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Experimental demonstration of non-local magic in a superconducting
quantum processor
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Magic is a non-classical resource whose efficient manipulation is fundamental to advancing efficient and scalable
fault-tolerant quantum computing. Quantum advantage is possible only if both magic and entanglement are present.
Of particular interest is non-local magic - the fraction of the resource that cannot be distilled (or erased) by local
unitary operations - which is a necessary feature for quantum complex behavior. We perform the first experimental
demonstration of non-local magic in a superconducting Quantum Processing Unit (QPU). Direct access to the QPU
device enables us to identify and characterize the dominant noise mechanisms intrinsic to the quantum hardware. We
observe excellent agreement between theory and experiment without the need for any free parameter in the noise
modeling of our system and shows the experimental capability of harnessing both local and non-local magic resources
separately, thereby offering a promising path towards more reliable pre-fault-tolerant quantum devices and to advance
hardware-aware research in quantum information in the near term. Finally, the methods and tools developed in this
work are conducive to the experimental realization of efficient purity estimation (featuring exponential speedup) and
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the decoding of Hawking radiation from a toy-model of a Black Hole.

An essential objective in quantum information science is
to identify the physical resources that lead to quantum
computational speedups over classical algorithms [11-15].
Entanglement is necessary for universal fault-tolerant
quantum computation, though not sufficient for quan-
tum advantage. A common paradigm for fault-tolerant
operations uses the stabilizer formalism [1, 16]. In this
framework, the additional resources needed for quantum
advantage are non-stabilizer states, namely those resources
that go beyond Clifford operations, also colloquially known
as magic [2, 3, 17]. A system that only uses stabilizer
operations may have access to extensive entanglement
(and no magic), while exclusively using local operations
allows for generation of extensive magic (but no entan-
glement). Notably, in both cases these systems can be
efficiently simulated on a classical computer. For this rea-
son, the onset of both quantum complex behavior and
quantum advantage resides in the interplay between the
two resources [6-8, 18-22].

So-called non-local magic [23] is a recent resource intro-
duced to capture the interplay between entanglement and
magic. It quantifies the fraction of non-stabilizer resources
that cannot be removed by local unitary operations and
operationally represents the amount of magic that cannot
be distilled using local operations. Even in the NISQ [24]
era, local and non-local magic are both believed to be

crucial for universal quantum computation [4]: in quan-
tum algorithms that rely on the preparation of complex
quantum states exhibiting non-local magic [25], or in
magic state distillation processes in fault-tolerant quan-
tum computing, where stabilizer codes are used to purify
non-stabilizer states and achieve fault-tolerant non-Clifford
operations [26, 27]. Notably, non-local magic can also be a
hindrance to some genuine quantum behavior. For instance,
if a state only contains non-local magic, then no Bell
inequality violations can occur [28]. Non-local magic plays
a role in the flourishing field of Anti-de Sitter/Conformal
Field Theory (AdS/CFT) correspondence, representing the
holographic counterpart of gravitational back-reaction [23].
This connection thus provides an additional intriguing link
between quantum advantage, error-correcting codes and
holography|[29].

In this paper, we give the first experimental demon-
stration and measurement of non-local magic on a super-
conducting QPU shown in Fig. 1. We utilize Stabilizer
(Rényi) Entropy (SRE) - the unique computable measure
of magic for pure states - which is experimentally measur-
able [30-32] via Randomized Measurement toolbox [33].
Our main result is that non-local magic is measurable in
real quantum devices. We measure it using two different
methods in three classes of states: i) those that have mostly
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local magic, ii) those with both local and non-local magic,
and iii) those only possessing non-local magic. The first
method involves measuring residual magic after an opti-
mal local erasure protocol given the preparation and noise,
and the second, more direct approach hinges on measur-
ing the Schmidt coefficients via reduced density matrix
(RDM) [34]. Across the three classes of states, the two
methods yield results consistent both with the theoretical
predictions and with each other.

In the NISQ era of quantum devices it becomes of
paramount importance to investigate the relationship
between experimentally measured magic on real devices
and noise sources, as well as the characteristic physical
parameters of the hardware itself. Our experimental inves-
tigation opens new avenues for studying the impact of
noise sources on quantum hardware. We find that the
greater source of error is given by readout errors, which are
responsible for injecting local magic. Moreover, noise and
decoherence will generally reduce state purity, hence one
needs to maintain the state at a very high purity. Here, we
show that non-local noise can be modeled as a depolarizing
Controlled-Z (CZ) channel and can be taken into account
in the quantum state preparation. This noise mainly affects
the optimal local magic erasure protocol, while being gen-
tle on the overall purity. In comparison, readout noise is
more impactful, but it can be tackled by error mitigation
techniques [35, 36].

Our approach to readout-noise mitigation reinforces
the idea that both local and non-local magic measure-
ment can be used to benchmark and calibrate quantum
devices beyond state-of-the-art protocols, e.g. Randomized
Benchmarking (RB), which extensively rely on Clifford
gates to benchmark gate fidelities [37-39]. We complement
recent proposals, which include the use of non-Clifford
gates to benchmark gate fidelity [40, 41], though lacking
information about the ability to generate and eventu-
ally manipulate magic for quantum advantage. Therefore,
our framework may help tackling current challenges in
hardware-aware quantum algorithms in the NISQ era,
advancing gate calibration and optimization, as well
as benchmarking computational resources for quantum
advantage in an accessible way.

Local and non-local stabilizer entropy

Stabilizer entropy characterizes the extent to which a quan-
tum state spreads over the Pauli operator basis, serving as
a measure of its departure from stabilizer states [30]. The
a SRE is defined as

Ma($) = 1 log, (jl > mww)?a), (1)
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where ¢ = |1)(¢| is the density matrix of the N-qubit
pure state |¢) of dimension d = 2V. The set Py represents
the N —qubit Pauli strings composed from the identity and
Pauli operators {1, X,Y, Z}. For pure states, SRE with
a > 2 constitutes a proper magic monotone in the context
of magic-state resource theory [30, 31]. For mixed states,
this quantity can be extended by subtracting the 2-Rényi

entropy, that is, —log,(P(1)) where P(1) = Tr(¢)?) is the
purity of .

The interplay between entanglement and magic is
non-trivial: for example, factorized states cannot have max-
imum amount of magic even though the most commonly
used magic-injecting gate, the T gate, is a single-qubit gate.
This means that entanglement is necessary to reach higher
values of magic, and the value of magic obtainable in a
state is influenced by its entanglement [18]. This simple
fact suggests that there is an inherently non-local part of
magic that arises by using both non-Clifford and entan-
gling gates together. By construction, such non-local magic
cannot be extracted, or erased from a state by means of
local unitaries.

Non-local magic is defined as follows [23]: given H =

Ha @ Hp, then MIE(|p)) = nin My(Ua @ Ug |¢)), or

in other words, the minimal amount of magic contained
in a bipartite state upon optimization in all local bases.
Conversely, local magic of a state is defined as the dif-
ference between the total magic and the non-local one
ME(J)) = My (b)) — MIE(J2b)) and corresponds to the
amount of magic that can be removed from a state with
local gates. Notice that non-local magic is not simply magic
in entangled states: there are entangled states that only
host local magic, as in any state of the form (U4 ®Upg)C |0)
where C'|0) is an entangled stabilizer state. Remarkably,
maximally entangled states only possess local magic.

Despite being the result of an optimization proce-
dure, non-local magic is analytically computable for pure
two-qubit states [5] and is tied to the Schmidt decomposi-
tion of the state. We denote the class of states achieving
MNE(|92)) = M(|1y)) as non-local magic states. More-
over, for two qubit states, non-local magic is a function
of the purity of the reduced density matrix (RDM) ¢4 :=
Trp |)X1)| (see Methods for details):

MNY(|9)) = —logy (4P(a)® — 6P(ba) +3) . (2)

This effectively amounts to measuring non-local magic
from the anti-flatness of the entanglement spectrum, as
proposed in [23]. Thus, by measuring RDM purity, we get
a direct measurement of a state’s non-local magic to test
the local optimal erasure protocol against. In this work
we focus on the experimental realization of a minimal
setting involving two qubits, and investigate representative
examples of Local Magic (LM), Local + Non-Local Magic
(M) and Non-Local Magic (NLM) states. In the following,
we measure non-local magic both from the local optimal
erasure protocol via local unitaries (obtained numerically
and then implemented on quantum hardware) and from
subsystem purity measurements. Taken together, these two
approaches provide a bona-fide experimental confirmation
of non-local magic.

Despite the nascent importance of non-local magic in
understanding quantum physics phenomena [5, 19, 23], its
role in quantum algorithms and broader quantum infor-
mation processing tasks is yet to be fully understood. As
a preliminary step in this direction, we prove a lemma,
found in Supplemental Information, which establishes that
the local magic is the maximum amount of magic that



can be distilled from a two-qubit state to a third ancil-
lary state without disrupting the entanglement of the two
initial qubits. Such a scenario can be relevant in realistic
quantum computing protocols, as the possibility of imple-
menting multi-qubit gates can be limited by the physical
connectivity of the quantum hardware.

The device

The superconducting Quantum Processing Unit (sQPU)
used in this work is a Contralto-D from Quantware (Fig. 1
(a)), composed of 21 flux-tunable transmons and 4 fixed-
frequency transmon qubits (in yellow). The fixed-frequency
qubits are specifically designed for coherence times bench-
marking, i.e. they lack drive lines to minimize radiative
interaction with the environment, are isolated and not
affected by flux noise. The sQPU is thermally and mechani-
cally anchored at the coldest stage of a BlueforsXLD1000SL
(the mixing chamber, MXC), and is enclosed by two mag-
netic shields. At room temperature, the system uses Qblox
electronics, which is comprised of two main parts: Clusters
(equipped with RF modules to implement drive, readout,
and two-qubit gates) and a low-noise SPI rack for setting
static DC flux. The full description of the setup is reported
in Supplemental Information.

The 21-qubits matrix has rectangular 2D connectivity,
where high-frequency bus resonators (in grey) are used to
couple neighboring qubits [42]. Qubits are designed to fall
in three frequency bandwidths: high-frequency qubits (in
red) have frequencies of the order of 6 GH z, intermediate
frequency qubits (in blue) have frequencies of the order of
5 GHz, low frequency qubits (in green) lie in a frequency
range of the order of 4 GH z. Each qubit is equipped with a
dedicated superconducting readout resonator, equally dis-
tributed over 4 readout feedlines in a notch-type geometry
(highlighted with different colors for clarity), hence guar-
anteeing multiplexed readout. Dedicated drive and flux
lines are used to implement X, Y, Z single-qubit and two-
qubit gates, respectively [43]. In fact, flux-lines are used to
implement the native two-qubit gate of the processor, the
Controlled-Z (CZ) gate, using magnetic Sudden-net-Zero
(SNZ) flux pulsed signals [44], combined with low 1/ f-noise
static flux fields through bias-tees at room-temperature.
Flux lines also allow for parking qubits at specific working
points by using a static magnetic flux.

In this work, we focus on qubits D3 and C4 (interme-
diate and low frequency qubits), operated at their flux
sweet spots (Fig. 1 (b)). Additionally, the neighboring
qubit A6 has been placed at its sweet spot (at least 1GHz
detuned from the interested qubits), whereas the remain-
ing qubits of the matrix are operated at their anti-sweet
spot (in black). This allows us to operate in a quasi-ideal
2-qubit register and avoid frequency crowding. Notably,
flux-tunable transmons in the processor are designed to be
symmetric [45].

QPU’s non-local magic measurements

To overcome the exponential cost of direct measurement of
SRE with qubit number, we use a more scalable protocol,
namely Randomized Clifford Measurements (RCM)[32].
Anticipating purity-impacting noise in our device, we use

the mixed-state extension of SRE. Thus, our experimental
approach consists of two main steps: i) preparation of an
N-qubit state v; ii) implementation of the RCM protocol
to evaluate purity P and stabilizer purity W of the pre-
pared state 1. These two independent quantities enable
estimation of SRE according to

My([9)) = —logy W + log, P — log, d, 3)

where P = d Y .(-2)" ISl E¢ [P(s1]C)P(s2|C)], and W =
— 3 (~2) I B [P(51]C) P(s2|C) P(ss]C) P(s4]C))
Here, s; denote computational basis strings, and || - || refers
to their corresponding Hamming weight. The expectation
value E¢ indicates averaging over different random choices
of single-qubit Clifford gates C. To ensure statistical
reliability, a sufficiently large number of samples must be
considered, as discussed in Ref. [32].

After a thorough characterization and benchmarking
of the qubits, including measurements of readout and gate
fidelities, coherence times, and crosstalk effects, we per-
formed measurements of the SRE for the quantum states
summarized in Fig. 1 (c-f). The corresponding experimen-
tal results are presented in Extended Data Table 1, which
reports the measured fidelities, coherence, and crosstalk
parameters. These data provide direct insight into how the
relevant sources of error affect the estimation of magic in
our device.

We begin by considering single-qubit states prepared
on both the D3 and C4 qubits. Specifically, we examine the
computational basis state |0) and the superposition states
|+) and |—), obtained by initializing the qubit in either
|0) or |1) and subsequently applying a Hadamard gate, as
illustrated in Fig. 1 (¢) and (d). In these experiments, we
expect vanishing magic. By contrast, when a T gate is
introduced, the experimentally measured magic increases
and approaches the theoretical value of log,(4/3) ~ 0.41.
Next, we measure magic for two-qubit quantum states
according to the circuit depicted in Fig. 1 (e). At this stage,
we choose not to implement any entangling gate between
the two qubits. Since magic is additive, experimental results
demonstrate that RCM can obtain experimental magic
values consistent with the sum of the values measured in
the isolated case, both with and without the injection of
non-Clifford gates. Additivity is consistent with the fairly
low impact of microwave and ZZ crosstalk [46, 47].

Finally, we measure magic for a Bell state, thus includ-
ing more complexity and hardware noise sources in the
experiment(see Fig. 1 (f)). From Extended Data Table
1 one notices: i) readout fidelities are lower in the case
of two-qubit states; ii) interleaved RB fidelities for the
native two-qubit gate CZ is considerably lower than single-
qubit gate RB fidelities, either measured in the isolated
(a) and coupled scheme (b), thus implicitly including any
microwave or ZZ-crosstalk. This explains the presence of
non-zero experimental magic in those cases where one does
not expect any.

We employ a classical post-processing error mitigation
scheme to counteract the effect of readout errors. This
scheme directly uses information from different benchmark-
ing tools to single out sources of crosstalk, thanks to direct
experimental control of the chip. In particular, our scheme
relies on the knowledge of the readout calibration matrix



(34) 3 e Tsolated qubit (b) e...... Pl

i H "--3‘.!’:’1e
Do B ! I A0 o T,
. L Low frequency Y Plucbased teeen,, | Tmemeesees
Semmmmnnnnnee ] : ! CZ-gates Tt °
i : -
DJ nE! § A3 3 A ] iu& Intermediate frequency Tive Tmes”  |DE! NG
] ! ! |'[S T
} L .
High frequency i MW-based e ,
om /o e\ mE om H Ry (0) gates : i Anti-sweetspot
J-mmms y Coupling resonator : Drive lind :
i ! H | rive linds, !
CRNC I [C— — : ¥ o7 | @8
i ZZ77T7T Feedlines H JPRAT ] i
......... !
CNC B . ?s
co | ; Bo Readout resonator feeettFhux WP
T\ A
o) Vi) ol . “ 2
—————————— ’ e —— e e e e~
’
h ‘II 1 1 1 ‘II i 1
gp3/qca _I! ! ; gp3/qca __! A
|0)rs/ L H THHC A () / HH TR C .
1 1 ! 1 1
(c) RS 7 ) (d) ~ooo-d---_ A .

PREPARATION RCM PREPARATION RCM
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overview of the superconducting quantum processor. In (b), focus on the investigated pair (D3—C4), coupled with a
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Fig. 2: Experimental approach and investigated circuits. (a) Experimental approach for magic measurement and error
mitigation. The studies of LM, M, and NLM quantum states involve: (1) preparing target states and performing standard
benchmarking protocols to extract CZ gate fidelity and readout calibration matrix A, (2) using A in classical post-
processing to obtain error-mitigated probabilities P(s;|C), and (3) adjusting theoretical predictions for stabilizer entropy
and purity given the observed CZ depolarizing error in case of the M state 5. (b—d) Investigated circuits. The first
two experiments comprise preparation and erasure protocols, while the third involves only non-local magic, confirmed
by RDM-purity-inferred data (see Fig. 3(b)). In all panels, the depolarizing CZ error £5°P- “ is accounted for at the
theoretical-prediction level.

(see Methods). This makes the error mitigation procedure “parameter free”, as it does not require any fitting parame-
ter across a vast set of experiments, as done in other works,
such as Ref. [32].



State Circuit  State Th. Purity Exp. Purity Th. Magic Exp. Magic NL-Magic (from RDM purity) ‘
. . 1 0.94 0.90 0:04 0.48 0.38 0:09 .
Local Magic (LM)  Fig. 2(b) ] 0.94 0.93 005 0.08 01 01 0.0888 0:0004
. 2 0.94 0.94 0:04 0.46 0.42 0:09 .
Non-Local (M) Fig. 2(c) A 0.94 1.00  0:05 0.27 0.3 01 019 0:07

Table 1: Comparison of purity and magic. Obtained values for states v; (before) and ¢ (after) local magic erasure
for i = {1,2}, as well as the value of non-local magic obtained from subsystem purity by tracing out qC4 qubit. The
theoretical predictions for purity and magic are calculated by considering the CZ depolarizing error and compared with
the experimental results after readout error mitigation. Details on the errors are reported in Methods.

In our hardware, CNOT is decomposed in terms of a
combination of single-qubit Hadamard gates and the CZ
gate. Motivated by the relatively larger CZ errors on the
measured purity and stabilizer entropy, we account for its
influence on the theoretical prediction side by modeling
the effects as a depolarizing channel (see Methods), with
a depolarization strength directly based on the IRB CZ
fidelity. Our approach allowing for a consistent comparison
between theoretical expectations and the experimental
outcomes, is summarized Fig. 2 (a).

Next, we focus on three specific quantum circuits
preparing LM, M and NLM states, shown in Fig. 2 (b-d).
Accounting for CZ depolarizing error at the theory level
and post-processing of readout error mitigation in concert
has been instrumental for the experimental detection of
non-local magic.

Local Magic (LM) state. We first consider a circuit
that only hosts local magic injected by a T gate, despite
the state being maximally entangled (see Fig. 2(b)). The
preparation circuit output reads v, = £4°P-C%[271/2(]00) +
€1 |11))]. Evaluation of stabilizer entropy for this state
yields M3 (1)1) ~ 0.48. One removes or erase local magic in
the state by applying another T' gate on the same qubit,
yielding My (¢)}) ~ 0.1. This constitutes a minimal example
where we are able to (almost) completely remove magic
with a local gate. We observe consistency between theoret-
ical expectations and experimental results for both purity
and stabilizer entropy within the statistical error associ-
ated with the RCM, together with the results obtained by
the measurement of RDM purity, as seen in Table 1.

Local+Non-Local Magic (M) state. We measure
the response of the quantum circuit in Fig. 2(c) for which
the output state has both local and non-local magic.
The output state of the preparation circuit reads ¥y =
£der-C2[273/2(c, (100) + €% [10) ) —ic— (|01) +€'F [11)))],
with ey = (24 (2 4+ v/2)2)2, and stabilizer entropy is
M5 (1)2) ~ 0.46. Since this state has both local and non-
local magic, one expects to be able to partially erase
magic using single-qubit gates. Numerical optimizations
yield the following local magic-erasing unitaries: Uy =
R.(a)Ry(B)R.(v) and Up = R.(§)Ry(n)R.(¢), with
the rotation angles a = 8 =y =90 =n =0 and ¢ =
67.61°. Experimental data strongly validates theoretical
predictions, as summarized in Tab. 1.

Non-Local Magic (NLM) states. We con-
sider a two-qubit state of the form 5(p,d) =
E9eP-Z[cos(0/2)[00) —isin(6/2)[11)], realized by the quan-
tum circuit in Fig. 2(d). This state only hosts non-local
magic, and including the depolarizing CZ noise channel

we obtain the following closed-form expression for the sta-
bilizer entropy Ma(13(p, 0)) = —log, [4((p — 1)* cos(46) +

5(p = 2)p((p — 2)p +2) + 7)] + logy(3(p — 2)p + 4) + 3,
A systematic investigation of the stabilizer entropy as a
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Fig. 3: NLM state experiment results (Fig. 2, panel (d)).
In (a), experimental raw data repeated over 7 runs for
the NML quantum state. The shadowed gray area high-
lights fluctuations between different experiments. In (b),
focus on experimental readout-error-mitigated data with
a smaller angle interval (dashed box in panel (a)) as well
as the values of non-local magic obtained by RDM purity
compared to the theoretical line of the stabilizer entropy
and RDM purity (inset) with CZ depolarizing errors taken
into account.

function of 6 is reported in Fig. 3. In panel (a), the raw
experimental data for stabilizer entropy is shown for mul-
tiple independent runs. We recognize that for § = 7 /2 the
resulting state is the Bell state |¥4) in Extended Data
Table 1. Theoretically, this state is expected to have van-
ishing stabilizer entropy, while for § = w/4, we anticipate
maximum non-local magic. However, we measure a strong
asymmetry between rotations below and above 7/4, with



considerable fluctuations, much larger than the statistical
error bars for the respective runs. This asymmetry cannot
be explained by readout and CZ depolarizing errors. For
0 > m/4, the nature of the error is yet to be addressed
thoroughly, but it is beyond the scope of our work. At this
stage, we consider the data for § < 7/4 and observe excel-
lent agreement between experimental data and theoretical
predictions, as shown in Fig. 3(b).

Discussions and Conclusions

Fig. 4: Quantum circuit for Local4+Non-local magic quan-
tum state with CNOT gate. Panel (a): circuit representa-
tion of the sweeping protocol for empirically estimating
the optimal magic erasure angles. The minimum amount
of theoretically obtainable magic using R, rotations is 0.29
with (v, ¢) = (67.5°,90°). Panel (b): results, with the star
marking the values of the angles for which the state has
minimal magic. The sweeping angles method reaches the
same minimum value as theoretically predicted, although
for different angles than anticipated.

Genuine quantum advantage only arises with coexis-
tence between non-stabilizerness and entanglement, with
non-local magic capturing such an interplay [25, 48], and
here we provided its first experimental measurement on a
QPU.

Currently there is no unique way to precisely bench-
mark the performance of QPUs across the various quantum
circuit designs and error-mitigation schemes, hence the
link between magic manipulation of NISQ devices and the
physical characteristics of hardware, as well as its noise
sources, is a pressing challenge. The quantum processor
used in this work, core of the first Italian Superconduct-
ing Quantum Computing Center (Partenope), fits all the
criteria of the challenge, allowing a custom-tailored error
mitigation approach directly based on the experimental
performances of the device. This was key for the experi-
mental demonstration of local magic erasure from a given
state and non-local magic experimental observation using
subsystem purity.

Our hardware-informed noise modeling correctly iden-
tifies measurement readout and CZ depolarizing noise

as main noise sources of the QPU. Readout errors are
especially relevant for injecting local magic, whereas depo-
larizing noise keeps the non-local structure of magic intact.
Despite these two channels not being the only noise sources
in our devices, as magic measurements on the NLM exper-
iment for § > 45° shows, we demonstrate that addressing
the most impacting noise sources suffices to correctly char-
acterize non-local features of magic. However, quantum
devices are complex systems, and more sophisticated noise-
mitigation techniques may become necessary to account
for State Preparation and Measurement (SPAM) errors,
that arise when increasing the number of gates in circuit
preparation. Nonetheless, the ability to erase local magic
does not depend on the full knowledge of the noise channels
affecting the chip.

We present a proof-of-concept protocol showing it is
possible to empirically identify optimal unitaries that erase
local magic in situ, shown in Fig. 4. The protocol is partly
informed by theory which identifies a restricted set where
the optimal erasing unitaries lie. Then, by sweeping the
rotation angles in the relevant interval we empirically iso-
late actual gates that erases local magic, the results of
which are in Fig. 4 (b). The minimum local magic value
closely matches the theoretical expectation for the investi-
gated state, although the experimental angles are different
than the predicted ones. This implies other noise sources
affect the hardware beyond the theoretical model, and high-
lights the promise of heuristically determining the local
magic-erasing unitaries.

In conclusion, the study of local and non-local magic
resources cannot neglect the noisy nature of the hardware.
Our work opens a rich playground to benchmark and cal-
ibrate quantum devices of different architectures beyond
traditional gate fidelity protocols, and we envision these
benchmarks can be extended to other quantum platforms
as well. We also foresee the experimental accessibility of
quantum systems where non-local magic plays a role: from
violations of Bell’s inequalities in NLM states [28], to the
toy-modeling of black holes in a laboratory. The harness-
ing of non-local magic is preliminary to the experimental
capability of moving magic around the system and cleans-
ing subsystems from their local magic. With the ability
to confidently manipulate a larger number of qubits, we
anticipate the application of novel algorithms that demon-
strate the capacity to decode the Hawking radiation from
a black hole without previous knowledge of the initial
state [10, 49, 50]. The kernel of these quantum algorithms
has already inspired applications in more generic scenarios
of quantum information processing, promising exponen-
tial advantage over state-of-the-art metrology protocols
such as purity estimation [9]. We propose that with proper
knowledge of magic manipulation abilities of one’s quan-
tum device, such algorithms can be implemented on real
quantum hardware.



Methods

Non-local magic as a function of RDM purity

In this section, we derive the expression of non-local magic
as a function of RDM purity, valid in the case of two-qubit
states. Any pure two qubit state |¢)) can be written in the
following way: [1) = VA [f') [WF) + VT = X |vg') [F),
where {A,1 — A} are called Schmidt coefficients and
{|wi), |¥)} is the Schmidt basis of Hx, with X €
{A, B}. Given this expression, the non-local magic of |1)
is equal to

MY ([g)) = —logy (4(A = DA = 2X0)* +1),  (4)

with states achieving MNY(|1y)) = M (|y)) being of the
form 1)) = v/A|00) + /1 — X|11), and [00),|11) being
states of the computational basis, i.e. the eigenstates of
the Z-Pauli matrix. Note that Eq. (4) reduces to the
one derived in [5] when one parametrizes the Schmidt
coefficients as {cos(6/2),sin(6/2)}, i.e.

MNE(0) = log, (8(7 + cos (40))71). (5)

Since non-local magic depends exclusively on the Schmidt
spectrum, in the unique case of two-qubit states one is
able to measure the Schmidt coefficients by measuring a
single quantity, e.g. subsystem purity. Starting from a pure
state [¢) in the Schmidt form, the purity of the RDM
a = Trp )| is given by P(va) = A% + (1 — N)2.
Inverting this relationship and substituting it in Eq. (4), we
get an explicit function of non-local magic on RDM purity:

MNY(|9)) = —logy (4P(a)* — 6P(ha) +3) . (6)

This method of deriving M~ remains valid also in the
presence of noise, although the expression will be different
than the one shown in Eq. (6). More specifically, the rela-
tionship between P(14) and A will change according to
the action of the specific noise channel, and will depend
on the noise parameters Ppoise as well. Nevertheless, again
inverting such relation and obtaining A(P(t)4), Proise) and
plugging it in Eq. (4) one obtains an expression of ML as a
function of P(14) (and Ppoise, that need to be determined
experimentally).

Randomized Clifford Measurements
experimental parameters and errors

The RCM protocol exploits the use of a randomized set of
Clifford unitaries to estimate, by sample average, the purity
and the stabilizer purity. The cardinality of the possible
N-qubit Clifford unitaries (modulo global phase U(1)) [51]
that are randomly picked from the Clifford group reads as

N
[Cnl=[On/U) =2V N[ (45 -1). (D)
k=1

Since the number of possible Clifford combinations for a
single-qubit is not particularly demanding, being |C;| = 24,
in this work, we have used all the possible unitaries to exper-
imentally assess the fundamental quantities cited above

for single-qubit states. For two-qubits, instead, the num-
ber of possible products of single-qubit Clifford unitaries
dramatically increases (|C; ® C1] = 576) and in general
the cardinality grows as 24"~ . To reduce the experimental
effort in calculating two-qubit states and purities, we have
randomly picked N;anq = 400 Clifford gates from the Co
gate set, where Nyanq is the number of randomizations.

For each choice of single-qubit Clifford C, we measure
the readout probability vector P(s|C). The vector com-
ponents of P(s|C) are obtained as the number of events
ns for which the measured output corresponds to the
computational basis states represented by the bitstring
s normalized to the total number of shots measurements
Nihot, Ps = Ns/Nshos- The state assignment process uses
the discrimination threshold obtained by an initialization
experiment, unique for each quantum state preparation.

Since E¢ represents the sample mean of P(s;|C) over
the number of Clifford gates N¢,

.’Z':IEc[m]ENiCZIEh (8)

where x either represents purity P and stabilizer purity
W, the statistical sample variance is calculated in terms

of the square deviations from the mean d? = (z; — z)? as

1
No—1

(z;—1). (9)

()%

5% = Var (z) = E¢ [(sc - :73)2}

—

1=

It follows that the statistical sample standard deviation
is the square root s = Std(z) = V/s2, which represents,
as usual, the spread of the experimental measurements.
However, when taking a limited sample from a probability
distribution, an inherent error is induced by the finite sam-
pling. Therefore, we introduce the sampling error, defined
in terms of the statistical sample standard deviation s as

(10)

Finally, given the non-linear (logarithm) function behav-
ior of our random variables P (purity) and W (stabilizer
purity), we are required to perform error propagation to
get the average and statistical sampling error of Stabilizer
Rényi entropy and 2-Rényi entropy. Using standard meth-
ods of error propagation, the estimator of the variance of
a function f of two random variables x and y is given by

Varlf(,9)] ~ (gf) V)

2
of of of
* <ay>gg,y Var(y) +2 (637 6y)zSOV(z,y)7
which for the SRE M, yields
Var(W) Var(P) Cov(W,P)
M) ~ — — — .
Varl) ~ 522 Y B2z TP Wpmaye - 1P



However, in Ref. [18], it is shown that the covariance
between P and W is exactly zero, so we can neglect that
term in the expression, finally yielding

1 [Var(W)
AM; = — 4
2 1n2\/NCW2 *

Var(P)

NP (13)

RDM purity from global measurement data

In case of the direct method for measuring non-local
magic, we measure the subsystem purity P(14) with
Ya = Trp(|)Xv]) to extract the value of the Schmidt
coefficient. Analogously to the global system purity, par-
tial purity can be measured via Randomized Clifford
Measurements using the following formula [34]:

P(a) = Ec 2y " (=2)7IFallP (s4|C) P (s4]C), (14)

sA,s%

where the authors used generic randomized unitaries to
compute this quantity. However, the same result holds if
one restricts the unitary gate set to be taken from the Clif-
ford group, as it is a unitary 3-design [52]. The prefactors
in terms of Hamming weight of strings ||s]| are defined as
|I8]|2 = -7, 8% & sb where ||s] where the @& symbol repre-
sents the modulo 2 sum or XOR between the bit strings.
Note that in the RCM protocol the expression for eval-
uating the stabilizer purity involves the prefactor ||§]|4,
involving XOR operations between 4 bit strings.

One recovers the subsystem probability outcomes as
the marginal probability distributions of the global mea-
surement outcomes, thereby using the same data taken to
measure the purity and magic of the global state, as seen
in the following calculation:

Py(s) = P(sa,sp) = Tr[¢[sasp)(saspl]
= Tra{Trg[(1a ® |sp)sB|)¥] [safsal}
=Traltalsa)sall Tre[¢5 [sp)sBl]
=Py, (s4)Py,(sB).

(15)

Therefore, summing over all possible outcomes of one
of the two qubits we reconstruct the partial probability
distribution on the other qubit as

Py,(sa) =Y P(sasp). (16)

Initialization experiment

The initialization experiment involves the preparation of
an N-qubit computational state |i). We then acquire simul-
taneously a readout voltage across each qubit readout
resonator in the I, @Q plane, and identify the state discrim-
ination threshold as discussed in Ref.[53] by using the
conditional probability method therein introduced. This
also allows us to obtain the readout probability matrix,
i.e. the probability to measure the state |j) over the com-
putational basis states as the ratio between the number
of counts in the different basis states n?}it and the total
number of shots Ngyot, p,ii‘;it = nii?it /Nshot- The readout
probability matrix is finally used to calculate the read-
out fidelity per quantum circuit. In this work, we have

used Nghot = 5000 for determining the outcome probability
distributions P(s;|C) for each given Clifford pair C.

Noise analysis

In this section, we explain the main sources of noise by
which the chip is affected, and the techniques we used to
mitigate and obtain an appropriate theoretical error model
for the experimental data. We created a model without
making use of free parameters, and only using independent
benchmarking data of the quantum processor. As men-
tioned in the main text, we focused on two main sources,
namely readout error in computational basis measurements,
and depolarizing error on the CNOT (or rather, the CZ)
gate, each of which we will tackle in a separate subsection.

Readout noise

Readout error means the expected outcomes of mea-
surements do not necessarily correspond to the actual
preparation. For example, if we prepare a two qubit state
in |00) and we find it in |10) upon measurement, it means
a readout error has occurred. The readout errors we
encounter are of classical type, and come in different vari-
eties: 1) uncorrelated (no cross-talk); ii) correlated, which
signals crosstalk, i.e., unwanted correlation between qubits
existing on the quantum chip.

Formally, a quantum measurement is modeled through
the use of Positive-Operator Valued Measurements
(POVM), which are positive-semi-definite operators II,,
one for each possible measurement outcome, that satisfy
>, II; = 1. The probability of getting an outcome x on a
certain state preparation p is then given by the Born rule,
namely p, = Tr[I,p|. In the case of two qubits and a mea-
surement in the computational basis, we have four POV Ms,
namely Mideal = (H007H017H10,H11)T, with Hij = ‘Z]><’LJ|

However, in the presence of readout noise, the mea-
surement actually performed is a noisy POVMs, denoted
Moy | related to the ideal one through a left-stochastic
matrix A, in the following way:

Mnoisy —A- Midcal , (17)

where A is usually referred to as calibration or noise matriz.
Practically, the presence of readout noise induces a trans-
formation on the would-be ideal outcome probabilities by
the same matrix A, namely p®® = A - p'd®@ due to the
linearity of the Born rule.

The calibration matrix is experimentally obtained by
preparing states in the computational basis and measuring
them in the same basis. The entries of A are then given
by A;; = p(i|j), namely the probability of measuring the
outcome j given that the preparation is in the state |i).
In the ideal case, the calibration matrix should coincide
with the identity matrix, i.e. one should not get outcomes
different from the preparation. However, in the presence
of readout noise this is not the case.

Given the calibration matrix, one would be tempted to
just invert it to obtain the ideal probabilities in the post-
processing of the data, and to some extent, this can work
well when the objective of the experiment is the expectation
value of an observable [54]. However, this is considered bad
practice when the actual focus of the analysis is the vector



of outcomes probabilities, such as our case. The reason
is that the inverse of a stochastic matrix is not positive
in general; this means that applying this inverse matrix
to the probability data may yield negative, non-physical
probability vectors. To avoid this, we employ another post-
processing, least-squares measuring filter method. This
consists in computing the probabilities that minimize the
distance between the measured ones given the noise matrix.
The vectors obtained by this minimization are then used
for the subsequent analysis. More explicitly, we compute

mit

p™ = argmin ||A~p—peXp||§. (18)

p>0, p;=1

This method is straightforward, but difficult to scale to
more than a few qubits, since in the case of correlated noise
we need to store the entire 2V x 2V calibration matrix
in memory and perform a minimization procedure over a
(2N —1)-dimensional space of probabilities. However, since
the number of qubits involved in our experiments is either
one or two, this method is easily implementable and quick.
In case of larger qubit number, other methods may be
implemented [54-60].

Depolarizing noise

On the prediction side, we account for the presence of
depolarizing noise on the CNOT gate (or rather, the CZ
since it is the native gate of our processor, which explains
the lower gate fidelity compared to the single qubit ones.
The action of the depolarizing noise channel on a state p
is described as follows[61]:

8dep(p) ‘= DPdep P + (1 - pdep) % 5 (19)
which means that with a probability 1 — pgep the initial
state is mapped to the completely mixed state, whereas
with probability pgep, the state remains unchanged. We
used the respective parameters of depolarizing noise, which
correspond exactly to the survival probability p; of the
Interleaved Randomized Benchmarking [38] seen in Eq. S4
in Supplemental Information for each experiment.

Supplementary information.
by supplemental information.
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Circuit | Qubit | Fro(%) Fre(%) TEoho( ) T5( s) Ti( 9) state | M2 (=0) | Mg (60)
X i J oi 0:1 0:3
Fig. 1(c) D3 9% 1 99:75 0:01 34 2 24 1 30 1 00 03 043 012
& 97 1 99:910 0:002 38 1 34 4 30:0 04 j i 0:0 0:3 0:42 0:12
C4 94 1 99:925 0:002 42 1 21 1 36 2 0:0 0:3 0:39 0:14
Fi l(d) D3 97 1 99:910 0:002 38 1 34 4 30:0 04 i 0:0 0:3 0:43 0:12
& C4 94 1 99:925 0:002 42 1 21 1 36 2 )2 0:0 03 0:40 0:13
Fro (%) Fre (%) FRL(%) | CMW (%) | CZZ(kHz)
Fig. 1(e) D3 92 1 99:75 0:01 0:12 j sl 0:1 0:1 0:85  0:05
C 98 2 100
Fig. l(f) 92 1 99:905 0:003 1:57 J 4l 0:2 0:1

Extended Data Table 1: Experimental magic measured for the quantum states in Fig. 1. Systematic investigation of
experimental magic for single and two-qubit quantum states, for qubits D3 and C4, as a function of: the readout fidelity
Fro, the average single-qubit gates fidelity from Randomized Benchmarking Frp, relaxation, Ramsey and Echo coherence
times (Ty, Ty and TEh°, respectively). For two-qubit circuits, we report an estimation of the drive and ZZ crosstalk, CMV
and C%? respectively, on the investigated pair. The final columns refers measured magic for the states after introduction

of T gates and in the circuits are denoted as |1). Discussion on error estimation is in Methods.
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Supplemental Information for “Experimental demonstration of
non-local magic in a superconducting quantum processor”

S1 Experimental setup

The fridge employed in this work is a dry dilution refrigerator BlueforsXLS1000SL, with minimal base temperature of
7mK. It is equipped with microwave coaxial cables, which allow operation within the microwave frequency range (DC-
18G'H z, nominally). The cryostat features four types of cryogenic lines: input and output lines for the readout, drive lines
for qubit control, and flux lines for frequency tuning with either static or pulsed external magnetic flux. Feedline and
drive lines feature a nominal attenuation of —60dB, which adds to —10dB attenuation of the line itself (stainless steel)
and infrared low-pass filters with a cutoff of about 10GH z. The flux lines are equipped with —20dB nominal attenuation,
anchored at 4K to prevent Joule heating, and two infrared low-pass filters in series of 10GH z and 1GH z. Flux lines are in
stainless steel from room temperature to the 4K plate, and in niobium titanium below 4K . This allows for reducing heat
dissipation when delivering static currents up to 40mA, used to generate magnetic flux on chip. The output lines, also
made of niobium titanium below 4K and in copper-nickel at highest temperatures, are not attenuated, and include a
10GH z low-pass filter and a Low-Noise Factory LNF-ISC double junction isolator at the mixing chamber (MXC), so that
signals from room-temperature towards the sample are attenuated nominally by a total of 40 dB. Since the output signals
of the qubits are single-photon signals, amplifiers are required. In our system, there are two amplification stages. There is
a High Electron Mobility Transistor (HEMT) with nominal amplification of 40dB on the 4K plate, and three amplifiers
at room temperature with a nominal 16dB amplification each. The cryogenic setup is shown in Figure S1. Finally, to

Input Drive Flux Output
QRM-RF QCM-RF SPI QCM QRM-RF
| | I Attenuator -20dB

D LP Filter
/\ HEMT

[Bias Tee] @@ Dual juction isolator

g 1 GHz Filter

10 GHz Filter

Sample —(:()—@X))—

Fig. S1: Cryogenic setup scheme, including the attenuation scheme for the input, drive and flux lines. On the output line,
there are a dual juction isolator and an HEMT amplifier. Each line has a low-pass filter.

provide combined static and pulsed magnetic flux through the flux lines, we employ bias-tees at room temperature, where
the DC signal is generated by Qblox S4g modules (installed in a Qblox SPI-rack) and the RF signal is generated by a
Qubit Control Module (QCM). This generates output signals up to 400 M Hz, and are installed in a Qblox Cluster, a
room-temperature microwave modular electronics fully interfaceable with Python packages, thanks to the open-source
package Quantify [62]. The modules used for the measurements of this work are:
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* Qubit Readout Module RF (QRM-RF), which allows generation of output multi-tone signals for multiplexed readout
up to 18.5 GHz, and to demodulate the readout signals over a 400 M H z bandwidth;

* Qubit Control Module RF (QCM-RF), which allows output signals up to 18.5 GH z;

* Qubit Control Module (QCM), which generates pulses in the baseband regime up to 400 M H z.

)

7

[ ]
—
-
[ ]

)

Sl

—
—
[ ]

)

Fig. S2: Simultaneous Randomized Benchmarking for single-qubit gate fidelity on qubit qD3 and qC4 for the three
proposed experiment: the RB in (a) for the LM state experiment, in (b) for the M state, and in (c) for the NLM state.
Blue scatter data corresponds to the population of the |0) state as a function of the number of Clifford gates in the
randomized benchmarking sequence, averaged over 50 random seeds. The solid line represents the fit function (Eq.(S1))
used for the estimation of the single-qubit randomized benchmarking average gate fidelity.
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Fig. S3: Interleaved Randomized Benchmarking for the CZ gate on qubit qD3 and qC4 for the three proposed experiment:
the CZ-IRB in (a) for the LM state experiment, in (b) for the M state, and in (c¢) for the NLM state. The scatter
data correspond to the population of the |00) state as a function of the number of Clifford gates in the randomized
benchmarking sequence, averaged over 50 random seeds. The solid line represents the fit function (Eq.(S1)) used for the
estimation of survival probabilities. Specifically, the blue line refers to the standard simultaneous RB, while the orange
one refers to the IRB, from which it is possible to estimate pg and pp, respectively. From the two survival probabilities,
the fidelity of the CZ can be obtain according to Eq.(S4).

S2 Benchmarking protocols and experiments

S2.1 Single and two-qubit gates optimization protocols

Before the experimental measurements of magic on the investigated D3-C4 pair, we have performed: i) single- and two-
qubits gate calibrations [63, 64], ii) simultaneous readout calibration. In detail, the experimental single-qubit gate set
includes rotations R, (), where the rotation angle 6 is controlled by changing the amplitude of drive DRAG (Derivative
Reduction Adiabatic Gate) pulses [43, 65, 66] with a fixed duration of 60 ns. After a rough estimation of the amplitude
required to perform a transition from the ground to the excited state of the qubits (7-pulse) with Rabi oscillations
experiments [43], we have optimized the pulses frequency by using Ramsey oscillations experiments [43], the shape through
Motzoi protocol [67] and we performed a fine tuning of the m-pulse amplitude through the flipping protocol. This sequence
of optimization steps is finally tested through simultaneous All-XY experiments, able to recover error syndromes in X-Y
gates (e.g., detuning, amplitude and DRAG errors), and eventually allowing us to correct for specific errors when they
occur [64].
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As for the two-qubit gates calibration, we have focused on CZ gates implemented through flux-pulses able to set on
resonance the high-frequency qubit (D3) with the low-frequency qubit (C4). We used the cryoscope technique to correct for
flux pulses distortions [68], and CZ-Chevron experiments employing unipolar flux pulses to get a rough estimation of the
amplitude and the duration of the CZ flux pulses [43, 44]. Then, we have used Sudden-Net Zero (SNZ) flux pulses, whose
parameters have been optimized through conditional oscillations experiments [69] (Sec. S2). By measuring landscapes of
the conditional two-qubit phase and the leakage as a function of the amplitude and the shape of the SNZ pulses, as well
as the flux sweet spot of the qubits, we aimed at the minimum leakage and a conditional phase as close as possible to the
nominal 180° conditional two-qubit phase [44]. Finally, we have also corrected for the single-qubit phases to enhance the
fidelity of the CZ gates [44].

The readout calibration procedure, instead, involved Single-Shot Readout (SSRO) experiments [70] as a function
of the power and the frequency of the readout tone, as well as the duration of the readout signal and the integration
time. Single-shot readout is performed suddenly before any quantum circuit implemented, and is used to identify the
discrimination threshold for the computational basis state and the calculation of the count vectors and the readout
state probability [53]. Finally, besides standard coherence times benchmarking, e.g. relaxation, Ramsey and Hahn-Echo
coherence times (T3, Ty and T3) [43], simultaneous single-qubit Randomized Benchmarking (RB) [71] and CZ Interleaved
two-qubits RB (IRB) [38, 72] were used to estimate the average Clifford gate fidelities for the two qubits and the average
CZ gate fidelity (App. S2), while SSRO experiments have been used to estimate the readout fidelity [53].

In the context of RCM, C' = ®ZA;1 C; represents the tensor product of N single-qubit Clifford unitaries C;, each
randomly sampled from the ensemble of unitaries, which includes X, Y, Z, H, and S gates, plus the trivial identity gate
I, and all 24 of their possible combinations. While X, Y and Z gates are directly related to microwave/flux pulses[43], H
and S gates are decomposed in terms of R, Ry, and R, gates. For example, H is decomposed in terms of R, (7/2)R,(r)
rotations, while S is implemented as a R.(w/2) pulse, where R, (0)=R,, (0, %), R.(0) = e~"3Z_ The T is implemented as
R.(m/4). CNOT is implemented as CNOT 4,0 = (I ® H) - CZ1,2 - (I ® H).

S2.2 Fidelity estimation

Randomized Benchmarking (RB) is a class of methods used to evaluate the fidelity of applied gates and is based on
the implementation of sequences of random gate operations [73-75]. The advantages of RB protocols are their efficient
scalability with the number of qubits n and the fact that they account for State Preparation and Measurement (SPAM)
errors. In our protocol, the RB has been implemented over the Clifford gate set. Clifford based RB has several variants.
Specifically, we focused on the Standard RB and the Interleaved RB (IRB).

S2.2.1 Single qubit Randomized Benchmaking

Standard Clifford RB is performed by initializing the qubit in the |0) state, followed by the application of a sequence
of N random Clifford gates, and then the inverse of all applied gates. Ideally, this sequence acts as the identity gate.
However, due to gate errors, the final state will differ from the ideal one. Finally, we can thus extract the fidelity of the
gates by comparing how close the final state is to the initial one. The survival probability p can be obtained by fitting the
population of the |0) state as a function of the number of Clifford, using the exponential decay [76]:

Foy(Na) = A-pNe' + B, (S1)

where N is the number of Clifford gates in the sequence. Given d = 2™ as the dimensionality of the system for n qubits,
the average gate fidelity can be estimated from the survival probability as:

1

Favg.gate = (Fcl) 1.875, (82)

where g1
Rt (). -

This protocol was performed simultaneously on both qubits, gD3 and qC4. The single-qubit gate for each qubit was
chosen randomly and independently from the single-qubit Clifford group, i.e., the protocol required applying the product
of the single-qubit Clifford unitaries to the two-qubit register. An example of the protocol applied simultaneously on
qubits D3 and C4 is shown in Fig. S2.

S2.2.2 CZ - Interleaved Randomized Benchmarking

The Interleaved Randomized Benchmarking (IRB) is a scalable experimental protocol for estimating the average error
of individual quantum computational gates. The protocol involves interleaving random Clifford gates with the gate of
interest, i.e., the CZ gate in our case [38]. This protocol is composed of three steps [38]:

¢ perform standard randomized benchmarking (RB) by choosing K sequences of random gates, where the first m

gates in each sequence are selected randomly from the Clifford group, and the (m + 1)-th gate is the inverse of the
composition of the first m gates. By fitting the exponential decay, we can obtain the survival probability po (Eq.(S1));
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* choose K sequences of Clifford elements where the first Clifford, in each sequence, is chosen randomly for the Clifford
group, while the second is always the CZ gate, and alternate between random Clifford and the CZ gate up to m-th
random gate. The (m + 1)-th gate is the inverse of the composition of the first m gates and the m CZ gates. As well
as for the standard RB, we can use the exponential decay fit to estimate the survival probability pi;

* estimate the fidelity for the CZ gate as follow:

Fozime =1— (% : (1 - %)) (S4)

An example of the CZ-IRB performed on D3 and C4 is shown in Fig. S3. Moreover, we performed statistical measurements
of the interleaved CZ gate fidelity, obtaining an average fidelity of (98 + 2)%. The results are shown in Fig. S4.

Fig. S4: Statistical measurements of the interleaved CZ gate fidelity.

S2.3 Crosstalk measurements

Crosstalk phenomena refer to interactions between qubits that can introduce noise into the system, leading to errors in
algorithm implementation. Therefore, as a preliminary step, it is necessary to study the crosstalk affecting the device.
There are various types of crosstalk, but in this work, we specifically focus on microwave crosstalk and ZZ crosstalk.

S2.3.1 Microwave crosstalk

To determine the microwave crosstalk strength from one qubit to another, we send a microwave pulse to the driveline
of one qubit and measure its effect on the other qubit, referred to as the ’driven’ and 'measured’ qubit, respectively.
Specifically, we perform a Rabi experiment on the driven qubit by sending a m-pulse at the frequency of the measured
qubit and carry out a dispersive measurement on the latter. By using a sinusoidal fit, we can extract the 7w-pulse amplitude
obtained from the experiment, which allows us to estimate the strength of the microwave crosstalk coefficient. Specifically,
it can be estimated as: " .
B b B b

Cins Aisj i (85)
where A;_,; and ¢;_,; are the amplitude and duration of the m-pulse sent on qubit ¢ and measured on qubit j, respectively.
The microwave crosstalk matrix for the couple D3-C4 is shown in Fig. S5.

S2.3.2 ZZ crosstalk

By performing two-qubit gates, we introduce a controlled interaction between the two qubits. However, there may also be
a small undesired coupling between them, which persists even when the controlled interaction is turned off. The effect
of this interaction, known as residual ZZ coupling [68], is that the frequency of the |0) — |1) transition of one qubit
shifts depending on the state of the other. In order to estimate the streght of this interaction, we can use a Ramsey-type
experiment. Specifically, we perform a Ramsey sequence on the target qubit with an echo pulse at the midway point. In
the meanwhile, the spectator the spectator is prepared in the ground state for half of the sequence, and in the excited
state for the second half. The pulse scheme of the experiment is shown in Fig. S6.
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Fig. S5: Measurement of the MW crosstalk between qD3 and qC4. In (a) and (b), the results of the Rabi protocol
performed using qD3 as the driven qubit and qC4 as the measured one, and vice versa, respectively. In (c), the MW
crosstalk matrix for qD3 and qC4. The x- and y-axis indicates the measured qubit and the driven one. The colorbar
represents the percentage of MW crosstalk.

0)
Target qubit

R, (90°) 1 Idle(t/2) H R, (180°) - Idle(t/2) H R, (90°) |+ &

10y —] R, (180°) H Idle(t/2) H R, (180°) | 1dle(t/2)

Spec qubit ~---
Measure

Fig. S6: Pulse sequence for ZZ residual coupling estimation. First, a R,(7/2) and R,(m) gates are applied on the target
and the spectator qubit, respectively. The qubits are allowed to evolve freely for a variable delay ¢/2, after which a R, ()
and R, () rotation are applied on the target and spectator qubit, respectively. After waiting again for a variable delay
t/2, a R,(m/2) pulse is applied on the target qubit. Finally, the circuit’s output is measured.
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(a) (b)

Fig. S7: Measurement of the ZZ residual coupling between qD3 and qC4. In (a) and (b) the population of the |1) state
using qD3 and qC4 as target, respectively. The solid lines represent the fit function used to estimate the ZZ residual
coupling. In (c), the ZZ crosstalk matrix for qD3 and qC4. The x- and y-axis indicates the spectator and the target qubit,
respectively. The colorbar represents the shift in frequency due to the ZZ interaction.

()

Fig. S8: Supplemental Figure — Initialization/assignment probability matrices. Initialization matrix for the three proposed
experiments: in (a) for the LM state experiment, in (b) for the M state, and in (c) for the NLM state. The x- and y-axis
indicate the measured and prepared state, respectively.
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Fig. S9: Supplemental Figure - Experimental randomized protocol for magic measurements. In (a), a schematic represen-
tation of the randomized measurement protocol. In (b), the steps involved in the initialization experiment are performed
before any quantum circuit. The initialization procedure is used on one hand to calculate the readout fidelity, but most
importantly the computational basis states discrimination threshold (black dashed line in the top right inset). This allows
to determine the output of any randomized Clifford circuit performed after the preparation of a quantum state.
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Conditional oscillation gD3-qC4

Conditional oscillation gD3-qC4
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Fig. S10: The measured |1) population as a function of the phase on qD3 on the left and on qC4 on the right for the three
proposed experiment: in (a) for the LM state experiment, in (b) for the M state, and in (c) for the NLM state. The blue
scatter data represent the measured values for the Off variant, while the orange ones the measured values for the On variant.
The solid lines represent the fit fuction used to estimate the two-qubit phase 62 on the left and the leakage L on the right.
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Due to the residual ZZ interaction, the target qubit will acquire a phase. By varying the delay in the experiment,
we observe an oscillation in the target qubit population, from which it is possible to estimate the residual ZZ coupling
frequency. The ZZ-crosstalk matrix for the couple D3-C4 is shown in Fig. S7.

S2.4 Conditional oscillation

To tune up the CZ gate, it is possible to perform the conditional oscillation experiment. It can be used to measure the
conditional phase 05 acquired during an uncalibrated CZ gate, and to estimate the leakage L, defined as the average
probability that a random computational state leaks out of the computational subspace [77]. In the conditional oscillation
experiment, two variants of the same experiment are performed [69]. In the first variant (Off), a m/2-pulse is applied on the
target qubit, while the control qubit is left in the ground state. After that, the CZ flux pulse is applied. Finally, another
7 /2-pulse is applied on the target before measuring the state of both qubits simultaneously. In the second variant (On), the
control qubit is rotated into the excited state before applying the CZ gate. Then, the control qubit is pulsed back to the
ground state before measuring both qubits. The difference in phase acquired by the target in the On and Off variants yields
020, while the population difference on the control, defined as the missing fraction m, allows us to estimate the leakage as
L = m/2. In order to optimize ¢, i.e. to have it equal to 7, and to minimize the leakage L, the flux pulse amplitude and
duration are changed. An example of the protocol performed for the CZ between D3 and C4 is shown in Fig. S10.

S3 Local magic distillation lemma

Lemma 1 (Local magic distillation). Given a state [¢) € H = Ha @ Hp, an ancillary system in |0), and a Clifford unitary
C such that

Clp)®10)) =) @1¢) , (S6)

with Ma(|p)) > MY (vp), then C does not allow a decomposition in local unitary operators on Ha ® Hg, namely it cannot
be of the form C' =C4 ® Cpe or C =Cp ® Cac.

Proof Since C 2 C, then Ma( ' j i) = Ma(j i). Since My is additive, it holds that
Ma( ") +Ma( i) =M2(j i)
=M D +MEG ) D My (S7)
=MYG D) +MEG D) MG i)
by hypothesis, Ma(j i) > ML(j i), hence ML(j i) Ma(j i) <O0: thus we have
Mz( ") <MY i) = min Ma[Us Up)j i (88)

AUB

proving that ’ cannot be the output of the product of local unitaries on A and B.
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