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® “I have done a terrible thing.
I e eut rl no I have postulated a particle
that cannot be detected.”

Born from a puzzle, essential to the Universe — Wolfgang Pauli, 1930
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In nuclear 3 decay, a neutron transforms into a proton,
emitting an electron. The observed electron energy
spectrum is continuous, not a mono-energetic line,
implying missing energy and momentum.
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Neutrino Flavor Mixing and Oscillations

e Neutrino flavor states are overlapping combinations of distinct mass states:
Mixing.
Va ; V,
- G- 30D - 0
Vo =M ) V;

flavor eigenstates mass eigenstates

e Neutrinos change flavor while propagating: Neutrino Oscillations
e Two Flavor vacuum oscillations probability:
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Matter Effect in Oscillations

Matter effect on mixing

e /. interacts with electrons via CC interactions, giving
. R

A\ T

rise to effective matter potential, V.. = /2G rn,

. . . o o 0.8 -
e This modifies effective masses and mixing ,

[small matter effect
vacuum 0sC.
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Am? sin 26

sin 20,, =
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resonance

\/(Am2 c0s20 — 2E, Vo )? + (Am? sin 26)?

Am?2, = \/(Am2 c0s20 — 2E, Vo) + (Am? sin 20)?
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sin 29mc =03

strong matter effect
osc. are suppressed |

e Atresonance,f),, = 45°, and Am?cos20 = 2E, Voo
maximal mixing leading to the possibility of total transition ) MSW effect

e Resonance occurs for neutrinos (anti-neutrinos) if Am? is positive (negative)
e Matter term changes sign for neutrinos (anti-neutrinos) : fake CP asymmetry
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Non Standard Neutrino Interactions

The neutrino Hamiltonian for MSW matter effect:

MM’

Hlsr= 2E,

ae VSI

BSM theories suggest new interactions: Non-standard interactions
Vector NSI formalism: introduces an extra vector mediator

It contributes to the nyoy term: appears as a modified potential
Effective Hamiltonian for vector NSI:

MM’

Hatter = E, + o,

+ (Vs1 + VNsi)



Scalar Non Standard Interactions

Interaction of neutrinos with environmental fermions
mediated by a scalar

Scalar NSI| appears as a density dependent correction
to the neutrino mass term in the Hamiltonian

Relates absolute neutrino mass to oscillation
probabilities

Unique possibility to constrain absolute neutrino mass
through oscillation experiments

Scalar NSI depends on matter density, long baseline
experiments are an excellent tool to explore

Current bounds on the parameters from
Solar+KamLAND and JUNO
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Formalism of Scalar NSI

e Interaction of neutrinos with environmental fermions, mediated by a scalar.

Effective Lagrangian Py ]

Yr¥ap 1 _ E
Lowu =0 [ s )| 00 (20 N4
a X
Modification in Hamiltonian nfyf Yaﬁ :
(M + SM)(M + M)} M=) T 1
Hsnst ~ Ey + 2E, + Ver 7 "
‘ f f

Parameterization of scalar NSI

Nee MNey MNer
oM = Sm an My NMur
e ik ik

S_: scaling term, typical
mass squared difference
Nas : strength of scalar
NSI




Dark Non Standard Interactions
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e Astrophysical and cosmological evidence suggests
Universe is vastly composed of dark matter.

e There are models suggesting dark matter mass can
vary over a large scale.

e \When neutrinos propagate, they may interact with
ultra light dark matter particles in the environment

e The scattering of neutrinos with dark matter
background: dark non standard interactions

Image credit: arXiv:2005.03254
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Formalism of dark NSI

e Interaction of neutrinos with ultra-light scalar dark matter particles.

f . . ) v (pl/) v (pv)
Modified Lagrangian 5 - o
1 99 1 = -, v (_pl/) v (_pu)
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\ * J
" Dark NSI induced correction ) ¢ ¢
6Faﬂ ~ * Z ya]y],B pX Y0 V(pu) > > Vﬁpy)
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Modified Hamiltonian
M? + 6M?
Hpnsi = =% £ Vg ¢ ¢
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General Formalism to study Non-standard interactions

Inclusion of
NS effects theoretically
in the Lagrangian

—————————————————————————————————————————————
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Lorentz Invariance Violation

e Lorentz Invariance Violation (LIV): Violation of the space time
symmetry.

e Physics laws are invariant under Lorentz transformation

e Neutrino oscillations is a way to probe LIV

e Effect of LIV can be treated as a perturbation to the standard
description of neutrino oscillations

e Generally studied using Standard Model extension framework
(SME)



Lorentz Invariance violation

e |nthe SME framework, LIV originates from additional terms in the neutrino-sector
Lagrangian:

Lirv D (aL)aﬁ Uayuvp +i(er)t 0B UaYuOuVs.
Heff — Hvacuum -+ Hmatter -+ HLIV

1 0 0 0 | I 0 0
= ﬁU 0 Ale 0 U’ — VCC 0O 0 O
0 0 AmZ 0 0 0

aee aeu ae’/" 4 Cee
* >+<
+ ae'u a'u'u aluT - §E e/L c‘u,/l c/lT
* *
aeT a,uT Arr /LT

®q = la.ale aﬂ are CPT violating LIV terms
af = |Qap
® (.5 = |Ca5\€ s are CPT conserving LIV terms

where



Quantum Decoherence in neutrinos

Decoherence:loss of coherence between two or more superposing
states due to system's dissipative interaction with the environment.
Neutrinos propagating through matter : open quantum system.
Loss of coherence between neutrino mass eigenstates.

Open quantum system time evolution : Lindblad Master Equation.
Neutrino oscillations receives modification due to Environmental
decoherence.



Formalism of quantum decoherence
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Coherent superposition of mass states. Standard evolution: T —i[H, p]

Standard Oscillation i
Va) = ZUai Vi) TTT Pap=
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Flavor states are superpositions
of mass eigenstates.
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( ] : Open quantum system approach (Lindblad equation) :
Environmental Decoherence Effect ! d !
Interaction with the environment - d_i = —i[H, p] + D|p] :
leads to loss of quantum coherence. : :
\ ¢ | D[p] — dissipative decoherence term (interaction with environmentt). |
I |
Numerical Evolution of Density Matrix :' Modified oscillation probability i
|
Solve the Lindblad equation oy Al !
numerically +to obtain p(L). E Pa,B = Z L U,Banj U,l,;j exp[—I‘ij L] exp |: 3 25 ] i
| 7’7] |
| |
. . . ex I';;L| — decoh d ing.
Oscillation Analysis 1 B et e )
e Compute modified oscillation probabilities | T
e Study impact of decoherence
e Constrain decoherence parameters
N




Analytic Neutrino Oscillations Probability : Scalar NSI
P, = PS5l + Py
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e Explicit dependence on absolute neutrino mass.
O  mass summation term : M1 + M2, mlcﬂ + ?7?@8%2
o mass difference term: M9 — M
O 7TNg term

D. Bezboruah et al., JHEP 12 (2025) 222



Long baseline neutrino experiments
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Impact of scalar NSI on neutrino oscillations

0.20+ L =1300km, dcp = —90°, O3 = 47°. NO

e Positive (negative) 7). L — s
L = [Meu| = 0.05, ¢, = —90°
enhances (suppresses) O.15F 1 [l = 0.05, g, € [~180°,180°)
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e Presence of off-diagonal ***|

T)ey SUPPIESSes
probability. @, has

0.05

significant impact.
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e DUNE and T2HK can constrain 7)ee. Combining

DUNE and T2HK significantly increase the
result.

A. Medhi et al., JHEP 06(2022)129
A. Sarker et al., JHEP 06(2024)128
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Absolute neutrino mass dependence

With increase in the strength
of SNSI parameter
dependency on

the neutrino masses becomes
more prominent for both NO
and IO.

NO: m constrained at 3o for
positive and negative 1,1 rr;
weak for Tlee .

IO: Constraints at 2o for for
positive and negative "upu |
Nrr; weaker for 7ee .
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Scalar NSI: CPV sensitivity
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e A positive (negative 7)ce enhances (suppresses) CPV sensitivity at DUNE and T2HK.
e Synergy between DUNE and T2HK significantly enhances the CPV sensitivity.

A. Medhi et al., JHEP 06(2022)129, JHEP 01(2023)079




MO Sensitivity in presence of SNSI

L =1300 km, 3, =[-%, 7, 6, =47
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A. Medhi et al., JHEP 01(2023)079, JHEP 06(2022)129
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Correlation between off-diagonal SNSI parameters
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e For the combined scenario of 7]urand Cbm, a degeneracy is observed for ¢ ur = 90

e NO significant correlation is observed for7)ey '¢€/L and 7er- qbeT.

A. Sarker et al., JHEP 06(2024)128



Dark NSI in Neutrino Oscillations

® Dark NSI parameters, 7, and 7).,

suppresses oscillation
probability.

e (PV sensitivity suppresses in
presence of Ner and T]ey .

® ¢y and ¢, has significant
impact.

Bipy (073 = min [ (655, 555 = 0 2058, 055 =

D. Bezboruah et al., [arXiv:2601.04802]
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Lorentz Invariance Violation in neutrino oscillations
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P. Deka et al., [ arXiv:2607.06513]
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CP violation sensitivity in presence of LIV
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® Qac; suppresses sensitivity below 36 for positive §p plane, a.r suppresses over
the entire ) o p range, Ger milder effect

Combining @ag and Cqg, further suppresses sensitivity.

P. Deka et al., [ arXiv:2607.06513]
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Concluding remarks

e Neutrino oscillations: excellent tool for probing
non-standard effects
e A caution!
Precision in measuring the standard oscillation
parameters 1S important
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