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Neutrino flavor oscillations, a fundamental process in particle physics, involve the transition
between different neutrino flavors, governed by a complex relationship between mass and flavor
eigenstates. Traditionally, probabilistic measures are used to study neutrino oscillations, but
recent research suggests that quantum complexity, specifically quantum spread complexity, offers
deeper insights, especially regarding charge-parity (CP) violation. Our work shows that quantum
complexity can predict CP-violating phases that align with experimental observations from T2K
and NOvA. This approach provides a new connection between quantum information theory and
particle physics, revealing the potential of complexity in neutrino studies.
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1. Introduction

Neutrino oscillations involve transitions between different neutrino types as they travel through
space. Small differences in mass influence these transitions. Recently, a measure of quantum
complexity in the state evolution of the system, called spread complexity [1, 2], has been proposed
to analyze these transitions, providing more detailed information than traditional probabilities [3].
Quantum complexity, which refers to the difficulty of constructing a specific quantum state using a
set of unitary operations [4–6], has gained interest in the studies of physics behind the horizon of an
eternal AdS black hole as well as in characterizing the quantum chaos, quantum phase transition,
quantum decoherence and so on. Quantum spread complexity offers insights into important aspects
of neutrino behavior.

2. Quantum Complexity in Neutrino Oscillations

2.1 Quantum spread Complexity

Quantum spread complexity shows the minimum spread of state |𝜓(𝑡)⟩ associated with a system
in all possible bases in terms of a cost function [1, 2]

𝜒 = 𝑐𝑛 |⟨𝐾𝑛 |𝜓(𝑡)⟩|2.

Here 𝑐𝑛 = 0, 1, 2..𝑛, n is the dimension of the system. The series expansion of unitarity 𝑒−𝑖𝐻𝑡

provides the time-evolved state as a superposition of infinite, not necessarily orthonarmalized,
states |𝜓𝑛⟩ = 𝐻𝑛 |𝜓(0)⟩. |𝐾𝑛⟩ are Krylov states, spanning an ordered orthonormal basis, and
are obtained by applying the Gram-Schimdt procedure on |𝜓𝑛⟩. Krylov basis minimizes the cost
function for a given system defining the complexity in the time evolution of that system.

2.2 Spread complexity in neutrino oscillations

• Two-Flavor Scenario: In a simple two-flavor case, Krylov basis is equivalent to the flavor
basis. Hence, 𝜒𝑒 = 𝑃𝑒𝜇 and 𝜒𝜇 = 𝑃𝜇𝑒, 𝑖.𝑒., the oscillation probabilities (𝑃𝛼𝛽) provide
equivalent information to complexity measures.

• Three-Flavor Scenario: In the more complex three-flavor case, the Krylov states no longer
correspond directly to the flavor states. The spread complexity in this scenario reveals cross-
terms that carry additional information beyond probabilities. This is particularly important
when analyzing experiments like T2K and NOvA, where only certain beams (𝜈𝜇) are used.

3. Results and Discussions

In three-flavor neutrino oscillations, quantum complexity provides valuable insights. For both
experiments, the spread complexity (𝜒𝜇) is maximized at the specific CP phase (𝛿), with the T2K
best-fit 𝛿 value (-2.14 radians) closely matching the complexity prediction, while the NOvA best-fit
(2.58 radians) deviates but still falls within a high-complexity region. NOvA’s results suggest further
refinement in future models. Moreover, the behavior of complexity also provides information about
the mass hierarchy and 𝜃23 octant, which describes the angle associated with neutrino mixing.
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Figure 1: 𝜒𝜇 in 𝐸 − 𝛿 plane corresponding to T2K (left) and NOvA (right) experiments.

Our results suggest that complexity can play a role in determining mass ordering and enhance the
understanding of 𝜃23 behavior. The key advantage of quantum complexity is its ability to reveal
additional layers of information that are not captured by traditional probability measures. The
maximization of complexity in the presence of CP violation suggests a deep connection between
these two phenomena, which could be explored further in future experiments.

4. Conclusions

Our study demonstrates that quantum complexity, specifically spread complexity, is a powerful
tool for understanding neutrino oscillations. In both two- and three-flavor cases, complexity provides
predictions that are consistent with experimental data from T2K and NOvA, particularly in the
context of CP violation. By applying concepts from quantum information theory to particle physics,
we can enhance our understanding of fundamental processes like neutrino oscillations. Complexity
thus represents a promising avenue for future research in understanding the neutrino system.
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