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Preserving entanglement during weak measurement
demonstrated with a violation of the Bell-Leggett—Garg

inequality

TC White'*>, JY Mutus™*, J Dressel?, J Kelly', R Barends'?, E Jeffrey™>, D Sank', A Megrant'*, B Campbell’, Yu Chen'?, Z Chen',
B Chiaro', A Dunsworth’, I-C Hoi', C Neill', PJJ O'Malley', P Roushan'®, A Vainsencher', J Wenner', AN Korotkov? and

John M Martinis'”

Weak measurement has provided new insight into the nature of quantum measurement, by demonstrating the ability to extract
average state information without fully projecting the system. For single-qubit measurements, this partial projection has been
demonstrated with violations of the Leggett-Garg inequality. Here we investigate the effects of weak measurement on a maximally
entangled Bell state through application of the Hybrid Bell-Leggett-Garg inequality (BLGI) on a linear chain of four transmon
qubits. By correlating the results of weak ancilla measurements with subsequent projective readout, we achieve a violation of the

BLGI with 27 s.d.s. of certainty.

npj Quantum Information (2016) 2, 15022; doi:10.1038/npjqi.2015.22; published online 16 February 2016

INTRODUCTION

Quantum computing promises greater processing power through
the clever application of superposition and entanglement. Despite
the importance of this uniquely quantum behaviour, it occurs
elusively behind the non-unitary effects of measurement collapse.
Weak measurements'™ have provided new insight into this
process by demonstrating the ability to extract average state
information without fully collapsing the system. These gentler
measurements have allowed single-configuration violations of the
Leggett-Garg inequality™™' and, more trecently, the detailed
tracking of single-qubit trajectories.'*'® It is an outstanding
challenge, however, to achieve the same level of measurement
control with an entangled state. Here we demonstrate a
continuous and controlled exchange between extracted
single-qubit state information and two-qubit entanglement
collapse, through the unique framework of the Bell-Leggett-Garg
inequality (BLGI). We quantify this effect by correlating variable
strength ancilla qubit measurements with subsequent projective
readout to collect all the statistics of a Bell inequality
experiment'™"7 in a single quantum circuit. In addition, we
demonstrate the ability to measure the Bell state with minimal
entanglement collapse, by violating this hybrid BLGI'® at the
weakest measurement strengths. This experiment indicates that it
is possible carry out high-fidelity ancilla measurement in large
entangled systems. In addition, combining this experiment with
remote entanglement methods'® may eventually lead to a
loophole-free violation of classical hidden variable theories.

The challenge of successfully implementing weak
measurements is twofold: the first challenge is to evaluate the
amount of information extracted on average by the measurement;

the second challenge is to evaluate the measurement back-action
on the system. For a single-qubit state, the Leggett-Garg
inequality®® (LGI) provides an elegant way to do both with a
single experiment. The LGl was originally designed to verify the
‘quantumness’ of macroscopic objects through the effects of
projective measurement, which allows larger correlations between
successive measurements (e.g., at times t; <t,<ts) than are
possible classically. More recent generalisations of the LGI prepare
a known state at time t; and replace the intermediate
measurement at time t, with a weak measurement.*'" This
minimises the quantum-state disturbance while still extracting
sufficient information on average. Ideally, this allows all the
statistics necessary for a violation of the inequality to be measured
with a single experimental configuration. Violating the inequality
in this way guarantees that the state information has been
extracted without significant back-action on the system.”

Evaluating the effect of weak measurements on an entangled
state is more difficult because the degree of entanglement is
generally challenging to quantify. The most robust method for
quantifying entanglement remains a Bell test,'* which was first
proposed by Bell and later refined by Clauser, Horne, Shimony and
Holt into an inequality (CHSH). The CHSH term sums the
correlation measurements of two spatially separated qubits in
four different measurement bases and bounds the maximum total
value of classical correlations to be |CHSH| . <2.

In superconducting qubits, we use qubit state rotations to map
the desired measurement basis onto the ground (]|0)) and excited
(]1)) states of the system. For measurement rotations a (qubit 1)
and b (qubit 2), the correlation amplitude between two
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Figure 1. Schematic of the hybrid Bell-Leggett-Garg inequality and
optical micrograph of the superconducting quantum device. The
algorithm consists of two LGl weak measurement branches, bridged
by the entanglement of the central Bell qubits. The Bell pair (3;>) is
initially prepared in the anti-symmetric singlet Bell state ¥~ ). Next,
each Bell qubit is rotated to its first measurement basis (a or b) and
entangled with its ancilla qubit (a;,). Finally, the Bell qubits are
rotated and projectively read out in bases corresponding to angles a’
and b'. By correlating the final projective readout and the weak ancilla
measurements, we calculate all four terms of a CHSH correlator
simultaneously.

measurements is given by
E(a,b) = P(00)-P(10)—P(01) 4+ P(11), @)

where the term P(00) is the probability that both qubits are in the
ground state. A traditional CHSH experiment combines the four
correlator terms

CHSH = E(a,b) + E(d, b) + E(a,b) ~E(a’, b)), @

Entangled quantum states can violate the classical bound, with a
fully entangled Bell state ideally saturating the quantum upper
bound of |CHSH|quam<2\/§ at the specific rotation angles a=0,
b=n/4, a’ =n/2 and b’ =3n/4.

To understand the effect of weak measurement on an
entangled state, we combine the spatial correlations of a Bell
inequality with the temporal correlations of an LGl to construct a
BLGI. The algorithm, as described by Dressel and Korotkov'® and
shown in Figure 1, consists of a CHSH-style experiment in which
each Bell qubit is measured twice in succession as for a
simultaneous LGL”'%%” The initial measurements are carried out
by ancilla qubits, which act as probes of the entangled system
before being projectively read out. By varying the degree of
entanglement between each ancilla and the Bell qubit it probes,
we can vary the strength of the measurement. After preparing the
Bell qubits in the anti-symmetric singlet state

1
= 7§(|01>—\10>)7 3)

each Bell qubit (8,,) is rotated to its first measurement angle
(a=0, b=m/4) and then entangled with its ancilla qubit (a; ) to

¥7)
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implement the tunable-strength measurement. Next, each Bell
qubit is rotated to its final measurement angle (a’ =71/2, b’ =3n/4),
and all four qubits are read out. With this procedure, the data for
each measurement angle are encoded on a distinct qubit (a — a;,
b—a,, a — B, and b’ — ;). The BLGI correlator then takes the
form similar to equation (2)

(C) = —E(ar,a2) —E(a1,B;) + E(By,a2) —E(B1, By)-

where each term is calculated as in equation (1).

The BLGI bounds correlations between these four distinct
measurements based on the classical assumptions of local-
macro-realism'® (See Supplementary Information at link for further
discussion of the sample, measurement techniques and mathe-
matical assumptions). Classically, the measurement of one qubit in
the Bell pair should have no affect on the other, and the strength
of the ancilla measurement should have no effect on the result of
the following projective readout. By encoding the measurement
result for each rotation angle on an independent qubit, we can
test both of these assumptions at the same time. Quantum
mechanically, if the ancilla measurement is fully projective then
we should measure the expected correlation amplitude
of |E(ar,az)| = —1/+/2 only in the initial measurement basis, as
the Bell qubits are no longer entangled after that measurement.
As the ancilla measurement strength is decreased, we should
extract the same qubit information on average while only partially
collapsing the Bell state. For sufficiently weak measurements, the
magnitudes of all four correlators should approach the unper-
turbed Bell state values of 1/+/2 while (C) approaches 2v/2. Thus,
a violation implies that our system demonstrates non-classical
correlations through the entanglement of the Bell pair, while also
demonstrating the ability to extract average state information
without significant back-action on the entanglement of the
system.

(4)

RESULTS

To quantify the entanglement collapse, we measure each two-
qubit correlator in (C) versus ancilla measurement strength ¢. The
data are plotted in Figure 2 alongside theory curves generated by
a quantum model that includes realistic environmental dephasing
and readout fidelity.'® Error bars for the data represent + 10 s.d. of
the mean to demonstrate the increase in noise with decreasing
measurement strength. For projective angles ¢=m1/2, the ancilla
measurement results (E(a;, a,)) reflect the correlation expected
from a fully collapsed Bell pair. As the measurement strength is
decreased, this ancilla correlation remains nearly constant while
additional inter-qubit correlations (E(a;, B,), E(B1, az), E(B1, B2))
emerge. For sufficiently weak measurements, (C) exceeds the
classical bound of 2 and saturates towards the CHSH value of 2.5,
which is expected from simulations for a fully entangled Bell state
in realistic experimental conditions (see Supplementary
Information at link for further discussion of the sample, measure-
ment techniques and mathematical assumptions).

The measured BLGI correlations follow the theoretical model
very closely for all measurement strengths (see Supplementary
Information at link for further discussion of the sample,
measurement techniques, and mathematical assumptions). This
behaviour reveals the continuous and controlled exchange
between the collapse of an entangled Bell state and the
single-qubit state information gained from tunable-strength
measurements. Each ancilla qubit, when calibrated, retains the
same correlations for all measurement strengths, whereas
each Bell qubit has its correlations damped through partial
projection by its ancilla qubit.'® The effect of partial projection
can be seen in the difference in functional behaviour between
the Bell-ancilla (E(a;, B,), E(B1, ay) and the Bell-Bell (E(B:, B2))
correlator terms. In the Bell-ancilla terms, the correlations are
suppressed solely because of the randomisation of the Bell qubit,

© 2016 University of New South Wales/Macmillan Publishers Limited
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Figure 2. Graph showing both experimental data (points) and
theoretical predictions (lines) for the correlator (C) and its four terms
versus measurement strength ¢. The horizontal gold line denotes the
classical bound on (C). The data set was taken by averaging together
200 traces in which each point was measured 3,000 times for a total of
600,000 iterations per point. The error bars represent 10 s.d. of the
mean to demonstrate the scaling of the ancilla measurement noise
versus ¢. The magnitude of the correlations between each pair of
qubits reveals the extent to which entanglement has been broken for
each measurement strength.

but they return as soon as measurement strength is decreased.
In the Bell-Bell term, this effect is compounded, as both qubits
are being damped by partial ancilla projection, and thus
the correlations return more slowly. This gives E(B;, B,) its
distinct shape compared with the other correlators. The BLGI
terms can be seen in greater detail in the Supplementary
Information (see Supplementary Information at link for
further discussion of the sample, measurement techniques and
mathematical assumptions).

DISCUSSION

Although other methods exist to characterise entanglement, the
correlation measurements of a CHSH experiment remain one of
the more robust tests of quantum behaviour because of
the considerations given to experimental loopholes. Fortunately,
the unique construction of the BLGI allows us to avoid some of
the more pervasive loopholes appearing in traditional Bell or LG
inequalities. The simultaneous measurement of all four CHSH
terms in a single circuit allows us to avoid any configuration-
dependent bias, such as the disjoint sampling loophole.?’ The
near unit detection efficiency in superconducting systems
(See Supplementary Information at link for further discussion
of the sample, measurement techniques, and mathematical
assumptions)?? similarly bypasses the fair sampling loophole,?
which has hindered the investigation of related hybrid inequalities
in optical systems.”?* In addition, as the data from each ancilla
qubit are only correlated with the data from the Bell and ancilla
qubits on the remote LGI branch, we can substantially relax the
usual LGl noninvasive measurement assumption to the standard
locality assumption needed for a Bell inequality instead.

This locality assumption, fundamental to any Bell inequality,
presumes that no classical interactions between remote qubits
occur during the correlation measurements. The close proximity of
adjacent superconducting qubits on a chip implies that such an

© 2016 University of New South Wales/Macmillan Publishers Limited
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interaction cannot be ruled out here. Thus, behaviour that appears
to be quantum could, at least in principle, be the result of a fast
classical interaction between hidden variables in the system.
Although we cannot yet completely rule out these local
interactions, there are several promising approaches to closing
this loophole as well. The assumptions of the BLGI requires only
spatial separation of the central Bell qubits. The speed and fidelity
of operations in a superconducting qubit system makes modest
spatial separation sufficient, and we can sacrifice some Bell state
preparation fidelity to achieve it. Techniques such as remote
entanglement through measurement,'® may soon provide the
spatial separation necessary to conduct a loophole-free BLGI
experiment.

Despite the few remaining loopholes, the excellent agreement
between data and theoretical predictions in this experiment
allows us to draw certain likely conclusions about the application
of ancilla measurement in superconducting circuit systems. The
functional dependence of the BLGI correlator on measurement
strength implies that the back-action is dominated by the
projectiveness of the measurement. This makes it unlikely
that there is some poorly understood classical error mechanism
that would make it difficult to implement error correction schemes
such as the surface code,®® which rely on sequential high-fidelity
ancilla measurements to detect errors.?® The violation of the BLGI
at the weakest measurement strength also implies that it is
possible to extract average state information without significant
back-action. Normally, the usefulness of this type of measurement
is limited by the large number of statistics required to average the
noisy detector output and the coherence time of the qubits
limiting the total number of measurements. It should be possible,
however, to integrate weak ancilla measurements into a large
surface code cell, which would correct for most errors while also
allowing for a larger ensemble to be collected from the
weak measurement. Thus, weak ancilla measurement could
become an important tool in understanding the dynamics of
large quantum systems.

In the course of this work, we have demonstrated the
continuous and controlled collapse of an entangled state based
on the strength of tunable ancilla measurements. This behaviour
was quantified using the simultaneous correlation measurements
that make up the Bell-Leggett-Garg inequality. The violation
of this inequality at the weakest measurement strengths
demonstrates the viability of using weak ancilla measurements
to conduct many sequential measurements of entangled states.
This provides a window into the evolution of entangled states,
which is a critical component in scaling to larger quantum
systems. With the inclusion of new remote entanglement
algorithms, the BLGI may also lead to loophole-free violations of
classical hidden variable theories. Last, this demonstrates that as
we scale to larger multi-qubit systems, with the fidelity and control
achieved here, we gain greater access to the rich physics at the
heart of quantum mechanics.

MATERIALS AND METHODS

We performed this experiment on a linear chain of Xmon transmon qubits,
shown at the top of Figure 1, with ground to excited state transition
frequencies in the 4-6 GHz range.”® Each qubit is individually addressed
with a microwave control line, which can be used for single-qubit X or Y
gates, as well as a DC line for implementing Z-gates and frequency control.
These control lines are used in conjunction to execute high-fidelity
two-qubit gates®® for entanglement and ancilla measurement. The state of
each qubit is measured independently using the dispersive shift of a
dedicated readout resonator. Resonators are frequency multiplexed® and
read out with a broadband parametric amplifier,>® which allows for fast
high-fidelity measurement. Further details of this device can be found in
ref. 26 (See Supplementary Information at link for further discussion of the
sample, measurement techniques and mathematical assumptions).

npj Quantum Information (2016) 15022



Bell-Leggett-Garg inequality
TC White et al

a :
Ry(9) § Ry(-n/2)
ancilla| o | :
iy |
target =
R(@Oorx)ll" %o :
b z :
(gh D, AD,
S y 'd
X ‘ T1Tp Z
effect of target state on ancilla projection
c raw data @  calibrated data (]

0.1
measurement strength ¢/n

02 03 04 05

Figure 3. Weak measurement protocol. (a) Full pulse sequence of
the ancilla measurement algorithm used in the BLGI experiment.
The measurement consists of a variable-amplitude Y rotation by an
angle ¢, which controls the strength of the measurement. This is
followed by a CZ gate that entangles the ancilla qubit with the
target qubit. Finally, the ancilla is rotated by an angle —71/2, bringing
it into the desired measurement basis. Two cases are compared: that
of the target qubit in the ground (blue) or excited (red,  rotation)
state. (b) Bloch sphere representation of the ancilla qubit during the
weak measurement protocol when the target qubit is in either the
ground (blue) or excited (red) state. The Z averages of the ancilla and
target qubit are correlated such that (Z), = sin (¢)(Z),, where a full
projective measurement corresponds to ¢ =71/2 and no measurement
corresponds to ¢ =0. (c) Ancilla measurement of prepared target state
before and after calibrating for measurement strength. We calibrate
both curves by the scaling factor required to normalise the average 0
state curve. This is almost equivalent to dividing by sin (¢) but bounds
the calibrated mean by +1. In the calibrated case, the measured
mean remains unchanged while the measured variance increases as ¢
decreases. The gold-shaded region denotes angles at which weak
measurement data can violate the BLGI while still being reliably
calibrated.

The ancilla measurement protocol used in this experiment and shown in
Figure 3 is a modified version of the protocol demonstrated in an LGl
violation from Groen et al.'® Initially, an ancilla qubit is Y-rotated by an
angle 0 < ¢ <m1/2 from its ground state to set the measurement strength. A
control phase gate is then performed, causing a Z rotation of /2 in the
ancilla qubit depending on the target qubit’s state. Finally, a — Y rotation of
n/2 is performed on the ancilla qubit to rotate into the correct
measurement basis. The visibility of this measurement is then proportional
to the distance of the ancilla state vector from the equator of the Bloch
sphere, as shown in Figure 3b. When ¢=m/2, this operation
becomes a control-NOT gate and implements a projective measurement.
As ¢ — 0 the ancilla states become degenerate and no information is
extracted.

As the final position of the ancilla state is dependent on the
measurement strength, the ancilla readout is imperfectly correlated with
the target qubit. That is, the visibility of an ancilla Z average,
(Z)q =~ sin(¢)(Z),, is compressed from the target Z average by a factor
of approximately sin (¢). To reconstruct the target Z average from the
ancilla Z average, we should thus rescale the signal by 1/sin (¢). Initially,
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this was done by a linear fit of the rotation angle ¢ to the qubit drive
amplitude. Unfortunately, this linear fit was too rough to properly calibrate
the smallest drive amplitudes and led to a systemic offset in the calibration
of (Z). To keep the model as simple as possible, we kept the linear fit but
used a data-based rescaling to set the measured ground state (|0))
average to 1, which ensures that the calibrated ancilla average is properly
bounded by + 1, as shown in Figure 3c. Further details of this calibration
can be found in the Supplementary Information (See Supplementary
Information at link for further discussion of the sample, measurement
techniques and mathematical assumptions).
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