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Superposition, entanglement and non-locality constitute fundamental features of
quantum physics. The fact that quantum physics does not follow the principle of local
causality' can be experimentally demonstrated in Bell tests* performed on pairs of
spatially separated, entangled quantum systems. Although Bell tests, which are widely
regarded as alitmus test of quantum physics, have been explored using abroad range
of quantum systems over the past 50 years, only relatively recently have experiments
free of so-called loopholes® succeeded. Such experiments have been performed with
spinsin nitrogen-vacancy centres®, optical photons”® and neutral atoms'°. Here we
demonstrate aloophole-free violation of Bell’sinequality with superconducting
circuits, which are a prime contender for realizing quantum computing technology™.
To evaluate a Clauser-Horne-Shimony-Holt-type Bell inequality*, we deterministically
entangle a pair of qubits? and perform fast and high-fidelity measurements'® along
randomly chosen bases on the qubits connected through a cryogenic link** spanning
adistance of 30 metres. Evaluating more than1 million experimental trials, we find an
average S value 0f 2.0747 + 0.0033, violating Bell’s inequality with a Pvalue smaller than

107'°¢, Our work demonstrates that non-locality is a viable new resource in quantum
information technology realized with superconducting circuits with potential
applications in quantum communication, quantum computing and fundamental

physics®.

One of the astounding features of quantum physics is that it contradicts
our commonintuitive understanding of nature following the principle
of local causality". This concept derives from the expectation that the
causes of an event are to be found in its neighbourhood (see Supple-
mentary Information section I for a discussion).In1964,John Stewart
Bell proposed an experiment, now known as a Bell test, to empirically
demonstrate that theories satisfying the principle of local causality do
notdescribe the properties of a pair of entangled quantum systems?>.

In a Bell test*, two distinct parties A and B each hold one part of an
entangled quantum system, for example, one of two qubits. Each party
then chooses one of two possible measurements to perform on their
qubit, and records the binary measurement outcome. The parties
repeat the process many times to accumulate statistics, and evaluate
aBellinequality>* using the measurement choices and recorded results.
Systems governed by local hidden variable models are expected to
obey the inequality whereas quantum systems can violate it. The two
underlying assumptionsinthe derivation of Bell'sinequality are locality,
the concept that the measurement outcome at the location of party A

cannot depend oninformation available at the location of party Band
vice versa, and measurement independence, the idea that the choice
between the two possible measurements is statistically independent
from any hidden variables.

Adecade after Bell’s proposal, the first pioneering experimental Bell
tests were successful'®”. However, these early experiments relied on
additional assumptions', creating loopholesin the conclusions drawn
from the experiments. In the following decades, experimentsrelying on
fewer and fewer assumptions were performed” 2, untilloophole-free
Bell inequality violations, which close all major loopholes simultane-
ously, were demonstrated in 2015 and the following years®%; see ref. 22
foradiscussion.

Inthe development of quantuminformationscience, itbecame clear
that Bell tests relying on a minimum number of assumptions are not
only of interest for testing fundamental physics but also serve as a
key resource in quantum information processing protocols. Observ-
ing a violation of Bell’s inequality indicates that the system possesses
non-classical correlations, and asserts that the potentially unknown

'Department of Physics, ETH Zurich, Zurich, Switzerland. 2Quside Technologies S.L., Castelldefels, Spain. *ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and
Technology, Castelldefels (Barcelona), Spain. “ICREA - Institucié Catalana de Recerca i Estudis Avangats, Barcelona, Spain. °Institute of Theoretical Physics, University of Paris-Saclay, CEA,
CNRS, Gif-sur-Yvette, France. °Department of Physics, Yale University, New Haven, CT, USA. “Institut quantique and Départment de Physique, Université de Sherbrooke, Sherbrooke, Québec,
Canada. ®Canadian Institute for Advanced Research, Toronto, Ontario, Canada. *Quantum Center, ETH Zurich, Zurich, Switzerland. '°Present address: Alice and Bob, Paris, France. "Present address:
Rohde and Schwarz, Munich, Germany. *Present address: Centre for Quantum Technologies, National University of Singapore, Singapore, Singapore. ®e-mail: simon.storz@phys.ethz.ch;

andreas.wallraff@phys.ethz.ch

Nature | Vol 617 | 11 May 2023 | 265


https://doi.org/10.1038/s41586-023-05885-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-05885-0&domain=pdf
mailto:simon.storz@phys.ethz.ch
mailto:andreas.wallraff@phys.ethz.ch

Article

quantum state has a certain degree of entanglement and purity. This
assessment, based on the observed correlations between the chosen
input (the choice of measurement basis) and recorded output values
(the measurement outcome) of the test, does not rely on knowledge of
theinner workings of the system: a property known as deviceindepend-
ence®. This allows identifying quantum states and measurements®,
certifying the correct functioning of quantum computing devices®,
and establishing common and secret keys between two parties with
onlylimited assumptions about the used devices®. Further applications
of Bell testsinclude device-independent randomness generation and
expansion, extendingagivenrandombitstringina certified manner”?
and randomness amplification, improving the quality of a source of
randomness in a certified manner®?°, which is a task impossible to
achieve by purely classical means.

Deploying non-locality as anew resource in the context of supercon-
ducting circuits enables new applications in a system that is well set
for creating large-scale quantum computers'*' and provides quantum
communication capabilities. Inaddition, non-local Bell tests with super-
conductingcircuits are unique as amacroscopic quantum system?®3*
isused, whichis controlled, entangled and read out exclusively using
microwave frequency radiation rather than optical frequency fields.

With superconductingcircuits, Bell tests were performed that closed
the fair-sampling (or detection) loophole®, supported the assumption
of measurementindependence with human choices?, and used qubits
connected by an on-chip 78-cm-long transmission line”. Whereas these
experiments all relied on additional assumptions, in this work, we set
outtodemonstrate aloophole-free violation of Bell's inequality using
superconducting circuits. The Methods section provides a very brief
introduction to the basic properties of superconducting qubits.

Addressing the locality loophole® (Supplementary Information
sectionl) inaBell test with superconducting circuits, typically housed
intheir individual cryogenic systems, is particularly challenging, as it
requires to entangle a pair of qubits located at two sites A and B sepa-
rated by a large physical distance d with high concurrence C of the
entangled state, where C (refs. 38,39) is a measure of the degree of
entanglement present in the system. An individual trial of a Bell test
begins at time ¢, = 0 with the choice of a pair of input bits (a, b), which
determine the basis in which the quantum state of each of the two
entangled qubitsis read out (Fig. 1). To support the assumption of
measurement independence, local basis choices are realized using
random number generators (RNGs). If the sites Aand B are separated
from each other by asufficiently large distance d, the exchange of infor-
mation between A and B, occurring at most at the speed of light ¢, is
prohibited for times¢ < t,=d/caccording to the laws of special relativity.
If the measurement outcomes are obtained during this time interval,
the spatial separation thus ensures that the chosen measurement bases
and the corresponding measurement outcomes by the party at one
site are unknown to the party at the other site, thereby closing the
locality loophole.

For each trial of the Bell test, a high-fidelity measurement of
the quantum state of the qubits at Aand B, whichis designed to termi-
nate at time ¢t < ¢,, is performed. The readout of the qubits results in
outcomesxand ytaking onvalues of +1or -1if the qubitis detectedin
the ground |g) or excited state |e), respectively. Including each and
every measurement outcome in the analysis of the Bell test closes the
fair-sampling loophole*®*! (Supplementary Information section I).
Furthermore, the memoryloopholeis closed by statistically analysing
the input and output data without assuming that individual trials of
the Bell test are independent and identically distributed'.

To evaluate the result of a Bell test performed in this manner, the
averages of the product of the individual measurement outcomes
(XY)patsitesAand Bare calculated to determine the Clauser-Horne-
Shimony-Holt (CHSH) value* S = 0.0, = ()01 + o) + OV given
the four possible combinations of measurement basis choices (a, b).
If the properties of the system were described by a local hidden
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Fig.1|Schematic of the Bell test experiment. Two parties Aand B choose
random-inputbits (a, b) at the space-time locations indicated by stars and
perform measurements on a pair of entangled quantum systems (in this work,
superconducting circuit qubits) yielding output bits (x, y) at space-time
locationsindicated by crosses. The shaded areas indicate the forwards light
conesoriginatingatthe space-timelocation of therandom-input-bit-generation
events. Theinsetin the middleindicates the offset angle 6 between the
measurement bases of the two qubits (main text).

variable model?, one would find |S| < 2, whereas any value larger than
twoindicates aviolation of Bell’s inequality. The maximum value of |S|
allowed by quantum physicsis 2+/2.

Inthe following, we discuss how we fulfil the requirements outlined
here for realizing a Bell test with superconducting circuits closing the
locality, fair-sampling and memory loopholes and supporting meas-
urementindependence all at the same time.

Requirements

InaBelltestusing anentangled pair of qubits, the degree towhich Bell’s
inequality can be violated depends on the concurrence C of the entan-
gled state and the individual qubit-readout fidelity 7*'®, Together,
these quantities constrain the maximally achievable Bell parameter to*

S =22 F2(p,y). M

Thus, the CHSH inequality can only be violated if the average readout
fidelity 7, = | F27® exceedsroughly 84% and the concurrence Cexceeds
roughly 0.7, so that S™ > 2, as shown in the contour plot in Fig. 2a.

Addressing the above requirement, previous experiments achieved
remote entanglement of superconducting qubits with sufficiently large
concurrence in a single dilution refrigerator'>**»** and in two refrig-
erators connected across a distance of 5 m using a cryogenic link™. In
the experiments we present here, we create entanglement over much
larger linear distances. In addition, single-shot readout of supercon-
ducting qubits was demonstrated in an integration time of 50 ns with
fidelity 7 exceeding 98% (ref.13). In a Bell test that closes the locality
loophole, minimizing the duration of the readout reduces the distance
drequired between the two parties to provide space-like separation.
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Fig.2|Svalue, entangled state and readout fidelity. a, Calculated S value for a
Belltest performed inthexybasis of the Bloch sphere versus (readout-corrected)
Bellstate concurrence C(p,;)and average qubit-readout fidelity 7 = || 7 277
Theblue data pointindicates the experimentally achieved readout fidelity and
concurrence (with correction for readout errors). b, Real part of the density
matrix p of the Bell state |¢*) reconstructed using quantum state tomography
corrected forreadout errors. The blue barsindicate the measured, the grey
wireframes the ideal values and the red wireframes the results of a master
equationsimulation.

Giventhe expected readout time of roughly 50 ns, the time required
for choosing the measurement bases at random (roughly 29 ns, Sup-
plementary Information section II), and accounting for a margin for
signal propagation times, we chose to build a cryogenic system hous-
ing superconducting circuits at a linear physical distance of roughly
d =30 m (Fig.3). This provides a time budget ¢, in excess of 100 ns for
the Bell test.

In our experiments, a pair of dilution refrigerators, one at site Aand
one at B, each house a superconducting qubit with circuitry for local
readout and remote entanglement>™ cooled down to about 15 mK.In
auniqueset-up (Fig.3), we connect the two circuits to each other over
a distance of 30 m using a cryogenic quantum microwave channel*
realized as a superconducting aluminium waveguide. We cool the
waveguide to temperatures of a few tens of millikelvin at which its
loss is less than 1 dB per km (refs. 14,45) and its thermal occupation is
negligible.

To successfully operate this system, we minimized the heat load at
each temperature stage using high-reflectance materials combined
with superinsulation for radiation shielding. We designed vertical sup-
port structures between the individual shielding stages to minimize
thermal conductivity while providing mechanical stability. The system
withstands thermal contractions by leveraging flexible thermal connec-
tions formed by braids and mobile mechanical supports. We maximize
heat flow along the link modules by using high-conductivity copper
and minimizing thermal contact resistances between adjacent link
elements. At the midpoint between sites A and B, a pulse tube cooler
provides an additional heat sink for the thermal radiation incident
on the 50 and 4 K radiation shields. At 30 min length and with a total
mass exceeding 1.3 tons of radiation shields cooled to below 80 K,
roughly 90 kg of which are cooled to below 50 mK, this constitutes a
large-scale cryogenic system operating at millikelvin temperatures*é;
see Supplementary Information section Ill for details.

Ateachofthesites Aand B, we operate atransmon-style qubit whose
state and transition frequency is controlled on nanosecond time
scales using amplitude and phase-modulated microwave pulses and
magnetic-flux bias pulses. We read out the state of each qubit using a
resonator combined with a Purcell filter'> ™. For the entanglement pro-
tocol, we make use of a photon-transfer resonator, also combined with
a Purecell filter, which we couple using a coaxial line to the aluminium
waveguide connecting the two sites’™*, Both qubits and their support
circuitry are fabricated on two nominally identical chips (Supplemen-
tary Information section V).

Bell test

Ineachindividual trial of the Bell test experiment, we deterministically
generate a Bell state |¢*) = %(|ge> +|eg)) between the stationary
transmon qubits at sites A and B using direct photon exchange'>*
(Methods). Performing quantum state tomography of the states of the
qubits at sites A and B, we experimentally achieve a Bell state fidelity
of]-";V> =80.4%, corresponding to a concurrence® of 0.765 (Fig. 2b)
when correcting for readout errors. The experiments were performed
withtwo independent phase synchronized set-ups separated by 30 m
(Supplementary Information section V). Without readout error cor-
rection we find 7%~ = 78.9% and C=0.689. The concurrence of the
entangled state is sufficiently high for violating Bell'sinequality (Fig. 2a)

Fig.3|Cryogenic microwave quantumlink.a, Computer-aided design

(CAD) model.b-d, Photographs of the 30-m-long cryogenic set-up. Dilution
refrigerators ateach end host the quantumdevices thatare connected through
awaveguide cooled to below 50 mK over the full distance. A central pulse tube

cooler provides additional cooling power to the two outermost radiation
shields. The photographs are taken at the position of the corresponding eye
pictogramsshownina.A, (b), centre (c) and B (d).
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Fig.4|Space-time diagram of the experiment. The left, vertical time axis
schematically shows the microwave pulses applied to the qubits locally at
eachnode. Theright axisindicates the duration of the individual Bell test
protocol segments: RNG, signal propagation (prop.), qubit basis rotation and
measurement. The space-time location of the start and stop events of aBell
testtrial are marked with stars and crosses, respectively. Thered and blue regions
indicate the future light cones of the start events. The inset on the bottom right
indicates the approximate spatial location of the start and stop eventsin the
RNGand ADC, relative to the vertical centre axis of each cryostat.

and is on par with previous experiments using the same approach for
entangling qubitsinasingle cryostatand in two cryostats connected
across adistance of 5 m (ref.14). The infidelity is dominated by photon
lossinduced by a circulator used to extract photons from the waveguide
for characterization of the entanglement protocol in all three experi-
ments?™ (Supplementary Information section VI). As outlined in the
Methods section, we rotate each qubit state along the y axis of the Bloch
sphere to maximize the Bell violation. After entangling the distant
qubits atsites Aand B, we are set to perform the timing-critical part of
the loophole-free Bell test as indicated in the space-time diagramin
Fig. 4.

Togenerate the inputbitsaand b for the measurement basis choice
we use a RNG at each node*®. We consider the start event of each trial
of aBell test as being marked in space and time by the earlier of the
two events corresponding to the creation of a random number in
each RNG. At node A (B), arandom number is generated at the loca-
tionindicated by ared (blue) star in the space-time diagram in Fig. 4
atadistance of about 2 m from the corresponding qubit housed in its
dilution refrigerator. The random number a (b) becomes available as
avoltage pulse at the output of the RNG17.10 + 0.14 ns after this event
(yellow section in Fig. 4). This pulse controls a microwave switch that
conditionally passes a microwave basis-rotation pulse to the qubit at
A (B). We provide additional information on the random basis choice
inthe Methods section and in Supplementary Information section II.

Toachieveasignal propagationdelay of thebasis choice pulsesapplied
to each qubit of only 14 ns (first turquoise section in Fig. 4), we pass
microwave signals roughly along the line of sight connecting the qubits
atAand B fromthe room-temperature switch through aside-access port
into the cryogenic system (Supplementary Information section IlI).

268 | Nature | Vol 617 | 11 May 2023

a [+
2.1
L e B oo’®
§  Yaa ha™ 20 I o ®
&) ] e ®
g é e °
20 - w 1.9 PY
B a - 3 . R
© . :
% . 8 A’lA 1.8 )
(®] s’
R 17 °
T 0 T n 3n 3n _m _x
2 2 2 -8 4 °"%8
b d 8 4 8
2} = cew 17
e . ; -1. °
0 ‘. o [ ]
1r, . -1.8 °
’ . o ®
» 0 B 7 (%]
. [ -9t °
-1 \ g °
. e 20—
N °.
) 2o 0%
n [« FOR: n 2.1
T 0 3 T 3n 5r 3n 7n
2 2 2 8 4 8

Angle, 6 (rad) Angle, 6 (rad)

Fig.5|Bellinequality violation versus measurement basis offset angle.

a, Quantum correlations {xy}, 5 of individual Bell tests versus offset angle 6.
Thel7 datapointsareresults of individual Bell tests with n,,, /17 = 61,680 trials
each,incremented by 0 =1/8. The dashed curves are calculated using a master
equationsimulation. b, Corresponding S values calculated from the data
shownina. Pointsare experimental data, and the dashed red line is extracted
fromamaster equation simulation. Error bars are roughly on the order of the
marker size, see text for details. ¢, Measured S values of 13 individual Bell tests,
withn,,, /13=80,659 trials each, and offset angles around the expected
optimum Value@sm incremented by 6=m/32.d,Same asincbut forthe
expectedoptimumvalue 6; . Thegreenlinesinb-d mark the threshold value
|S|=2,andall pointsinthegreenshadedregion correspond to Bell tests that
violate the CHSH inequality.

Therandombasis selection pulse (grey) applied to the qubit hasadura-
tion of 12 ns.

After the microwave pulse has fully rotated both qubit states into
therandomly chosenbasis, we read out the qubits at Aand B by apply-
ingamicrowave toneto their dedicated readout resonators. We detect
the amplitude and phase of the readout pulse after several stages of
amplification (green section in Fig. 4), record it with a digitizer
(analogue-to-digital converter, ADC) and postprocess the datawith a
field programmable gate array (FPGA)®. We achieve single-shot read-
outfidelities of 7 =99.05%and #8= 97.60%in only 50 nsintegration
time (Supplementary Information section VII).

Asdone with the random basis choice signals, we route the readout
signals through the side ports of the dilution refrigerators at sites Aand
B. In this way, we minimize to 14 ns the propagation delay towards the
ADCand FPGA, located at about 1 m physical distance from the qubits,
indicated by a cross in Fig. 4. We consider the measurement result to
befixed attime¢,, the moment when the last part of the measurement
signal arrives at the input of the ADC to be digitized, see Supplemen-
tary Information section VIII B for a discussion of this choice.

Ineach Bell test experiment, we recorded the basis choices (a, b) and
the corresponding readout result (x, y) for all n trials. On the basis of
these values, we calculated the averages (xy) ,  for all four combina-
tions of measurement basis choices taking into account all ntrials, thus
closing the fair-sampling loophole***,

Ineach of four consecutive experiments, we rann,,, = 22°=1,048,576
individual trials of a Bell test for a total time of about 20 minutes. In
the first experiment, we swept the angle 6 between the two randomly
chosen measurementbases (Fig. 1) across afull period. Plotting (xy)
for all four input bit combinations versus 8 we observe the expected



sinusoidal oscillations*, offset from each other by 1i/2 (Fig. 5a). Ideally,
X)) Oscillates between +1and —1. The observed reductionin contrast
isdueto thefinite concurrence of the initial entangled state and read-
outerrors. We note that we have calibrated out an experimental phase
offset of 8, =160.0° between the two sites (Supplementary Informa-
tion section IX). We find good agreement between the experimental
data and a master equation simulation (Fig. 5a,b and Supplementary
Information section VI).

Onthebasis of these data, we then calculate the S value as a function
of 8 and observe its sinusoidal oscillation with amaximum and a min-
imumof Soccurringatf; =-m/4and6f; =m-m/4 (Fig.5b), offset
by m as expected. Here, we evaluate rougﬁly 60,000 trials for each
angle. We find that |S| exceeds two at both values Qsmx/mm, violating the
Bellinequality.

Nearfs  weperformasetofmeasurementswithstepsize6=r/32
and determme the S value from roughly 80,000 trials at each value
of 8. We observe that several data sets clearly violate the Bell inequality
for angles around Osmax/min (Fig. 5¢,d). From the data set taken at the
offsetangleds wefindamaximumviolationof §=2.082+0.012>2.

lnaﬁnalexperlmentperformedatthesmgleangleofes ,weacquire
Bell test datafor n,,,, trials, yielding S = 2.0747 + 0.0033, which exceeds
two by more than 22 standard deviations. In this experiment with super-
conducting circuits, we reject the null hypothesis corresponding to
Bell’s inequality being satisfied with a P value smaller than 107
(Methods), which is small in comparison to P values reported for
Belltests closing allmajor loopholesintheliterature (Supplementary
Informationsection VIII A). The statistical method used hereis robust
to memory effects (Supplementary Information section X).

Finally, we verify that the locality loophole is closed by measuring
the physical distance d separating the two pairs of points in space
marked by stars (Fig. 4) defining the start of the Bell test trialatt=¢, =0
from the points in space marked by stars defining the end of the trial
at time t.. Using the methods described in the Supplementary Infor-
mation section XI, we find the shorter of these two distances to be
d=32.824 m +4.6 mmyielding atime budget of ,=109.489 + 0.015 ns
fortheBell test to close the locality loophole. Usingindependent meas-
urements, we determine the total duration of the Bell test trial to be
t,—t,=107.40 £ 0.26 ns < t,(Supplementary Information section XI),
therefore closing the locality loophole with amargin of roughly eight
standard deviations. These timing margins are similar to those achieved
inloophole-free Bell tests reported in the literature (Supplementary
Information section VIII B).

Toformulate our conclusion, we assume that we can precisely deter-
mine the space-time description of the events at hand and that the RNG
producedindependent, free random bits. Ultimately, such assumptions
constraining the conclusion cannot be fully avoided, evenin principle'®.
Under these assumptions, we find that our observation of the violation
of Bell'sinequality with superconducting circuits isincompatible with
an explanation satisfying the principle of local causality.

Performance and outlook

Previous loophole-free Bell tests using polarization-encoded optical
photons as qubits, typically violated Bell’s inequality with a lower
margin’® than our experiment (S = 2.0747) whereas atomic and solid-
state systems®'°realized higher violations. By reducing the loss in the
channel connecting the two qubits in our set-up and thus increasing
the Bell state fidelity, we expect Bell violations with S > 2.4 to be achiev-
ablein future experiments while closing all major loopholes. We plan
toreachthistarget by omitting the circulator from the waveguide, asin
ref. 37, and using both a low-loss printed circuit board and super-
conducting microwave cables connecting the sample mount to the
waveguide. With these measures, we estimate to reduce the photon
loss by up to a factor of four to about 5%. Alternatively, a heralded
entangling method, avoiding loss but effectively reducing the

repetition rate, can be implemented for the same purpose'>*. Such
improvements may enable protocols requiring larger Bell violations,
such as device-independent quantum key distribution®, to be exe-
cuted between superconducting quantum processors connected in
anetwork.

Because the experiment presented here operates atarepetitionrate
of12.5 kHz, which is larger than those of loophole-free Bell tests with
atomic and other solid-state systems®'°, we achieve highly statisti-
cally significant Bellinequality violationsin only afew minutes. Thisis
similar to experiments performed with polarization-encoded optical
photons that have even higher repetition rates’’. Further improve-
mentsintherepetition rate of our experiment seem feasible, up to the
inverse of the duration of the pulse sequence used. InSupplementary
Information section VIllwe compare in detail the performance metrics
of published Bell tests that also used a minimal set of assumptions.

Toimplement device-independent quantuminformation processing
protocols, itis desirable to simultaneously achieve high Bell violations
and highrepetitionrates. The set-up demonstrated in our experiments
provides an interesting combination of those metrics allowing us to
visualizeimplementing a variety of device-independent quantum infor-
mation processing protocols®*° with superconducting circuits, a
promising candidate for large-scale quantum computing systems™,

Inaddition, our experiment demonstrates that quantuminformation
canbetransmitted between superconducting circuits housedin cryo-
genic systems separated by tens of metres, going beyond our previous
work on ametre-scale system™. Interconnected cryogenic systems may
indicate apathway towardsrealizing larger scale quantum computing
systems using quantum microwave local area networks®, for exam-
ple, within a quantum computing centre. The set-up also enables the
exploration of non-local quantum physics with degrees of freedom that
couple to microwave photons such as mechanical resonators or spins.
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Methods

Superconducting qubits

For completeness, we discuss a few key features of superconducting
quantumelectronic circuits here. Superconducting qubits are anhar-
monic quantum oscillators with circuit parameters chosen to realize
resonance frequencies in the gigahertz frequency range (ref. 52 and
references therein). The non-linearity of the circuit is provided by an
ideally losslessJosephson element®?, which, in our experiments, is real-
ized asapair of Josephson tunneljunctions arrangedin a superconduct-
ing quantum interference device loop shunted by a large capacitor
jointly forming a transmon qubit**. The effective Hamiltonian of the
circuitisgoverned by a cosinusoidal potential that hosts aset of bound
states, the lowest two of that form the computational basis states of
the qubit (labelled |g) and |e)). The second excited state (labelled | f))
can be used, for example, as an auxiliary state to realize two-qubit
gates™, or, as in this paper, for emitting photons with a controlled
temporal mode profile’>* when coupling the qutrit strongly toasuper-
conducting resonator (for example, ref. 56 and references therein).
Here, as well as elsewhere in this publication, we refer to the quantum
bit as a qutrit when we refer to its lowest three energy eigenstates.
To minimize thermal excitation of the qubit and also minimize losses
in the superconducting materials used to realize the qubits and the
30-m-long waveguide, we operate the devices at temperatures around
15 mK (ref. 25).

Generation of the remote, two-qubit entangled state

We generate the Bell state |¢*) = (|ge) + |eg))/-/2 between the two
remote qubits A and B using a deterministic scheme based on the
exchange of asingle photon*, as demonstrated with superconducting
circuits, forexample, inref.12. In this protocol, qubit Ais first entangled
with a propagating, ideally time-reversal-symmetric photoninadriven
coherentemission process. The propagating photonis then determin-
istically absorbed in a time-reversed process at qubit B creating the
desired entangled state.

The pulse sequence used in the process is about 400 ns long and
ends at roughly ¢ =16 ns after the process initiating the random basis
choice starts, see Supplementary Information section VI for details.
We create the entangled state as an input resource to the presented
Bell test experiment. We consider the entanglement process itself to
beindependent of the timing constraints of the loophole-free Bell test
(Methods and Supplementary Information sections Il and XI).

We characterize the created Bell state using quantum state tomog-
raphy (Fig. 2b) for which we rotate the density matrix in postprocess-
ing by an angle 6, around the z axis to maximize the Bell state fidelity.
6, is the experimental offset angle between the two set-ups A and B
(Supplementary Information section IX). We also perform a master
equationsimulation of the Bell state generation protocol and find good
agreement with the experimental data (red wireframes in Fig. 2b),

characterized by the small trace distance [ Tr(jp - p. |?) =0.077.

sim
Optimizing the measurement basis
Photon loss and qubit decay are the dominant mechanisms reducing
the fidelity of the experimentally created Bell state. These processes
create an asymmetry between the qubit excited and ground states
participating in the Bell test. To reduce this detrimental effect and
maximize the S value, we perform the Bell test by choosing measure-
ment bases in the xy plane of the Bloch sphere, where each basis is
affected equally by photon loss and qubit decay. To do so, we apply a
(1/2), basis-rotation pulse to qubit A, and a (11/2),.., pulse to qubit Bin
each experimental trial just after the |¢*) Bell state preparation and
before applying the pulse implementing the random measurement
basis choice. Here, 6 denotes the angle between the two randomly
chosen measurement bases, as introduced in the main text. Effectively,
this pulse sequence generates the Bell state |¢*) = (|gg) + |ee))/+/2.

Random basis selection and measurementindependence

Asin previous loophole-free Bell tests®#'°, we use well-characterized,
fast physical RNGs*® to support the measurement independence
assumption. The basis choice bitsaandb are generated by adedicated
RNGateachnode. Each RNG contains eight quantum entropy sources,
each composed of a laser to produce phase-randomized pulses, an
interferometer, fast linear detection, one-bit digitization and a parity
calculator. We assume that the extracted random bits are independ-
ent from all previous events. Supplementary Information section I
describes support for this assumption and in Supplementary Informa-
tion section X we perform a statistical analysis.

The RNG outputbitis encoded as a voltage, and controls asingle-pole
single-throw microwave switch, which (with input high) blocks or (with
input low) passes a microwave (1/2), pulse to induce a basis change
of the corresponding qubit. We discuss the basis selection further in
Supplementary Information section II.

Becauseevery choice of measurementleadstoarecorded experimen-
taltrialinour experiment, asinrefs. 7,8, the RNG properties offer direct
support for the validity of the measurementindependence condition.
This differs from the situation in event-ready Bell tests®'°, in which
a heralding event—the result of a joint photon measurement at a
middle station—determines whether or not agiven experimental trial
isrecorded for analysis. Such selection opens the possibility for the
heraldingeventtoselect trialsas afunction of the measurement choices,
ifthese are not space-like separated fromthe joint measurement. In this
situation, the measurement independence condition can be violated
evenin presence of perfect RNGs. For this reason, in event-ready Bell
testsitis important that the heralding event is space-like separated
from the events marking the creation of the random-input bits. Because
we use a deterministic entanglement generation protocol that is not
dependent on the outcome of any measurement, such considerations
related to a heralding event do not play arole in our experiment.

Note that when focusing on specific families of local hidden variable
models, measurementindependence can sometimes be supported by
space-like separation alone. This is the case for the model introduced
in Scheidl et al.’®, and relevant for Bell tests with entangled-photon
pairs, where the hidden variable A is assumed to be created at the
photon pair generation eventindependently of any past event. With that
assumption, space-like separation between the pair generation and the
measurement choice events guarantees measurementindependence.
This space-like separation is achieved also in refs. 7,8. Assuming A is
produced along with the photon pairs, but relaxing the assumption
that lisindependent of past events, a photonic Bell test with the same
space-like separation between the pair generation and the settings
choice events can exclude local causal models in which the photon
pairsinfluence the measurement choices, but not local causal models
inwhichearlier eventsinfluence both the photons and the basis choices.
Because such pastinfluences could be arbitrarily far in the past, space-
time conditions cannot be used to fully support the assumption of
measurement independence beyond the model of Scheidl et al.,
evenin photonicBell tests. For this reason, we donot attempt to create
aspace-like separation between the entanglement generation and the
basis choices, but rather support the assumption of measurement
independence by using well-characterized RNGs*3, as has been done
in previous Bell tests since the pioneering work of Weihs et al. .

The Pvalue as a statistical metric

Early Bell test experiments typically used the standard deviation as
ametric to discuss the statistical significance of an observed Bell
inequality violation. This approach, however, comes with two limita-
tions. Thefirstis that when using the notion of standard deviation, we
implicitly assume that the underlying measurement data are Gaussian
distributed. This assumption is only justified in the limit of infinitely
many trials, butin experiments a finite number of trials are executed.
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Astatistical analysis of the Bell test based on standard deviations may
therefore overestimate the statistical significance of the result>*.
The second limitation is that the notion of standard deviation relies
on the assumption that the result of the kth trial is independent of
the basis choices and measurement results of the previous k — 1trials,
which opens up the memory loophole®. These two limitations can be
addressed by the statistical analysis of the result through the calcula-
tionofa Pvalueaccordingtoamethod that does notrely onany of the
aforementioned assumptions. Therefore, the calculation of P values
in the context of Bell tests is now an established practice®™. In this
context, the Pvalue is a metric of the probability with which data as
extreme as those observed could have been produced by alocal causal
model (see Supplementary Information section X for details).

Data availability

All data are available from the corresponding authors upon reason-
ablerequest.
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