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motivations

Quatum Control is a key tool for the development of quantum technologies:
for enabling and optimizing quantum operations, for mitigate decoherence, ...

Machine Learning methods are a powerful tool for analysing and classifying
data

Enable robust Quantum Sensing by combining Quantum Control protocols
with Machine Learning




1. noise classification in small quantum networks by machine learning

1.1 essentials on control protocol STIRAP/CTAP

1.2 noise models

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-level A system.

2.1 STIRAP/CTAP in A systems
— gauge invariant phase dependence
2.2 detection of the Plaquette phase with Machine Learning

3. conclusion



STIRAP/CTAP in three-level systems

— three-level system
Hy = 6,[1X1| + &]2X2|

— time-dependent control

Q,(1)
2

Q)

Hc(t) = 5

(J0X1] + [1X0[) +

(11X2] + [2X1])

Hamiltonian

0 Q,()/2 0
Ho+H(t) = | Qp(t)/2 Sp Qs(t)/z)
0 Q,(t)/2 )

{ [$(6)) = 10) — [Pt )arget = [2),  efficiency & = [((tp)[2)I* J




STImulated Raman Adiabatic Passage (STIRAP)!
Coherent Tunnelling by Adiabatic Passage (CTAP)?

— counter-intuitive pulse sequence
— adiabatic protocol (robust and efficient)
— for § ~ 0 — trapped state, no component on |1)

|$p(1)) = cos 6(t)[0) — sin 6(1)2), 6(¢) = tan—l(gj_gg)

— destructive interference
STIRAP/CTAP

Rabi frequency (arb. units)

time (arb. units)

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 (with ML)
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— pure dephasing classical noise x;(t)
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classification of noise

our goal is NOT efficient population transfer,
but classification of time and energy correlation in noise (with ML)

— pure dephasing classical noise x;(t)
Hnoise(t) = xl(t)|1><1| + xz(t)|2><2|-
= effective model of the leading decoherence effects in most AAs
= strategies like passive error avoidance, DD, QEC, depend critically on

understanding and characterizing the underlying noise

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

total Hamiltonian
0 Qp(t)/ 2 0

H=[Q,)/2 &,+x(t) Q)2
0 gzs(t)/2 xz(t)




noise models

[ goal is the classification of noise correlations with ML ]

Hnoise(t) = xl(t)|1><1| + x2(t)|2><2|'

|0)
— Non-Markovian quasistatic:

1. correlated noise: x,(t) = nx,(t), with n > 0,
2. anti-correlated noise: x,(t) = nx;(t), withn < 0,
3. uncorrelated noise: x,(t) and x,(t), are independent.

— Markovian:

4a. correlated noise: x,(t) = nx,(t), withn > 0,
4b. anti-correlated noise: x,(t) = nx;(t), withn < 0.

quasistatic — x(t) constant during single evolution



calculation of efficiency

— non-Markovian (quasistatic) noise — i%h,b(t)) = H(t)|1(¢)).

single trajectory efficiency () = §({xj}(")) = |((t)]2)],

er\f:l §(x§r),x2 ))p(x(r) (r))

T, p(1”x3”)

efficiency § = '/-é'(xl,xz)p(xl,xz)dxldxz =~

— Markovian noise — (t) = —[Hy + H.(t), p(t)] — g(Ozp(t) + o()0% = 20p(t)0),
with O = |1X1] + 712X2], (xy(D)x,(¢)) = 73t — ') and (x(£)) = 0.

efficiency & = Tr{|2)2|p(t)}.




summary and input generation
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summary and input generation
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summary and input generation

STIRAP/CTAP

Rabi frequency (arb. units)

|0)

time (arb. units)



summary and input generation

STIRAP/CTAP

Rabi frequency (arb. units)

|0)

time (arb. units)

2
,(0) = o™ (F) |

T 2
0. = Qe (F)



summary and input generation

STIRAP/CTAP

Rabi frequency (arb. units)

|0)

time (arb. units)

. efficiency under three pulse conditions:
p(t) = Q(max) _(tTT) 1. Q(max) Q(max)
2. Q(max) ngax)

t+7\2
0,(0) = 0@~ (F) .
3. Q(max) ngax)



data generation

efficiency under three pulse conditions:

—1\2
P(t) = Q(max) _(tT) 1. Q(max) Q(max)

>

Q1) = Q™e (&) 2. Qg™ > Q™
’ 3. Qg)max) < ngax)

supervised learning

— P




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



ML-based quantum sensor for temporal and spatial correlations

qubit 1 qubit 2

§’ Q(t) Q(t?%\

Q)

£ _(o-ic + O-éc)’
2

€
HO = _E(O-lz + GZZ) + Eo.{co.gc, Hc(t) =



ML-based quantum sensor for temporal and spatial correlations

qubit 1 qubit 2

_I ~ o2

Hy = —g(alz +03) + go{‘gg, H.(t) = Q)

(o + o%),
Hnoise(t) = —alT(t)O-IZ _ 527(0022



design of the sensor

eigenstates of

€ g
Hy = —=(cf + %) + 20705
0 201 2 27172 Eigenv. Eigenstate

) x —&, ‘ |0) = — cos (6,/2)|gg) + sin (6,/2)|ee)

NrEwEl

€ ‘ |1) = sin (6,/2)|gg) + cos (6,/2)|ee)
_f— |2>

18
_\V—|3>

e | 13) = S(ge) — leg)

G | 12)= 56 +leg))

tanf, = %



design of the sensor

eigenstates of

€
Hy = —E(af +03)+ ‘%a{‘aﬁ‘ Q)
H(t) = —=(of + 7})
1) V2
| = level |3) uncoupled
2 4 4¢2.
Ve . -
Q1) Q,(t)
_ _P el SIS
Q) = - cos(wpt) + 5 cos(w;t),

AND
g ~ ¢ (UltraStrong Coupling)




design of the sensor

eigenstates of

€ 8
Hy = —E(af +03)+ 20705 Q)

2 H(t) = —=2(0F + %)

V2

= level |3) uncoupled

1)

Qt) = Qg{(t) cos(wpt) + Q1) cos(w;t),

B

AND
g ~ ¢ (UltraStrong Coupling)

— noise introduces energy shifts of |0) and |1) and coupling between |2) and |3)
and between |0) and |1)




design of the sensor

eigenstates of
g simmetrically driven

€
Hy = —5(0f +03) + 50103
2 2 H.(1) = 2O

) 2

/—gz T 4e2 ) = level |3) uncoupled

—=(07 +03)

two-tone AC field + USC

Q) = o cos(wpt) + —o— 20 cos(wt),

B

AND
g ~ ¢ (UltraStrong Coupling)

— noise introduces energy shifts of |0) and |1) and coupling between |2) and |3)
and between |0) and |1) — beneficial for classification




data generation

efficiency under three pulse conditions:

—1\2
P(t) = Q(max) _(tT) 1. Q(max) Q(max)

>

Q1) = Q™e (&) 2. Qg™ > Q™
’ 3. Qg)max) < ngax)

supervised learning

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



plaquette phase

emergence of a plaquette phase

— in general, the couplings are comples
Q) = |Q|e'r

— local phase redefinitions remove two phases,
one phase persist

¢=¢0+¢s_¢p

|0)

— gauge-invarian quantity — observable

2) — dynamics of an electron hopping ina A
P network fo three electronic states in the
Qo presence of a magnetic field — tunnelling
amplitudes aquire complex phases

10)



non-conventional STIRAP in A systems

Hamiltonian — for¢ =0,7
. = §-modulated protocol
0 (/2 Qo()e'?/2 equivalent to STIRAP
H=[ Qy1)/2 Op Qy(1)/2 — for¢p #0,7
Qo(He /2 Q (t)/2 )

= complex detuning —
non-hermicity

= the dynamics of the dark state is

¢=¢o+¢s— ¢ no longer decoupled

Trapping condition: " mixing term o sin ¢ ‘
= breaking of coherent trapping
Qq . . = population leackage
8(t) = 0.0 (Qfe % — Q%el¢) = efficiency depends on phase ¢

p=-s



Use of multiple driving-detuning configurations

Transfer efficiencies are evaluated using 8 driving conditions

Three driving conditions Two detuning strategies
Qp = QP Qp > P O < Qe 5=0 6= 2 (a2-02)
Q,Q,

with 1/(QF*)2 + (Q*)2 = constant

Selected configurations

Driving condition ‘ 8(t) =0 Gp—s(t) Spss(t) Sps(t)
Qp#* = QP v v - -
Qpa* > QP v v v -
Qp#* < QP v v - 4



structure of the NN
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conclusion

exploit the sensitivity of STIRAP/CTAP to classify noise correlations

8

1

in a three-level system

v/ non-Markovian vs Markovian - A ~ 1
v/ correlations in non-Markovian - A ~ 1
X unsensitive to correlations in Markovian noise

— two-qubits quantum sensor

v/ non-Markovian vs Markovian - A ~ 1
v/ correlations in both non-Markovian and Markovian noise
with overall accuracy A =~ 0.86

— use of §-modulated non-conventional STIRAP/CTAP with 8 driving conditions

v Detection of the phase with error « 0.01rad.
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