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Motivation

@ Foundations of quantum mechanics are usually studied in optical or electronic systems.
Quantum correlation is a central topic of investigations in the quest for an understanding as well
as for harvesting the power of quantum mechanics in a plethora of systems like quantum optics,
spin systems etc.

@ Recently, some measures of quantum correlations have been investigated for the systems of
unstable mesons viz. B and K-mesons and for neutrino oscillations.

@ Neutrinos can be potential candidates for transmitting quantum information and was
demonstrated by Stancil et al. (2012).

@ Open problem in neutrino sector:
Neutrino mass hierarchy (Unknown sign of Asy, + or —),
Is there CP-violation?

@ We study some measures of quantum correlation such as Bell-type inequalities viz. Mermin
inequality, Svetlichny inequality and some other measures like flavor entropy and geometric
entanglement. These quantities are found to be sensitive to the neutrino mass ordering as well
as to the effects of nonstandard interaction (NSI).

Khushboo Dixit (CAPP, University of Johannesburg)| 2/34



Neutrino Oscillation

Quantum mechanics in neutrino oscillations

The three flavor states (eigenstates of weak interaction, which are detectable in lab)
of neutrinos, ve, v, and v- mix via a 3 X 3 unitary matrix to form the three mass
eigenstates (which are the propagation eigenstates) v1,v» and v3. Neutrino
oscillations occur only if the three corresponding masses, mi, my and ms3, are
non-degenerate.

In three flavor neutrino oscillation
Propagation states — {|v1), |v2), |v3)}:
Flavor states — {|ve), |vu), |vr)}

The general state of a neutrino can be expressed in flavor basis as:
[W(t)) = ve(t) [ve) + vu(t) [vu) + v (t) [vr)
Same state in propagation basis looks like:
[W(t)) = 11(2) 1) + va(t) [v2) + v3(2) v3)

The coefficients in two representations are connected by a unitary matrix

I/e(t) Ue1 Ue2 Ues Vl(t)
vu(t) | = (U U2 Uy va(t)
v (t) Ui U2 Urs) \1s(t)
or,
Va(t) = Uy;(t). (1)
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Neutrino Oscillation

Quantum mechanics in neutrino oscillations

@ A convenient parametrization for U or U(012, 023, 613, 0) is given by the PMNS
matrix

C12€13 ) S12€13 ) spze” 0
U(612,023,013,8) = | —si2c23 — crasmssize™  crocoz — siosmssize”®  syzens
51353 — Cl23513¢”0  —ciosy3 — spepssize’® cxans
@ where ¢ = cosfj;, s;j = sin0j;, 0; being the mixing angles and ¢ the CP
(Charge-Parity) violating phase.
@ The mass eigenstates evolve as
lll(t) e iEat 0 0 l/1(0)
w(t) | = 0 e~ Eat 0 1(0) |,
v3(t) 0 0 e~ Bt | \13(0)
or,
Vin(t) = Evin(0) )
@ From 1 and 2, 15(t) = U EU™! 15(0) = Ur 14(0).
* * - 2 A’JL
Pug = Odap —42 Re(U;Usi UayUpy) sin® ( 1.27—2
i>j
. £\ AL
+2) " Im(U;,;Upi UajU;) sin 2542 (3)
i>j

el 2= F _ E.
whereA,‘,fmj m; = E;j — E;.
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Neutrino Oscillation

Problems not resolved vyet ...

@ Neutrino mass hierarchy problem i,e., whether m; < my < mj3 or
m<m <m).

o CP violation (¢ # 0).
P(Da — 78) # P(Va — vg)

@ Absolute mass

(m,y’ (m,)* -
(Am7),
() e——— —
V\
M),
Vu (Amz)_‘“ﬂ
V‘[
—— ()
(a7,
L] (m|)3 (m])l__
normal hierarchy inverted hierarchy
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Neutrino Oscillation

Neutrino experimental facilities

We included accelerator v,,- neutrino experiments experimental conditions in our study
such as

DUNE (L = 1300 Km, E = 1-10 GeV, A = 1.7x10713 eV)
NOvA (L =810 Km, E =1-4GeV, A=17x10"13 eV)
T2K (L =295 Km, E =0.1-1GeV, A=1.01x10"13 eV)
(L — baseline, E — neutrino-energy, A — matter density potential)
Source: www.fnal.gov/
Deep Underground Neutrino Experiment

Sanford Underground
Research Facility
Lead, South Dakota

Fermi National \ N
Accelerator Laboratory North Dakota |
Batavia, lllinois

Minnesota y
¢ ,

{ 3
\wlmmsm q

lowa ~@)\ Fermilab
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Quantum correlations

Foundational issues in quantum mechanics

MAY 15, 1935

PHYSICAL REVIEW

VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EvsTEIN, B. PopoLsgyY AND N. RoseN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality, Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.
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Quantum correlations

Spatial Quantum Correlations

Quantum Correlation

Classical Correlation

Measurement process discerns the two types of correlations.
Observables don’t have preassigned values. The measurement process forces an
observable to take a particular value.

Entanglement = nonseparability

Separable states : |1) , ® |0) g = |10) 45 ;
1 1
§(|00>AB +01) pp +[10) 45 + [11) 45 ) = \[( 0) +11)) , ® ﬁ(|0> +11)) g

+[10))

Entangled states : |01)
Entongled states - 1) = 1 (101

= =y
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Quantum correlations

Spatial Quantum Correlations

A system is separable if
Pap = Pa @ ps

where p, and pg — pure states
System is entangled if
Pap F Pa ® pa

@ Von-Neumann Entanglement Entropy:
5(pj) = —Tr(pj log,(p;))

and

S(py) = 0 for pure state
Pi)= log, d for mixed state, d — dimension

For a system defined by p.3, entanglement can be measured in the form of
the von-Neumann entropy of the reduced density p, matrix representing one
of the sub-systems.
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Quantum correlations

Spatial Quantum Correlations

LOCALITY: A measurement made on a system cannot influence other systems
instantaneously.

REALISM: A system has well defined values of an observable whether someone measures
it or not. Measurement process simply reveals these values to us.

Bell's inequality

Probability of a coincidence between separated measurements of particles with correlated
(e.g. identical or opposite) orientation properties

P(a,b) = / Ao(Wpaa Nps(b,A)

where, pa(a, ) is the probability of detection of particle A with hidden variable A by
detector A, set in direction a, and similarly pg(b, \) is the probability at detector B, set
in direction b, for particle B, sharing the same value of A\. The source is assumed to
produce particles in the state A with probability p()\)

The inequality P(a, b) — P(a,c) <14 P(b,c)
or
| <MaMb> - (MaMc> ‘ S 1+ <Mch>
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Quantum correlations

Temporal quantum correlations

Leggett-Garg inequality (LGI) (PRL 54, 857 (1985)) follows two concepts:

@ macrorealism (MR): the system which has available to it two or more
macroscopically distinct states, pertaining to an observable @, always exists
in one of these states irrespective of any measurement performed on it.

@ noninvasive measurability (NIM): we can perform the measurement without
disturbing the future dynamics of the system.

The simplest form of LGl is the one involving three measurements performed at
time to, t1 and & (to < t1 < o) (three-time measurement)

Kz = Co1 + G2 — Co2

are obtained as — Ks < 1. Q — dichotomic observable (with possible

where, Cj = (Q(t; )Q( t)) (the two-time correlation function) and bounds on K3
3<
outcomes +1), Ot =0.
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Correlation measures in neutrino oscillations

Single particle (mode) entanglement in 2-flavor neutrino oscillations

@ One can establish the following correspondence of a two flavor state with two-qubit
state (Blasone et al., PRD 77, 096002 (2008))

lve) =11).10),

) = [0}, [1),,

where |0) , — absence of neutrino in mode «
|1),, — presence of neutrino in mode .

occupation no. represention (4)

@ State of a neutrino in two flavor neutrino oscillation scheme

|¢(t)> = Uee |Ve> + Uep, |VH>
= Uee [1). 10}, + Uep 0 [1),,

@ Entanglement (non-separability) is established among flavor modes, in a
single-particle setting.
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Correlation measures in neutrino oscillations

Quantum correlations in terms of neutrino oscillation probabilities
(Alok et al., NPB 909 (2016))

If a state is given by p (density matrix operator) and matrix T = Tr(p(om ® on))
is defined, then
@ Bell-CHSH inequality : M(p) = max(u; + u;) <1,
where u; and u; — eigenvalues of T (violation shows nonlocality).

for neutrinos
M(p) =1 +4PsurPosc

o Concurrence (entanglement measure) : C = max(A1 — A2 — A3 — A4, 0),
Ai — square roots of eigenvalues of pg, p = (0, ® 0,)p* (0, ® 7))
for neutrino system (nonzero C = entanglement)

PSLIVPOSC
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Correlation measures in neutrino oscillations

Leggett-Garg inequality (LGI) in neutrino oscillations

(Formaggio et al., PRL 117, 050402 (2016))

v, Survival Probability

a T x 3n
32 G 8 i z T 7

L[ ]: Oscillation Phase
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v, Energy (GeV)

L
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Relative phase } v
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Figure: Experimental verification of LGl-violation in neutrino-system

@ MINOS experiment's data shows a greater than 60 violation.
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Correlation measures in neutrino oscillations

|. Correlation Measures in 3-flavor neutrino oscillations

State of a neutrino in three flavor neutrino oscillation framework mapped over three qubit
system with v, as initial state

[0(8)) = Une 1), 10),, 10}, + Uy [0} [1),,10), + Uper [0),,10),, 1),

@ Flavor Entropy : The von Neumann entropy for a state p in a d-dimensional space is

defined as
S(‘tﬁ(t») = - Z Tl‘(pj |0gpj) (pj = Trall but not subsystem j |¢(t)> <'¢}(t)|)
Jj=e,u,7
== | Uus I loga | Uus > =D (1= | Upp *) loga(1— | Upp )
B B
S(p) = 0 for separable state
PP=\d logr(d) — (d —1)logo(d — 1)  for totally entangled state

@ Tripartite entanglement : For a tripartite system, the geometric entanglement is
defined as the cube of the geometric mean of Shanon entropy over every bipartite
section. ) ) )

G = H(U)H(U,, ) H(U,-)

where H(Uiﬁ) = _Uiﬁlng(UiB) —(1- Uiﬁ) loga(1 — Uiﬁ), B=epu,T
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Correlation measures in neutrino oscillations

|. Correlation Measures in 3-flavor neutrino oscillations

Tripertite nonlocality :

@ A three qubit system may be nonlocal if nonclassical correlations exist between two
of the three qubits. Such a state will be absolute nonlocal and will violate the
Mermin inequality for a detector setting A, B and C. Mermin inequalities are:

My = (ABC") + (AB'C) + (A'BC) — (A'B'C') <2
M = (ABC) — (A'B'C) — (A'BC') — (AB'C') < 2

@ A state violating a Mermin inequality may fail to violate a Svetlichny inequality
which provides a sufficient condition for genuine tripartite nonlocality. Svetlichny

inequality is:
oc=M + M, <4
fal A e === Local correlation
[N [N
/ N /s \ ———Nonlocal correlation
/ “ e N
’ \ ‘ .
- — ——— . « 3
Complete locality hybrid/residual complete nonlocality

nonlocality
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Correlation measures in neutrino oscillations

K. Dixit, J. Naikoo, S. Banerjee, A. K. Alok, Euro. Phys. J. C, 78 914
(2018)
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Figure: The maximum of geometric entanglement (GE) is plotted against CP-phase for DUNE (left), NOvA (middle),
T2K (right) experiments with neutrino (v,,) beam. Solid(blue) and dashed(red) curves correspond to the positive and
negative signs of Agg, respectively. The mixing angles and the squared mass differences used are 61, = 33.48°,

63 = 42.3°, 013 = 8.5°, Ay = 7.5 X 10 °%eV?, Azp &~ Azy = 2.457 x 10 3eV2. The neutrinos pass through a
matter density of 2.8 gm/cc

o Entanglement exists both in terms of absolute and genuine manner, Mermin
and Svetlichny inequalities are violated.

@ Various correlation measures show sensitivity to the neutrino mass ordering.

o DUNE is the most prominent experimental setup to discriminate the effects
of normal and inverted mass orderings. It can be attributed to its long
baseline and higher neutrino-energy range.
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measures in neutrino oscill

K. Dixit, J. Naikoo, S. Banerjee, A. K. Alok, Euro. Phys. J. C, 78 914
(2018)

Max (Geo. Entanglement)
Max (Geo. Entanglement)

0 z ~ z 2 :
& (radians) & (radians)
Figure: The maximum of geometric entanglement (GE) is plotted against CP-phase for DUNE with neutrino (v,,)

beam (left) and for antineutrino (,,) beam source (right). Solid(blue) and dashed(red) curves correspond to the
positive and negative signs of Azj, respectively.

@ From QIP point of view, to test the nonclassicality embedded in the neutrino
system, one should employ (anti)neutrino beam as source in case of
(inverted)normal mass ordering.
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Correlation measures in neutrino oscillations

[1. NSI effect on quantum correlations

Motivation: Neutrino stands the test of entanglement and nonlocality. It becomes
pertinent to characterize the quantum nature of neutrinos under different circumstances.
The simplest parameter defining quantumness of a system can be quantum coherence.

@ Coherence: A measure of quantumness embedded in a system; a key concept in
quantum mechanics & information theory.

@ Quantum coherence is closely related to various measures of quantum correlations,
such as entanglement.

@ Recently, quantum coherence has been quantified in terms of experimentally
observed neutrino survival and transition probabilities (Song et al., PRA 98,
050302(R) (2018)).

@ In this work we study the effects of nonstandard neutrino-matter interaction on
coherence in the oscillating neutrino system in a model-independent approach in the
context of DUNE experimental setup.

Definition
Coherence For a d-dimensional state

p =) (¥,
the /-norm of coherence parameter is formulated as

C=> lpjl<d-1
i#

— = . = =T
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Correlation measures in neutrino oscillations

NSI effect: Model independent analysis
The Lagrangian for neutral-current nonstandard neutrino-matter interactions (NS/)

Lysi = —2vV2Ge 6;’53(5a’7”PLV,3)(f’Yqu)
f,P,o,8

with eg’; = 525 &HP ~ O(Gx/GF). The matter part V; of Hamiltonian

Hm = Hm + U~ 1VeU (Hm = diag(E1, E2, E3)), defined for the evolution of
neutrino-state, becomes

Tt cee(x)  €en(x)  cer(x)
Vi = V2GENe(x) | €du(x) eup(x)  €ur(x) | with eap =3¢, 4 Ne(x) of

ezT(x) EZT(X) E7'7'(X) Ne(x) ~aB*
U is the 3x3 unitary (PMNS) matrix.
ﬁo @F Standard %GD/@)@
OTaw ¢
= @ Non- @ @
@ standard @ @
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Correlation measu

K. Dixit and A. K. Alok, Eur. Phys. J. Plus (2021) 136:334
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Figure: C plotted in (E - &) plane in the context of DUNE (L = 1300 km & E = 1 — 10 GeV) experiment: (a) Upper
panel (SM+NO) and lower panel (SM+I0). (b) Upper panel (LMA-Light + NO) and lower panels (LMA-Dark + 10).
Minimum value (zero) of x represents the complete loss of coherence whereas for a maximally coherent state x = 2.

@ LMA-Light + NO solution decreases the coherence in comparison to the SM + NO.

@ For LMA-Dark + 10, coherence is enhanced in comparison to the case of SM + 10 for E ~ 4
GeV, the energy corresponding to maximum neutrino flux at DUNE, for almost all values of §.

@ The maximum value C = 2 cannot be achieved by three flavour neutrino oscillation in the
context of DUNE experiment.

=] 5 = = == DA
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K. Dixit and A. K. Alok, Eur. Phys. J. Plus (2021) 136:334

cp = 1112, NO Sop = 112, NO

----- LMA-L+NO

2 4 8 10

6
E (GeV)

Figure: In the left panel probabilities Py vy (blue), Py —ve (red) and Pu, vy (green) are plotted with respect
to E in the context of DUNE (L = 1300 km) experiment for § = 7 /2 and normal ordering, where solid and dashed
lines correspond to the SM and NSI interaction, respectively. The right panel shows the variations of C parameter with
E for 6 = 7 /2 and NO.

@ A small change in probabilities due to NSI effects can trigger relatively large
alteration in the coherence inherent in the neutrino-system.
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Quantum complexity of neutrino flavor states

Recent work
with Prof. S. Razzaque, U. of Johannesburg & Dr. S. Haque., U. of Cape Town

Complexity of spread of neutrino flavor states




Quantum complexity of neutrino flavor states

Quantum complexity of spread of states
Motivation

@ Quantum computational complexity estimates the difficulty of constructing
quantum states from elementary operations, a problem of prime importance
for quantum computation.

@ Neutrinos have shown features such as entanglement and nonlocal
correlations that proves their efficiency to perform QIP tasks.

@ It gives us motivation to see how complex is a evolution of neutrino system
and if complexity can also probe any open issue in the neutrino sector.
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Quantum complexity of neutrino flavor states

Complexity of spread of states
Balasubramanian et al., PRD 106, 046007 (2022)

@ The complexity of the state can be defined by minimizing the spread of the wavefunction over
all possible bases.

@ This minimum is uniquely attained by an orthonormal basis produced by applying the
Gram-Schmidt procedure.

Schrodinger equation for a system represented by |1(t))

7]
f— t))=H t
i 19(8)) = H [0(6))
Then, the time evolution of the state [t (t)) is obtained as

l(t)) = e~ ™ [9(0)) .

One can also write

=S ED g0 = Z( 0 gy

n=0

where, [1,) = H" [1(0)). Hence, we can see that the time evolved system-state |¢)(t)) is represented
as superposition of infinite |¢,) states.
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Quantum complexity of neutrino flavor states

Complexity of spread of states

We have |¢,) = H" |4(0)). These states {|vo), |11), [12), ...} are not orthonomalized.
Gram-Schmidt procedure to obtain an ordered orthonomalized basis

|Ko) = |%0) ,
_ (Koly1)
[K1) = |¥1) — KolKo) |Ko)
_ (Kol2) (Kil2)
|K2) = |4p2) — (KolKo) |Ko) — (K Ka) |K1), and so on.

K ={|Ky),n=0,1,2...} = Krylov basis

Cost function to quantify the complexity (Balasubramanian et al., PRD 106, 046007 (2022))
For a time evolved state |t(t)) and the Krylov basis defined as {|Kj,)}, the cost function is

oo
2
x =3 nlKalw ()2,
n=0
where n = 0,1,2... For such Krylov basis the above defined cost function becomes minimum.
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Spread complexity in two flavor neutrino oscillations

The evolution of flavor states can be represented by Schrodinger equation as

() - (219)

where Hf = UH, U™, U being the mixing matrix and H,, is the Hamiltonian (diagonal) that governs

the time evolution of neutrino mass eigenstate

(B 0 [ cos@ sin 6
H"’_(O Ez)’ U_(fsine cosﬁ)'

weon = (3). maon=(3)

We have

[ {lve(0)) , H |ve(0)) , HZ [ve(0)) ...} for initial ve flavor
{la)} = {{M(O)) He v, (0)), H2 |1, (0)) ...} for initial v, flavor

After applying Gram-Schmidt procedure we get {|K,)} = {|Ko) , |K1)}, ie.,

ko) = (3) 1660 = (31 = (1w lws} or i e
(1K) = : X
{1Ko) = (1) LKy = (o>} = {lva), |ve)}  for initial v,
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Quantum complexity of neutrino flavor states

Spread complexity in two flavor neutrino oscillations

For a time evolved state |ve(t))

Aee(t) ) _ cos? Qe E1t | gin2 ge—E2t
Aen(t) ) — \sinfcosf(e B2t — e~ iErt)
(with {|Kn)} = {|ve(0)) . [,.(0))})

1

xe = 3 nl(Kalwe(0)* = P

n=0

Similarly, for state |1, (t)) = (Ape(t), Auu(t) T (with {|Kn)} = {|1,.(0) , [ve(0))})

Xp = Pe

@ The more the oscillation probability of neutrino flavor, the more complex the evolution of the
neutrino flavor state.

@ Since P, = P, for standard vacuum oscillations, the complexity embedded in this system
comes out to be same for both cases of initial flavor, i.e., complexity of the system doesn’t
depend on the initial flavor of neutrino.
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Quantum complexity of neutrino flavor states

Spread complexity in three flavor neutrino oscillations

1 0
We have three types of initial states as |ve) = (0), |lvu) = (1), lvr) =
0 0
Hf = 1

0
(O) with Hamiltonian
1
UHnU™Y, Hy = diag(0, Am3;, Am3;) and U — 3 x 3 PMNS mixing matrix

5
—S1203 — Cr2523513€’
Ur1 Urz U:rs

i5
513523 — C12C23513€

U U Ues C12€13 ) s12€13
U=|Uun Uwp Us)|=

i5
C12C23 — S12523513€
is
—C12523 — S12(23513€

Here, Krylov basis # flavor basis.

1
@ For initial |ve) state |Kp) = |ve) = <O

size” i5
S23€13

3013

other states spanning the Krylov basis take the form

0
|Ki) = N1 =N AmEm Ueruz + ( Eg ) UesUns
) UaUna + (52) UsUss
0
[Ka2) = Ny (131) =N, (Aszgl) (Azngl - ) UeaUpz + (A"?) (AZ"'E; —A) U3 U
2 () (5 -4) bt (382 (%8 - 4) Uil
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Quantum complexity of neutrino flavor states

Spread complexity in three flavor neutrino oscillations

Xe = Pep(£)(NF[a1 | + 23 b1 [?) + Per (£)(Nf |2|* + 215 | bo[?) + 2R(NF af a2 Acu(£)Acr (£)")
+ 4R(NZ b by Acyu (£)Aer (1))

with
(Am2)° |Uaz (1 = |Uazl?) + (Am2)? [Uas (L = [Uas|?)
— (Am3)) (Am3)) |Uazl?|Uasl? (Am3; + Am3,;)

A= ,
(Am3))? |Ua2P(1 = |Ua2l?) + (Am2))? [Uas2(1 — |Uasl?) — 2 (Am3,) (Am2,) |Uazl?|Uas|?
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Quantum complexity of neutrino flavor states

Spread complexity in neutrino oscillations
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Figure: Cost function x,, and 1-P,,,, with respect to energy E. Here, L = 1000 km and mixing parameters
612 = 33.64°, 013 = 8.53°, 03 = 47.63%°, Am3; = 7.53 x 107> eV? and Am%; = 2.45 x 1073 eV are
considered.
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Quantum complexity of n o flavor states

Spread complexity in neutrino oscillations
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Figure: T2K: Cost function (upper panel) and 1-P, o (lower panel) in the plane of E — § in case of initial flavor ve
(left), v, (middle) and v (right). Here, L = 295 km and mixing parameters 015 = 33.64°, 013 = 8.53°,

023 = 47.63°, Amg1 =753 x 10~% eV? and Amg1 =2.45 x 10~3 V2 are considered.
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Quantum complexity of neutrino flavor states

Spread complexity in neutrino oscillations

Matter effects on complexity

L E (GeV)
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Figure: Cost function xe (left), x, (middle) and x - (right) w. r. t. neutrino-energy E is shown. Here, L = 810 km,
§ = —90° and higher octant of 0,3 is considered. Solid and dashed curves represent the case of vacuum and matter
oscillations, respectively.
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Figure: NOvA: Cost function (upper panel) and 1-Pn o (lower panel) in the plane of E — § in case of initial flavor v,
(left), v, (middle) and v (right). Here, L = 810 km, and higher octant of 63 (47.63°) is considered.
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Summary & Conclusions

Summary & Conclusions

@ Quantum correlations show sensitivity to the neutrino mass ordering, i.e. the sign of Asz;. Itis a
general feature displayed by all the correlations that the sensitivity to the mass ordering becomes
more prominent for the high energy and long baseline experiment like DUNE compared to
NOvA and T2K.

@ In order to probe various measures of nonclassicality in neutrino sector, one must use neutrino
beam for the positive sign of A3; and an antineutrino beam otherwise.

@ Coherence parameter shows more deviation from its SM value due to NSI effects in comparison
to the probabilities, both in case of normal and inverted mass ordering. Hence, measurement of
coherence and other correlation features can also be used to probe new physics in neutrino
sector.

@ We formulated and derived the quantum spread complexity embedded in the neutrino flavor
states both for two and three flavor oscillation scenario.

@ The complexity is found to be sensitive to the CP-violation phase hence it can provide some
important information regarding its preferred value by nature.
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