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Neutrino is everywhere

Solar (thermal) Solar (nuclear)

__—Reactors

Geoneutrinos™

‘-

DSNB - ~

~

\ :
CNB = Cosmic Neutrino Background JAtmospheric

BBN = Big-Bang Nucleonsynthesis
DSNB = Diffuse Supernova
Neutrino Background
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Energy E [eV]

Span ~ 24 order of energy magnitude

On average, ~ 340 neutrinos/cms3, the second most abundant elementary particles



https://arxiv.org/abs/1910.11878

Neutrino is essential part of the Universe evolution

t ~ 3 min T, [MeV] t~ 400.000yr o= 13.80Gw
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Scale Factor a/ayp = (1 + 2)

https:/ifirse.icise.vn/nugroup/nuview2025/docs/Escudero_ BSMNeutrino-Cosmology_Vietnam.pdf


https://ifirse.icise.vn/nugroup/nuview2025/docs/Escudero_BSMNeutrino-Cosmology_Vietnam.pdf
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Adapted “The Growing Excitement of Neutrino Physics
by APS

1930: On-paper appearance as “desperate” remedy by W. Pauli

T2K hints on leptonic CP violation

lceCUBE observes extragalactic v

1956: Anti-ve first experimentally discovered by Reines & Cowan | /J})

: : T2K observe ve appeared from v,
1962: v, existence confirmed by Lederman et al ’

Daya Bay observe anti-v. disappeared

1986: Existence of v, was established
K2K confirm atmospheric v oscillation

1998: Atmospheric v oscillations discovered by Super-K ' KamLAND confirms solar v oscillation

2001: Solar v oscillations detected by SNO (KamLAND 2002) JE

. . /L=
SNO observe solar v oscillation to

2011: v,— v, transitions observed by OPERA , active flavor
Super-K confirms solar v deficit

2011-13: v,— ve Observed by T2K and anti-ve» anti-ve by Daya Bay | and images the sun

~ Super-K observes v oscillation

2015: Nobel prize for v oscillations, Breakthrough prize (2016)

* % % X % X X % % %

2018: T2K hints on leptonic CP violation 3
SAGE/Gallex observe the solar v deficit

Pauli Fermi’s Reines " LEP shows 3 active flavors

predicts theory & Cowan muon Solar " Kamioka-Il confirms solar deficit N
the of weak discover neutrinos neutrino | 2

s/
4%

Neutrino interactions (anti)neutrino discovery anomaly . Supernova neutrino observed ‘
1930 1956 1962 1964 1980 1998 2018

~25 years
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Neutrino and Great puzzles of Nature

ph/0502070 (2005) )

1. Where and what is dark matter? Posed by Chris Quigg,
20 years ago, still

. How massive are neutrinos? waiting for the

, o —answers!!!
. What are the implications of neutrino mass"

NEUTRINO PHYSICS

. What are the origins of mass?

. . (?
L ar o . Why is there a spectrum of fermion masses

. Testing fundamental . Why is gravity so weak?”

law (CPT, Lorentz...) .
. Is Nature supersymmetric?

Quyen Phan, 5C eral PRD103 (1), 12010 g - \Why is the Universe made of matter and not antimatter?

Ngoc Tran, SC et al PRD 107 (1), 016013
. Where do ultrahigh-energy cosmic rays come from?

. Did the Universe inflate at birth?



https://arxiv.org/pdf/hep-ph/0502070

Basics of neutrino properties

o Neutrino is electrical neutral; spin - 1/2,
lepton (fairly similar to electron) / Left-handed v Right-handed / Lefthanded  XRight-handed

o O o— O~

P
< => «<
S S S

P
o Only CXPCricnce weak Interaction and S

gravity

o Only left-handed neutrinos are found =»
zero Dirac mass term in the Standard Model

o Established phenomenon of neutrino
oscillation imply that neutrinos are
massive 4= (only) palpable evidence of

new physics beyond Standard Model



http://hitoshi.berkeley.edu/neutrino/neutrino4.html

Neutrino oscillations: A game-changer

™~

;/‘

2015 NOBEL PRIZE IN PHYSICS

Takaakl Kaj 1ta and
Arthur B McDonald

Nobelprize.orc

“..for the discovery of neutrino oscillations, which
shows that neutrinos have mass"




Neutrino oscillations

Neutrino can change its flavor when give it time to propagate

-..W Vﬂ :Ve ﬁ‘t‘\

..' B BN E EEE 2 EEEREENER
Some distance
Source /Detector

(Eg. few 100km) Detector



Neutrino oscillations

Neutrino can change its flavor when give it time to propagate

...

Some distance
Detector Detector

- Neutrino oscillations require an existence of neutrino mass

spectrum, i.e v; with definite mass m;(where i
is 1,2, 3" at least)

- It requires with definite flavor, v, (where a is - g
‘I/a> e Z Uai‘yi>

e, I, T) must be superpositions of the mass eigenstates, a l.

fundamental quantum mechanic phenomenon

PMNS** leptonic
*It’s still possible that there are more than 3 mass eigenstates mixing matrix

“*PMNS is shorted for Pontecorvo-Maki-Nakagawa- Sakata



A simple measurement ... except neutrino is too shy to show up

Neutrino can change its flavor when give it time to propagate

N 4 V,u/\j'l/e \2
- T

Some distance

Detector Detector
1. Need a source of v, (eg. v,
2. Put detector at some distance from U, SOUrce
% Look for v; appeared from the source of v,
distance/baseline
B — 1) =0 —42R6(U*U U .U*)sin? (Am i) where
Oscillation probability is driven E 7 i . a e TAE : f -
by the mixing matrix and 7 Amlj = i mj
neutrino mass-squared ) Z Im(U*U an]U;;)sm (Amljﬁ)
dlffel‘eﬂCeS l>] neutrino energy 10




What revealed with neutrino oscillation?

v = ), Uklv)

i0cp i0cp

512923 — €12313C3€ 10523 — S12512Caal C13C23

° Three mixing angles are non-zero: two (6,; ~ 45° and ,, ~ 33°) are relatively

large (comparing to the quark mixing) and 05 ~ 9°

° Two mass-squared splitting Am221 ~ 7.5 X 10™eV? and
| Ams, | = 2.5 X 1077eV?

o These five fundamental parameters are measured at few percentage of
uncertainty

mass eigenstate —10cp
L = e $12€13 Y136
dhobdlly - U RS 502 0P C15Con — §155135,4€ 000 N (-1, 272, ])
mixing matrix PMNS — 1203 2132 3 222 121 33258 13823 g ) :

11



Known unknown in neutrino oscillation

o CP violation phase (There are some hints from single experiment but not the other)
o Whether neutrino mass ordering is normal or inverted?

© Precise value of the largest mixing angle 6,,

Inverted Ordering Normal Ordering
U U U d , L )
1 2 3 Amz
2l
& © o u Uy
2
@ . ‘ c ©® AMyy,
Am?
arm.
. @ @ @
Quark CKM mixing matrix A rre
21
What'’s behind the difference in the mixing patterns of quark and 3
lepton is unknown and must be understood "> Ly
lightest —

U3

SC et al Symmetry 14 (1), 56

Quye Phan, SC et al PTEP (2025): ptafo32 Ve Vi Uz

SC et al PRD 103 (1), 112010




Other assets of neutrino oscillations

Neutrino can change its flavor when give it time to propagate

V e
Ya,y w ﬂ V2 Ve ﬁ‘ .
L EE M /éw EEEE
Some distance
Detector Detector

o Neutrino oscillation is a hallmark of quantum superposition
and coherence
o Also a bridge btw. microscopic quantum phenomena and
macroscopic observability
=» Unique tool to test quantum foundation

13



Leggett-Garg inequality



Leggett-Garg inequality: a time-analogue Bell iequality

Phys. Rev. Lett. 54, 857
VOLUME 54 4 MARCH 1985 NUMBER 9

Quantum Mechanics versus Macroscopic Realism: Is the Flux There when Nobody Looks?

A.J. Leggett

Department of Physics,® University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, and Department of Physics,
Harvard University, Cambridge, Massachusetts 02138

and

Anupam Garg

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
(Received 19 November 1984)

It is shown that, in the context of an idealized ‘‘macroscopic quantum coherence’’ experiment,
the predictions of quantum mechanics are incompatible with the conjunction of two general as-
sumptions which are designated ‘‘macroscopic realism’’ and ‘‘noninvasive measurability at the
macroscopic level.”” The conditions under which quantum mechanics can be tested against these
assumptions in a realistic experiment are discussed.

Some distance
Source/Detector Detector



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.54.857

Leggett-Garg inequality: a time-analogue Bell iequality

- Based on assumptions:
State has defined value at all times
(0()0(1)) = (O(1) ) O(1))
can measure state without disrupting it
[0(1), O(1)] = 0

- (Later added) : Measurement outcome can’t be affected by future
possible measurement

. Assume a dichotomic observables (Q(t)) = £ 1 with C;; = (Q(t,-)Q(tj)), lead
to inequalities:

K,<1

Classical world

Experimental test (in microscopic sys.):

. For three-measurements K3 S C12 i C23 e C31 = | - Use weakly measurement of photon polarization,
iy . "Violation of the
s Leggett—Garg inequality with weak measurements of photons.”
~ For n-measurements K, = Z o C  =n—2
i1 - Use single spins in a diamond defect center,

. "Violation of a temporal Bell
inequality for single spins in a diamond defect center."

LGI concerns the temporal correlation of a single state and impact of

, . . - Use superconducting quantum circuit,
measurement on that state evolution =» LGI violation suggest that .

state doesn’t evolve deterministically and independently of observation Bell's inequality in time with weak measurement.” 6
1




Formulate LGI test with
neutrino oscillation



Is neutrino oscillation suitable for LGI test?

Some distance
Detector Detector

. Small mass-squared difference: quantum effects observed at a macroscopic level L. ~ 10° — 10° km

. Weak interaction: Coherence maintains for a long distance L., ~ 10° — 10'® km (depend on energy and wave packet size of
neutrino)

- Distinguished flavors: electron, muon, tau =» use for dichotomic observable

. Measure probability P(v, — v,) and probability P(v, — vp), a #

, Ct L

. Neutrino state evolution, in two-flavor approximation, depend on a single phase w(t) ~ Am g — Amzf -» essential for

stationarity condition

- Neutrino detection: projective measurement on single particle from the ensemble (unlike other weak measurements)

18



Formulate LGI test with neutrino oscillation

(1) = (

cos @
—sin @

sin @
cos @

)

Uy
%)

)

'..W ’V Vs Ve o*
e, e..-wu.. @

Some distance

- Relativistic neutrinos L o 7. Assume a v,
source with two-flavor approximation

+ Q(x) =+ lif detected as v,

+ Q(x) = — lifdetected as v,

. () can be identified as a flavor projector

0=y )| - I/ﬂ)(l/ﬂ | and evolution
0(t) = UT())QU(t) where U = ¢!

+(0()) =2P, ,, (x) — 1

19



Formulate LGI test w/ neutrino oscillation

- Additional assumptions for practical test

- Single particle can’t be measured at different
times =

” assumption, i.e correlation
among measurements depends on their time
interval

- Need time-dependent Hamiltonian

Two-flavor approximation

Ve - cosf siné U
vy —sin@ cos@/) \»2

= Llkm]
Py () = sin” 20 - sin® 1.267 Am?[eV?]
E|GeV]
v -, =15 Pye—wﬂ(x)

'..W Vs Ve o*
"o, ...W-... @

Some distance

- Relativistic neutrinos L o 7. Assume a v,
source with two-flavor approximation

+ Q(x) =+ lif detected as v,

+ Q(x) = — lifdetected as v,

. () can be identified as a flavor projector
Q= ‘Ve><1/e\ — I/ﬂ><l/ﬂ land evolut.ion
O(t) = UT(1)QU(¢) where U = e~

>(0()) = (x) =1

U—>U

20



Formulate LGI test w/ neutrino oscillation

- Two-time correlation (w/ stationarity assumption) Yay

- For 3-measurement correlation

“Classical” (assumed Markov-like evolution) |
KBC i (1 e Pve—we(lﬂ)) . (1 = Pve—>ve(L3 o LZ)) ,// — Quantum K3

---- Classical K§
LGI Bound (K3 <1)

- Quantum (unitary evolution) -Gl Viofsition

ol R 1)~ P, ., (1)) - - S —

Am? =2.5e — 03 eV?
sin2(20) =1

6 38
- Ideally, to test K5 we will need measurements at three Neutrino Energy (MeV)

baselines: L,, L;, (L; — L,) (ortwoifL; =2 - L,)

- (Work-in-progress) Interestingly, neutrino oscillation measurement can explore LGI near
at the quantum bound of K3Q’max = 1.5 due to (almost) maximum leptonic mixing

21



LGl test with neutrino oscillation

NI ReB]  \Neutrino oscillation exp. typically uses two detectors: one near (for no-oscillated
reference) and one far (for oscillated pattern)

Since neutrino state evolves in time depending solely on phase

ct » L
w(t) ~ Amzf = Am? P energy is used as time proxy

Instead of three detectors, use only one detector

=, | 1 | More than 50 LGl violation
K 1
| [t’s not surprising that LGI is
§ 0.02 r Observation . . .

| F i violated with neutrino

30 50
Number of LGI Violations

60 70 80

0.8}

oscillation data. More concerns:

0.6}

- Robustness of the test

04}

v, Survival Probability

- What can we tell from this kind
of test?

0.2 Point ¢

~(a+b)

0.0

10°

v, Energy (GeV)

1.2 1.4
Relative phase
p Z\ua

Energy

Using energy as time proxy



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.050402

Understand the neutrino oscillation measurement

o Do not measure directly probability but ratio of NZ(B) — (), i XoXM qot X € X P(B)
collected data (w/some background) to no- .

oscillated prediction

= ik 2 2

o Background subtraction is needed

o Neutrino energy is not known exactly but being
constructed with some resolution

° Unfolding probability as f(E,fr "€ is necessary

o Not NIM measurement but averaged measurement
of ensemble of neutrino in a given energy bin

Understand what experiments really measure and
uncertainty on the extracted/unfolded probability from

data is vital. (In addition to additional assumption for
formulating the LGI test)




Survival Probability Pee

Electron Antineutrino Survival Probability

(E = 4.0 MeV)
1.05
- (Central prediction

Theory uncertainty

1.00 - *
PROSPECT
0.95 -
Daya Bay

0.90 -
0 a5 - Preliminary investigation: Exploring LGI in two scenarios
0.80 t—n ———r |

109 101 102 103
Baseline L (m)



Preliminary results with PROSPECT

.ook at where no “standard” oscillation (i.e classical behavior) is
expected, i.e very short-baseline (compared to oscillation wavelengths)



PROSPECT-I Detector at HFIR

Sub-segment conceptual design

PRL 134, 151802 (2025) )

PMT

Light Guide
Separator
LiLS

Two-detector PROSPECT deployment at HFIR
s | —

o Compact annular cylindrical core-
size (R=0.435m, h = 0.508m)

o Highly enriched U233

o Baseline 6.7-9.2 m

o High statistics (~60k IBD events)

HFIR: OMW U-235 Core AD-| conceptual design
L{m]
EE L) — sin- 20, - sin“ 1.267Am~ [eV?
. ol e e eV,
e s o Conventional approach:

—e— Signal IBD Counts
— Best Fit/Null

= ====:Null Oscillation IBD Prediction 1.1 a

.“l A
THE

parameter fitting

1.05 H
5
| |
| ]

o Report excluding region of

| * ST - is not excluded significantlyg

L/E. ) [m/MeV]

parameters if null hypothesis



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151802

PROSPECT: Alternative view with LGI

K3 vs First Event Energy

© **’\o“*u
*ﬁ*v w on
R AT ol

—_—

K3 Value
(e

-
e.tbv‘ \w
[ 8 b |
..g.”. ..l\..\z [ ]
[ ] | =] ®
aA®~

b4

K3 Value
K3 Significance (o)
K3 Value

== (lassical bound == C(lassical bound : : == C(lassical bound
% >2.00 % >2.00 % >2.00

CL, Sensitivity, 95% C.L. R e | . * 20 1] |

4 6 2 3 4 5 6 . 2?5 3?0 3?5 470 4.5
— CL, Exclusion, 95% C.L.

Third Event Energy (MeV)

First Event Energy (MeV) Second Event Energy (MeV)

Energy-Binned Analysis Energy-Binned Analysis

Second Event

Energy-Binned Analysis

——=— CL, Exclusion, 5c

Neutrino-4, 2c

| Gallium Anomaly, 2¢
1 ] 1 1 ; I | l

107"

*Conventional* approach

Mean K3 Value

—
S
[\S]

—
S
[e)

First Event
| 1

—e— Mean K3

== (lassical bound

Violation %

[\

—_
S
[e)

Mean K3 Value
o
N

4

5

6

First Event Energy (MeV)

*New* approach:

—o— Mean K3
== C(lassical bound

Violation % ||

3 4

Second Event Energy (MeV)

Mean K3 Value

—_
—_
(=]

—_
S
(9]

Third Event

—8— Mean K3
== (lassical bound

Violation %

1
3.0

1 1
3.5 4.0

Third Event Energy (MeV)

use LGI




PROSPECT: Alternative view with LGI

Distribution of K3 values Distribution of K3 Significances
(Normalized Histograms) (Normalized Histograms)

K3 value K3 Significance (o)

Distribution of Maximum K3 Values
Distribution of K3 Violation Counts (Normalized Histograms)

Pseudo data
=== Real data: 351 violations

Pseudo data (normalized)
=== Real data max: 3.123

100 200 300 ' . 24 2.6 2.8 3.0 3.2 34 3.6 3.8
Number of K3 violations (>20) Maximum K3 value per experiment

LGI violation found in ~3.6% of phase-matched triplets. Pseudo data are generated to see if
this fraction is consistent w. statistical fluctuations. (Higher statistics of pseudo data are being

generated for more precise test but it seems not so significant <30)

28



Some preliminary results with Daya Bay

.ook where standard oscillation (i.e non-classical
behavior) is expected



Daya Bay: reactor-based neutrino experiment

Why Daya Bay?

. Also measure P(r, — U,) from reactors

. Matter effect is small due to short baseline S ey

.- Good approximation for two-flavor single > : VerbmdenESmwe '

Welghted baselme ~500 m | »

B A

phase evolution; driven by well-constrained

-

reactors

mixing angle 6,

- Large and published statistics

EH1

. . e " Overburden: ~250 m.w.e. kb & o)
- Most important: Data from 3 detectors with - _,xvyelghtedb?selme ~3_;60.m~ﬁ o
R AR PERO- o .
- : - : . e i LB " Daya Bay-
ldentlcal funCtlonahty - lic Concept v ol ﬁi;/ieac‘mri IThree pairs of twin 2.9-GWy, reactors

of the 3-detector LGI test

R1S,



Daya Bay: Background-subtracted vs. prediction

S
Ne)
O

3
R

>,
=
S
O
S
—

Q.
=
2
=
%)

Survival probability vs energy

Theory
Theory band
EHI data (360m)

EH2 data ( Soom)
EH3 data (1650m)

4

6

8

Neutrino energy E, (MeV)

Survival probability P,,

<
\O
o0

Survival probability vs oscillation phase

—— Theory (E=2.5 MeV)
¢ EHI
s EH2
L EH3

| | | |
0.5 1.0 1.5 2.0 2.5
Oscillation phase ¢ = 1.267 Am?, L/E (rad)

User data released in PRL 130.16 (2023): 161802




Daya Bay: arbitrary phase matching ¢, + ¢, = ¢

Standard L.GI violation — . Distribution of K3 Violation Counts
| llzse:ug a??fﬁc@&emparison: Oscillation vs No Oscillation)

o oscillation): 10.0%

2374 phase-matched triplets of ~ Pseudo (oseilaion

Pseudo (no oscillation)
:E | ...iif T T i T % B . =~ - Real data: 480 violations ||
' 2 480 triplets w/ > 20 LGIV : :

|
I
N /|
= S
352
4 \
i b )
e “ v

(0)
(0)

Frequency

o

N ST
| I N N
EERE RN

Classical bound

>706 Number of K3 violations (>20)

=

Theory Mean K3 Violation Count Comparison

(Classical vs Quantum)
Theory band '
Data

1 |
1.0 1.5 2.0
Reference phase ¢rer

Mean Number of Violations

o Consider all three detector measurements as whole, just
consider the phase only

o Phase matching tolerance (2%, also checked w/ different tolerance)

LGI violation observed with Daya Bay data! Data Type




Daya Bay: limit one phase per detector

Standard LGI violation
316 phase-matched triplets

T 1stribution of K3 Violation Counts
pseudo (orcidwpiaparison: Oscillation vs No Oscillation)
Pseudo (n

udo (os
udo (no oscillation): 0.0%

3o triplets w/ > 20 LGIV

Frequency
< = -
(9] [a) W

N
e}

[\S)
N

Classical bound
>20

Theory

Theory band
Data

S

0 25 50 75 100 125 150
Number of K3 violations (>20)

Mean K3 Violation Count Comparison
(Classical vs Quantum)

1.0 1.2
Reference phase ¢rer

w
<
o

=

<

2

>

G
o
-

2
S
s

Z.
g

S

© Select phases in predefined detector (¢, in
EH1, ¢, in EH2, ¢); in EH3)




Daya Bay: limit one phase per detector and fix energy in two

Standard LGI violation

— - Distribution of K3 Violation Counts

cal data per . o . . . .
psoudo (oncilomparison: Oscillation vs No Oscillation)
Pseudo (no oscillation): 0.0% T | 1

11 phase_matChed triplets - —e— Pseudo (oscillation)

Pseudo (no oscillation) H

- Real data: 6 violations

6 triplets w/ > 20 LGIV
L]

Nﬂd

@ >)0 ) Number of K3 violations (>20)

E— Theory Mean K3 Violation Count Comparison
Classical vs Quantum
Theory band ( SR )

¢ Data

|
0.8 1.0 1.2 1.4
Reference phase ¢rer

Mean Number of Violations

© Select phases in predefined detector (¢, in EHj,
¢, in EH2, ¢); in EH3)

° Energy is the same in (¢, ¢»,) but adjusted in ¢,



[s there unusual pattern?

Under-investigation

K3 vs First Event Energy (combined grid dat

4 6 8 10
First Event Energy (MeV)

Energy-Binned Analysis
First Event (combined grid data)
Enerey Ranze: W] |neory Comparison

—=#— Theory K3
—— Measured K3 + 1o

—+— Theory Violation % (with exp )
‘ Measured Violation %

[—
o
=

Mean K3 Value

4 5 6
First Event Energy (MeV)

2)

K3 vs Second Event Energy (combined grid data)

K3 Significance (o)
K3 Value

— = (lassical bound
% >2.00

4 6 8
Second Event Energy (MeV)

Energy-Binned Analysis
Second Event (combined grid data)
Energy Ranee TWERE heory Comparison

—=— Theory K3
—4— Measured K3 + 1o
—+— Theory Violation % (with exp. unc.)

| Measured Violation % |

\

[—
o
=

Mean K3 Value

3 4 5 6
Second Event Energy (MeV)

K3 vs Third Event Energy (combined grid data)

K3 Value

6 8
Third Event Energy (MeV)

Energy-Binned Analysis
Third Event (combined grid data)
1}6{gy Range: SV QLENe d eory Comparison

—=— Theory K3

—4— Measured K3 + 1o

—+— Theory Violation % (with exp. unc.)
Measured Violation %

[e—
(e}
I

Mean K3 Value

5 6 7
Third Event Energy (MeV)

395



Summary

* Elusive neutrino plays essential role in modern physics, still most mysterious particle which
can pave the way for future of particle physics

* Neutrino oscillation, a hallmark of microscopic superposition macroscopic coherence, can
be an essential tool for testing the quantum foundations

* Legget-Garg Inequality test adopted for (1) non-classical behavior in sterile neutrino
search (2) possibly identify the unusual pattern (unaccounted systematics or new physics(?)) and
more

* Better LGI test: energy-dependent with multiple detector baseline



The research of S. Cao is funded by the National Foundation for Science and
Technology Development (NAFOSTED) of Vietnam under Grant No. 103.09-2023.144



PROSPECT: Alternative view with LGI

Distribution of K3 values Distribution of K3 Significances Distribution of K3 values Distribution of K3 Significances

(Normalized Histog:rams) (Normalized Histograms) (Normalized Histograms) (Normalized Histograms)
T T | . T T h | I . |

I Pseudo data (normalized) Pseudo data (normalized) B Pseudo data (normalized) Pseudo data (normalized)
—=LGI bound (K3=1) _ 2.0c threshold : —= LGI bound (K3=1) 2.0c threshold
Real data (normalized) Real data (normalized) Real data (normalized) : Real data (normalized)
Pseudo mean: 0.971 ==+ Pseudo mean: -0.02¢ -=++  Pseudo mean: 0.971 --++  Pseudo mean: -0.02¢
Real mean: 0.988 Real mean: 1.005
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Normalized Frequency

Normalized Frequency
Normalized Frequency
Normalized Frequency

0 ' -2 0 ' 0 ' ) 0
K3 value K3 Significance (o) K3 value K3 Significance (o)

Distribution of Maximum K3 Values Distribution of Maximum K3 Values
(Normalized Histograms) Distribution of K3 Violation Counts (Normalized Histograms)
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Energy-depependent LGI?

Standard K3: Sensitivity to Reactor Bump Wang-Ma K3: Sensitivity to Reactor Bump
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Energy-depependent LGI?

Energy Dependence of LGI Violations
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Back up

* Common sense: particles carry the properties that are measured

* Locality: there is no information transmitted faster than light, or when | measure particle A, I can’t
modify instantaneously the result of measuring particle B

* non-local: opposite

* Local realism: inaccessible deterministic world (due to hidden variables which could be beyond our
reach)

* Macroscopic realism (MR): system is in a definite state at all time
* Noninvasive measurement (NIM): possible to determine the state with arbitrary small perturbation

* Decoherence: evolution of a pure state into a mixed state through interaction with the environment



Formulate LGI test with neutrino oscillation
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Leggett-Garg Inequality: Quantum vs Classical Predictions
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Depending on mixing angles between flavor and mass eigenstate
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Formulate LGI test with neutrino oscillation
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Leggett-Garg Inequality: Effect of Sterile Neutrino Phase
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W/ sterile neutrino

Work-in-progress to use LGI-based test for searching sterile neutrino in short-

baseline and mass-ordering measurement via multiple wavelength interference
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