | | [ | 1 | T
(6.80x10%° POT) s : 5
> Total Constrained S 15F i 3 i
% Background & Error 3 & 2 LIIIILI7 I/ 00002 3
9 P e 72 E 5 {4/,;{/ 7
Unconstrained \ Constrained Unconstrained SQustrained (3 ; so L2
— — O %07 02z 03 04 05 06 07 08 09 a : : : e e
Reconstructed x° Momentum [GeV/c] Reconstructed ° Momentum [GeV/c]
_ . . _ 1 o 1 0
One-bin, Shower Energy One-bin, Shower Energy 7-bins, z° Momentum 7-bins, 7° Momentum

from 0-0.6 GeV

\ / \from 0.1-0.7 GeV J \ from 0-0.9 GeV/c j \ from 0-0.9 GeV/c j

@ No evidence for an enhanced rate of single photons from NC A — Ny decay
above nominal expectation

o This result disfavors the most suspect single-photon background as a sole
source of the MiniBooNE excess
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MINOS &NOvA

@ The Main Injector Neutrino Oscillation Search (MINOS) experiment was a long-
baseline neutrino oscillation experiment using the NuMI neutrino beam and two
detectors placed within a 735 km baseline

@ A combined analysis of the MINOS neutrino data and MINOS+ neutrino data using a
two-detector fitting technique placed stringent limits on sterile driven muon neutrino

disappearance within a 3+1 model

arXiv:2203.07323

3
10 2 T T T T T ITI = e T T T T TTTTT 0.25 et —
E  10.56x10% POT MINOS
o2l vimes OOt L NOVA 6.05x10%° POT-equiv. -
02 Am3, =2.44x10° eV? -
C [ 0,;,=8.5°0,,=45" - NOvVA 68% C.L. :
10 - Am§1 = 0.5 eV? — NOVA 90% C.L. -
- ~ O 15; —SK90% C.L. * |
< B I — IceCube-DC 90% C.L. *|
s A *
N = —
E 10—1 D B L —— 0'1 —_‘
4 - ) i
— O 1O PRD 91, 052019 (2015) *
MINOS90% CL. N e 1 E N PRD 95, 112002 (2017) **
107 =~ —IceCube 90% C.L. 0.06F \ T ( )7
E —SuperK9%CL o — 3 TS e ]
- CDHS 90% C.L.
3| | CCFR90%C.L. N
10 = I SciBOONE + MiniBooNE 90% C.L. 0 ; IR S S S W S S —
- MlGariazzo et al. (2016) 90% C.L. 0 0.1 0.2 0.3 0.4
10—4 pul gl Lol | I2
1074 107 1072 107" 1 UT4

Sin’(6,,)

@ The NUMI Off-Axis ve Appearance (NOvA) experiment performed sterile
neutrino search at the FD and compared with SK, and IceCube
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MLF building (bird’s view)

Hg target = Neutron

PP (JSNS?, JISNS*-II near detector)

17t GdLS fiducial (target)
detector (4.6m dia. x
4.0m height, 120 10” PMTs)

3GeV pulsed
proton beam

Detector @ )

outside of MLF A7 : : e —
(a8m from target PR Searching for neutrino oscillation : v, 2 Vv, with

T o "6‘, baseline of 24m (near), and 48m (far)

N
1
—

R R T T T T

(JSNS?-I: ot
far detector) £ |
32t GdLS fiducial "}

\ AR

]

A\

(6.2mdia. x |
6.9m (h) 'O‘Er
~22010” PMTs)
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Future : Short Baseline Neutrino Program (SBN)

Distance from Active

A three liquid argon detector experiment S BNB Target  LAr Mass
— SBND 110m 112ton

SBN Proposal || - MicoBooNE  470m  87ton
arXiv:1503.01520 ' . ICARUS 600 m 476 ton

*
& The SBN Program is composed of three LArTPC detectors with the goal
of definitively addressing the hints of eV-scale sterile neutrinos

XXV DAE-BRNS, 2022, A.Chatterjee
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Appearance Detailed talk by Biswaranjan Behera

Disappearance
) SBN Preliminary SBND (6.6e20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6e20 PO ) SBN Preliminary SBND (6.6e20 POT) MicroBooNE (13.2¢20 POT) ICARUS (6.6¢20 PO
(\/]'\10 — I I IIIIIII 1 I | IIIIII| I I IIIIII| I I T TTTI (\/]'\10 :I | IIIIII| I | IIIIII| | I IIII'Jll
- s = -
> - ll . . - > B
O B . Injected Point, - ) | . '
~ - AR , i ~ i Injected Point,
. + sin*20,, = 0.003,
a < B IR i " s ~ 4+ sin®20,, =007, - <o
E .’ T§\\§\ Am}, =132¢eV? E - J ----------- el s
5 10¢ S 3 g 10 ami=imer o7y
1= E 1= AN
= = - - N
— ] B " .'\.
= — - 90% IceCube "+ )
- - S - 7] - === 99% IceCube  "*-...... T '
~ - -- KARMEN 99% CL e r S N s 90% MiniBooNE
_1| == LSND w/DiF 9% CL e . - 1L 90% MINOS/MINOS +
107 s 107 2 ~3
- . —— ] - PN N
~ === 99% SBN Stat+Syst Seo TS ] ~ = = 90% SBN Stat+Syst sl n
B 50 SBN Stat+Syst S o q ~ = 50 SBN Stat+Syst ST T -~ .
B 50 SBN Stat+Syst Tl - ] 50 SBN Stat+Syst Y 7]
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@ The LSND 99% C.L. will be covered at 5 ¢ C.L. with just 3 years of data

@ Observations of v, disappearance and v. appearance signal will confirm any
excess due to sterile neutrino or not

@ ICRUS experiment at SBN started taking data recently, stay tuned.
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& The Deep Underground Neutrino Experiment (DUNE) i s a leading edge,
international experiment for neutrino science and proton decay

@ Due to the high-power proton beam, the Near detector, and the massive
Far detector, DUNE provides enormous opportunities to probe sterile

heutrinos. arXiv:2008.12769
102: LR LR T T T 1H
Neutrino Energy (GeV) Neutrino Energy (GeV) - ! !
1 10° 10 1 10" 10° 10 1 10 :
-Wmmm -
' ND : FD ] 10F
1 ; — B
- 4 1 DUNE
0.8— =] O - Simulation
g E ; 2 | :
8 0 6_—Amﬁ1=0'50 eV — :':; 107 _oenospsoncl ¢ Nl
8 | — Std. Osc. P(v,—v,) ] - - — DUNE FD-Only 90% C.L.
o - — RVl . < "~ —MINOS & MINOS+ 90% C.L.
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@ The 6,4 mixing angle, the v, CC and NC disappearance samples are analyzed
jointly

@ Other LBL experiments looking at the sterile searches are ESSnuSB, HK
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Atmospheric Neutrinos in ICECUBE

& IceCube is a cubic- kilometer neutrino detector buried 1.5km-2.5km beneath
the surface of the Antarctic glacier at the South Pole

@ IceCube has made powerful sterile neutrino searches in both high (> 400 GeV)
and low (< 60 GeV) energy ranges

Phys.Rev.Lett. 129 (2022) 15, 15
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@ This result is one of the world’'s most sensitive in the v,disappearance
channel at eV2-scale mass splittings

@ The expected sensitivity of the combined high energy vy disappearance and
cascade appearance sighatures
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@ The proposed 5lkton Iron CALorimeter detector (ICAL) will be placed
underground at the India-Based Neutrino Observatory

@ The sensitivity of ICAL to active-sterile neutrino mixing has been performed
and expected bounds on the sterile mixing angles are obtained

arXiv:1605.08607 arXiv:2203.07323
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@ Other proposed atmospheric neutrino experiments looking for the sterile
searches are THEIA, KM3NeT and ORCA, ARCA
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https://arxiv.org/abs/1605.08607

Sterile Neutrinos in Cosmology

@1 eV-mass light sterile neutrino motivated by the short baseline anomalies is in

strong tension with cosmological measurements primarily because of the non-
detection of a non-standard Neff ~ 4

o
Neg = 3.117937  (95% CL) > m, < 0.16 eV
measure for the energy density in sum of neutrino masses affects
relativistic particles structure formation, sterile neutrino

compatible with anomalies would
imply Z my ~1eV

o Given the large number of unknowns in cosmology, e.g., the
nature of dark energy, inflation, etc., and with different

extended models can explain the short-baseline neutrino
anomalies with light sterile neutrino hypothesis
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Impact of Sterile neutrino in Neutrino Oscillations

@ What will be the impact of light eV-scale
sterile neutrino in currently running and
upcoming neutrino oscillation experiments ?

@ How to resolve the degeneracy in the neutrino
oscillations in the presence of sterile neutrinos ?

A lot of studies have been performed in this regard,

try to provide few examples ... not able to present all the studies performed..
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ASE = P(l/a — V.B) — P(Da — I7ﬂ)

Agg = _16‘](1% sin Agl sin A13 sin Agg
S——

i A=A13>A03>1 (sinQA)zl/Q

osc. averaged out by finite E resol.

It can be: Agg 7é 0 (if sind=0)
Dutta, Gandhi et al. arXiv: 1607.02152
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Dutta, Gandhi et al. arXiv: 1607.02152
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@ Significant effect of sterile mixing and phases, reduction of sensitivity

is mostly due to marginalization over large parameter space.

Other studies performed to understand MH , here are few of them :

Agarwalla, Chatterjee, et al. (arXiv:1603.03759), Berryman et al.(arXiv:1507.03986), Chattopadhyay, Devi et al. (arXiv:
2211.03473) and many more .....
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Agarwalla, Chatterjee, et al. (Phys.Rev.Lett. 118 (2017) 3, 031804)
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Outlook

@ The simplest theoretical interpretation of the outstanding short-
baseline anomalies in neutrino physics, namely, the light sterile
neutrino within the context of a 3+1 model

@ Despite significant progress in the form of new experimental
measurements and theoretical development, the short-baseline
experimental neutrino anomalies remain unresolved

@ MicroBooNE first searches for low-energy excess found no
evidence of excessive events as seen by MiniBooNE, but not ruled
out sterile hypothesis

o Different experimental efforts (accelerator-based short/long-
baseline, reactor- based short-baseline, atmospheric neutrinos,
and radioactive source) will provide solution of the anomalies
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