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motivations

QuatumControl is a key tool for the development of quantum technologies:

for enabling and optimizing quantum operations, for mitigate decoherence, …

Machine Learningmethods are a powerful tool for analysing and classifying

data

Enable robust Quantum Sensing by combining Quantum Control protocols

withMachine Learning



outline

1. noise classification in small quantum networks bymachine learning

1.1 essentials on control protocol STIRAP/CTAP
1.2 noisemodels
1.3 classification of noise correlations in a three-level system
1.4 two-qubit quantum sensor for temporal and spatial correlations

2. sensing of the Plaquette phase in a three-levelΔ system.
2.1 STIRAP/CTAP inΔ systems

→ gauge invariant phase dependence
2.2 detection of the Plaquette phasewithMachine Learning

3. conclusion



STIRAP/CTAP in three-level systems

→ three-level system

𝐻0 = 𝛿p|1⟩⟨1| + 𝛿|2⟩⟨2|

→ time-dependent control

𝐻c(𝑡) =
Ωp(𝑡)
2 (|0⟩⟨1| + |1⟩⟨0|) +

Ωs(𝑡)
2 (|1⟩⟨2| + |2⟩⟨1|)

Hamiltonian

𝐻0+𝐻c(𝑡) = (
0 Ωp(𝑡)/2 0

Ωp(𝑡)/2 𝛿p Ωs(𝑡)/2
0 Ωs(𝑡)/2 𝛿

)

|0⟩

|1⟩

|2⟩

𝛿p

𝛿

Ωp(𝑡)
Ωs(𝑡)

|𝜓(𝑡i)⟩ = |0⟩⟶ |𝜓(𝑡f)⟩target = |2⟩, efficiency 𝜉 = |⟨𝜓(𝑡f)|2⟩|
2



STImulated RamanAdiabatic Passage (STIRAP)1

Coherent Tunnelling byAdiabatic Passage (CTAP)2

→ counter-intuitive pulse sequence
→ adiabatic protocol (robust and efficient)
→ for 𝛿 ≈ 0⟶ trapped state, no component on |1⟩

|𝜙D(𝑡)⟩ = cos 𝜃(𝑡)|0⟩ − sin 𝜃(𝑡)|2⟩, 𝜃(𝑡) = tan−1(Ωp(𝑡)
Ωs(𝑡)

)
→ destructive interference

STIRAP/CTAP

|0⟩

|1⟩

|2⟩

𝛿p

Ωp(𝑡) Ωs(𝑡)

1Phys. Rev. A 40 (11) (1989), Rev. Mod. Phys. 70 (3) (1998), Rev. Mod. Phys. 89 (1) (2017).
2Phys. Rev. B 70 235317 (2004), Phys. Rev. B 102 155404 (2020).



classification of noise

our goal is NOT efficient population transfer,

but classification of time and energy correlation in noise (withML)

→ pure dephasing classical noise 𝑥𝑖(𝑡)
𝐻noise(𝑡) = 𝑥1(𝑡)|1⟩⟨1| + 𝑥2(𝑡)|2⟩⟨2|.

effectivemodel of the leading decoherence effects inmost AAs
strategies like passive error avoidance, DD, QEC, depend critically on
understanding and characterizing the underlying noise

total Hamiltonian

𝐻 = (
0 Ωp(𝑡)/2 0

Ωp(𝑡)/2 𝛿p + 𝑥1(𝑡) Ωs(𝑡)/2
0 Ωs(𝑡)/2 𝑥2(𝑡)

)

|0⟩

|1⟩

|2⟩

𝛿p

Ωp(𝑡) Ωs(𝑡)

𝑥2(𝑡)

𝑥1(𝑡)

A. B. Zorin, et al, PRB 53 (1996) E. Paladino, et al., RMP 86 (2014)
J. Yoneda, et al, Nat. Phys. (2023)
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noisemodels

goal is the classification of noise correlationswithML

𝐻noise(𝑡) = 𝑥1(𝑡)|1⟩⟨1| + 𝑥2(𝑡)|2⟩⟨2|.

→ Non-Markovian quasistatic:

1. correlated noise: 𝑥2(𝑡) = 𝜂𝑥1(𝑡), with 𝜂 > 0,
2. anti-correlated noise: 𝑥2(𝑡) = 𝜂𝑥1(𝑡), with 𝜂 < 0,
3. uncorrelated noise: 𝑥2(𝑡) and 𝑥1(𝑡), are independent.

→ Markovian:

4a. correlated noise: 𝑥2(𝑡) = 𝜂𝑥1(𝑡), with 𝜂 > 0,
4b. anti-correlated noise: 𝑥2(𝑡) = 𝜂𝑥1(𝑡), with 𝜂 < 0.

quasistatic→𝑥(𝑡) constant during single evolution

|0⟩

|1⟩

|2⟩

𝛿p

Ωp(𝑡) Ωs(𝑡)

𝑥2(𝑡)

𝑥1(𝑡)



calculation of efficiency

→ non-Markovian (quasistatic) noise→ i
𝜕
𝜕𝑡
|𝜓(𝑡)⟩ = 𝐻(𝑡)|𝜓(𝑡)⟩.

single trajectory efficiency 𝜉(𝑟) = 𝜉({𝑥𝑗}(𝑟)) = |⟨𝜓(𝑡f)|2⟩|
2,

efficiency 𝜉 = ∫𝜉(𝑥1, 𝑥2)𝑝(𝑥1, 𝑥2)d𝑥1d𝑥2 ≈
∑𝑁

𝑟=1 𝜉(𝑥
(𝑟)
1 , 𝑥(𝑟)2 )𝑝(𝑥(𝑟)1 , 𝑥(𝑟)2 )

∑𝑁
𝑟=1 𝑝(𝑥

(𝑟)
1 , 𝑥(𝑟)2 )

.

→ Markovian noise→ ̇𝜌(𝑡) = −[𝐻0 + 𝐻c(𝑡), 𝜌(𝑡)] −
𝛾
2
(𝑂̂2𝜌(𝑡) + 𝜌(𝑡)𝑂̂2 − 2𝑂̂𝜌(𝑡)𝑂̂),

with 𝑂̂ = |1⟩⟨1| + 𝜂|2⟩⟨2|, ⟨𝑥1(𝑡)𝑥1(𝑡′)⟩ = 𝛾𝛿(𝑡 − 𝑡′) and ⟨𝑥(𝑡)⟩ = 0.

efficiency 𝜉 = Tr{|2⟩⟨2|𝜌(𝑡f)}.



summary and input generation

|0⟩

|1⟩

|2⟩

𝛿p

Ωp(𝑡) Ωs(𝑡)

𝑥2(𝑡)

𝑥1(𝑡)

|0⟩

|1⟩

|2⟩

𝛿p

Ωp(𝑡) Ωs(𝑡)

𝑥2(𝑡)

𝑥1(𝑡)

STIRAP/CTAP

Ωp(𝑡) = Ω(max)
p 𝑒−(

𝑡−𝜏
𝑇 )

2

,

Ωs(𝑡) = Ω(max)
s 𝑒−(

𝑡+𝜏
𝑇 )

2

.

efficiency under three pulse conditions:

1. Ω(max)
p = Ω(max)

s

2. Ω(max)
p > Ω(max)

s

3. Ω(max)
p < Ω(max)

s
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data generation

Ωp(𝑡) = Ω(max)
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supervised learning



results

S. Mukherjee, D. Penna, F. Cirinnà, M. Paternostro, E. Paladino, G. Falci, and LG,Mach. Learn.: Sci. Technol. 5 (2024)

accuracy≈ 0.80 accuracy≈ 1.00



ML-based quantum sensor for temporal and spatial correlations

qubit 1

|e⟩

|g⟩
ε

qubit 2

|e⟩

|g⟩
εg

Ω(t) Ω(t)

𝐻0 = −𝜖2(𝜎
𝑧
1 + 𝜎𝑧2 ) +

𝑔
2𝜎

𝑥
1 𝜎𝑥2 , 𝐻c(𝑡) =

Ω(𝑡)
√2

(𝜎𝑥1 + 𝜎𝑥2 ),

𝐻noise(𝑡) = −𝛿1(𝑡)2 𝜎𝑧1 −
𝛿2(𝑡)
2 𝜎𝑧2

𝛿1(𝑡) 𝛿2(𝑡)



ML-based quantum sensor for temporal and spatial correlations
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design of the sensor

eigenstates of

𝐻0 = −𝜖2(𝜎
𝑧
1 + 𝜎𝑧2 ) +

𝑔
2𝜎

𝑥
1 𝜎𝑥2

|0⟩

|2⟩

|3⟩

|1⟩

𝑔

√𝑔2 + 4𝜖2

Eigenv. Eigenstate

−𝜀𝑒 |0⟩ ≡ − cos (𝜃𝑒/2)|𝑔𝑔⟩ + sin (𝜃𝑒/2)|𝑒𝑒⟩

𝜀𝑒 |1⟩ ≡ sin (𝜃𝑒/2)|𝑔𝑔⟩ + cos (𝜃𝑒/2)|𝑒𝑒⟩

−𝜀𝑜 |3⟩ ≡ 1
√2
(|𝑔𝑒⟩ − |𝑒𝑔⟩)

𝜀𝑜 |2⟩ ≡ 1
√2
(|𝑔𝑒⟩ + |𝑒𝑔⟩)

tan 𝜃e =
𝑔
2𝜖



design of the sensor

eigenstates of
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𝐻c(𝑡) =
Ω(𝑡)
√2

(𝜎𝑥1 + 𝜎𝑥2 )

⟹ level |3⟩ uncoupled

two-tone AC field + USC

Ω(𝑡) =
Ωp(𝑡)
𝛼 cos(𝜔p𝑡) +

Ωs(𝑡)
𝛽 cos(𝜔s𝑡),

AND

𝑔 ∼ 𝜖 (UltraStrong Coupling)

→ noise introduces energy shifts of |0⟩ and |1⟩ and coupling between |2⟩ and |3⟩
and between |0⟩ and |1⟩

⟶ beneficial for classification
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data generation
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results

overall accuracy≈ 0.86
temporal class. accuracy≈ 1.00

D. Fasone, S. Mukherjee, D. Penna, F. Cirinnà, M. Paternostro, E. Paladino, LG, and G.A. Falci, APL Quantum 3, 026108 (2026)



plaquette phase

|0⟩

|1⟩

|2⟩
Ωp

Ωs

Ω0𝑒i𝜙

Ωs

|1⟩

|2⟩
Ωp

Ω0

|0⟩

emergence of a plaquette phase

→ in general, the couplings are comples

Ω𝑘 = |Ω𝑘|𝑒𝚤𝜙𝑘

→ local phase redefinitions remove two phases,

one phase persist

𝜙 = 𝜙0 + 𝜙𝑠 − 𝜙𝑝

→ gauge-invarian quantity→ observable

→ dynamics of an electron hopping in aΔ
network fo three electronic states in the

presence of amagnetic field→ tunnelling

amplitudes aquire complex phases



non-conventional STIRAP inΔ systems

Hamiltonian

𝐻 = (
0 Ωp(𝑡)/2 Ω0(𝑡)𝑒i𝜙/2

Ωp(𝑡)/2 𝛿p Ωs(𝑡)/2
Ω0(𝑡)𝑒−i𝜙/2 Ωs(𝑡)/2 𝛿

)

𝜙 = 𝜙0 + 𝜙𝑠 − 𝜙𝑝
Trapping condition:

𝛿(𝑡) =
Ω0
ΩpΩs

(Ω2
s𝑒−i𝜙 −Ω2

p𝑒i𝜙)

→ for 𝜙 = 0, 𝜋
𝛿-modulated protocol
equivalent to STIRAP

→ for 𝜙 ≠ 0, 𝜋
complex detuning→
non-hermicity
the dynamics of the dark state is
no longer decoupled
mixing term∝ sin𝜙
breaking of coherent trapping
population leackage
efficiency depends on phase 𝜙



Use of multiple driving-detuning configurations

Transfer efficiencies are evaluated using 8 driving conditions

Three driving conditions

Ωmax
𝑝 = Ωmax

𝑠 , Ωmax
𝑝 > Ωmax

𝑠 , Ωmax
𝑝 < Ωmax

𝑠

with√(Ωmax
𝑝 )2 + (Ωmax

𝑠 )2 = constant

Two detuning strategies

𝛿 = 0 𝛿 =
Ω0
Ω𝑝Ω𝑠

(Ω2
𝑠 −Ω2

𝑝)

Selected configurations

Driving condition 𝛿(𝑡) = 0 𝛿𝑝=𝑠(𝑡) 𝛿𝑝>𝑠(𝑡) 𝛿𝑝<𝑠(𝑡)
Ωmax
𝑝 = Ωmax

𝑠 ✓ ✓ – –

Ωmax
𝑝 > Ωmax

𝑠 ✓ ✓ ✓ –

Ωmax
𝑝 < Ωmax

𝑠 ✓ ✓ – ✓



structure of the NN



results



conclusion

QuantumControl +Machine Learning→ detection of noise correlations

→ exploit the sensitivity of STIRAP/CTAP to classify noise correlations

→ in a three-level system

✓ non-Markovian vsMarkovian→ 𝐴 ≈ 1
✓ correlations in non-Markovian→ 𝐴 ≈ 1
✗ unsensitive to correlations inMarkovian noise

→ two-qubits quantum sensor

✓ non-Markovian vsMarkovian→ 𝐴 ≈ 1
✓ correlations in both non-Markovian andMarkovian noise
with overall accuracy𝐴 ≈ 0.86

QuantumControl +Machine Learning→ detection of Plaquette phase

→ use of 𝛿-modulated non-conventional STIRAP/CTAPwith 8 driving conditions
✓ Detection of the phasewith error∝ 0.01rad.
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