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Abstract

In quantum information, device-independent (DI) protocols offer a new approach to information
processing tasks, making minimal assumptions about the devices used. Typically, since these
protocols draw conclusions directly from the data collected in a meaningful Bell test, the
no-signaling conditions, and often even Born’s rule for local measurements, are taken as premises
of the protocol. Here, we demonstrate how to test such premises in an (almost) DI setting,

i.e. directly from the raw data and with minimal assumptions. In particular, for IBM’s quantum
computing cloud services, we implement the prediction-based ratio protocol to characterize how
well the qubits can be accessed locally and independently. More precisely, by performing a variety
of Clauser—Horne—-Shimony—Holt-type experiments on these systems and carrying out rigorous
hypothesis tests on the collected data, we provide compelling evidence showing that some of these
qubits suffer from measurement cross-talks, i.e. their measurement statistics are affected by the
choice of measurement bases on another qubit. Unlike standard randomized benchmarking, our
approach does not rely on assumptions such as gate-independent Markovian noise. Moreover,
despite the relatively small number of experimental trials, the direction of ‘signaling’ may also be
identified in some cases. Our approach thus serves as a complementary tool for benchmarking the
local addressability of quantum computing devices.

1. Introduction

The device-independent (DI) [1] approach to physics can be traced back to Bell [2] when he proved that
local-hidden-variable (LHV) theories necessarily fail to reproduce some predictions of quantum theory. His
proof relies only on the correlations among measurement outcomes conditioned on the chosen measurement
settings. Thus, it requires no further knowledge about how the devices function. Since then, a few other
no-go theorems based on the violation of Bell-like inequalities have also been obtained (see, e.g. [3-5]).

Apart from quantum foundational issues, the DI methodology also finds applications in several
cryptographic tasks, such as randomness expansion [6—8] and key distribution [9-11]. In these DI protocols,
it is crucial that the correlations obtained from the Bell experiment satisfy the so-called no-signaling
(NS) [12] conditions. Often, the security analysis further assumes that quantum theory is correct, in
particular, that the outcome probabilities are specified by Born’s rule for local measurements (see [13, 14] for
a recent review).

In this work, we focus on applications of the DI approach to the characterization of quantum devices
(see, e.g. [15-25]). One of the requirements for the proper functioning of quantum computers is the ability
to protect fragile quantum states from noise [26]. However, in some quantum computers, due to the
proximity of the qubits and their high level of interconnectivity, it is conceivable that the interaction with a
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targeted qubit could simultaneously affect the state of the neighboring qubits. To correct the errors from
such cross-talk [27] and other unwanted effects, we need some way to identify and quantify the noise in a
quantum device. The most widely used approaches for this task are based on randomized benchmarking
(RB) [28-31] or gate-set tomography (GST) [32, 33] (see also [34]).

In a typical RB method, we measure the error rate of a particular set of quantum gates by applying a
sequence of random gates that would ideally correspond to an identity operation if the gates were perfect.
Meanwhile, GST is a method that incorporates elements of quantum process tomography into a procedure
that also deals directly with state preparation and measurement (SPAM) errors. GST inherits some of the
problems of tomographic methods, particularly the need for large samples to estimate noise parameters. To
achieve sample efficiency, one can turn a GST protocol into a randomized scheme and use classical shadow
estimation techniques [35, 36] that allow one to deduce various linear functionals of the gate-set noise [37].

However, both RB and GST often involve the assumption of temporally uncorrelated noise. In RB, the
exponential decay in the average gate-sequence fidelity assumes that the noise is Markovian, and one can
even identify the presence of non-Markovian noise by the failure of the exponential model [38—40].
Similarly, in GST, a Markovian noise model is used so that the contributions of SPAM and gate-set errors can
be estimated separately. While there have been recent attempts to incorporate non-Markovian noise [41, 42],
it is natural to wonder whether one can identify unwanted cross-talks using only minimal assumptions.

Here, building on earlier studies [43], we show that it is indeed possible to certify—in an almost DI
manner—the presence of cross-talks directly from the raw measurement data obtained from a quantum
computer. By ‘almost’ DI, we mean that we consider standard DI assumptions on our Bell tests but with the
usual assumption of measurement independence [4] (more commonly known as the ‘freedom of choice’
assumption) replaced by the assumption that the pseudo-random string of inputs does not alter the behavior
of the individual qubits, even though we generate the inputs and feed them to the device preparing the qubits
before their preparation.

Importantly, experimental trials are not necessarily independent and identically distributed (i.i.d.). In
particular, assuming that the trials are i.7.d. when they are not may open the so-called memory loophole [44].
Even if the trials are i.i.d., statistical fluctuations may still render the relative frequencies of the measurement
outcomes—taken as a proxy of the underlying correlation—incompatible with the NS constraints. To cope
with this complication in the context of DI certification, various methods for regularizing the relative
frequencies to the set of correlations compatible with the NS constraints [45, 46] (or even outer
approximations of the quantum set [47, 48]) have been proposed. However, one can also adopt a more
rigorous approach based on hypothesis testing.

Indeed, in statistical inference, it is customary to report the p-value for a null hypothesis to be correct.
Here, we follow [43, 49, 50] and consider the prediction-based-ratio (PBR) protocol [51, 52] for upper
bounding the p-value on the plausibility of a given null hypothesis in producing the data observed in a Bell
test. The PBR protocol was originally introduced as a rigorous statistical tool for rejecting the null hypothesis
associated with LHV theories. In [49], it was adapted to perform DI certification of desirable quantum
properties (e.g. those discussed in [15, 17, 18, 53]) with a confidence interval. Notice that these certification
tasks presuppose Born’s rule for local measurements and, hence, compatibility with the NS constraints. In
this work, we illustrate how the PBR protocol can be used to reveal a violation of these premises and,
consequently, the presence of cross-talks in real quantum devices with a relatively small sample size.

We structure the rest of this paper as follows. Section 2 introduces our notations and recalls the
background knowledge required for analyzing the data collected in a Bell test. Then, in section 3, we explain
how we apply the PBR protocol to the data collected from ‘Bell tests’ performed on IBM quantum (IBMQ)
devices. We then present our results in section 4 and end with further discussions in section 5.

2. Preliminaries

2.1. No-signaling conditions and the no-signaling set
For simplicity, we consider only the simplest, bipartite Bell scenario where two parties, Alice and Bob, with
two inputs and two outputs each. If we denote Alice’s (Bob’s) inputs/ settings by x € X (y € Y) and outputs/
outcomes by a € A (b € B), then a Bell correlation P := {P(a, b|x,y)} is the collection of joint conditional
probability distributions of measurement outcomes given the choice of settings.

If we require that Bob cannot signal his input choice (y or y’) to Alice, then her marginal probabilities
must satisfy

P(alx) = ZP(a,h\x,y) = ZP(Q, blx,y"),V a,x,y,y". (1a)
b b
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Figure 1. Schematic illustrating the inclusion relations of equation (4). A correlation or relative frequency such as P, lies outside
NS8g_44 (dashed-boundary polygon), and, hence, also outside /S (filled polygon), Q> (dashed-dotted ellipse), Q (solid ellipse),

and £ (shaded rectangle). Similarly, a correlation or relative frequency such as P, lies outside N'S A48 (dotted-boundary
polygon), and, hence, also outside NS, Q3, Q, and L. Note that the figure is not meant to capture all geometrical aspects of these
sets. For example, £ and NS, and hence all sets sandwiched between them, cf equation (4), share common boundaries [1], but
this and various other geometrical features [54, 55] are not depicted in the figure.

In this case, we say that P is one-way no-signaling (OWNS) from Bob to Alice, and we denote the set of all
such correlations by NSp_4 4. On the other hand, if, instead, we require that Alice cannot signal her input
choice (x or x’) to Bob, then we have

P(bly) = ZP (a,blx,y) = ZP(a,b\x'7y),V b,y,x,x". (1b)

We refer to P satisfying equation (1b) as being OWNS from Alice to Bob, and we denote the set of such
correlations accordingly by NS4 4.

The set NS of (two-way) NS correlations, defined by equation (1), is the intersection of the two OWNS
sets NS4 and NSp4 4. Originally, the NS conditions of equation (1) were inspired by the notion of
relativistic causality from special relativity [12], which prohibits a causal influence between spacelike
separated parties. In our work, we provide an alternative interpretation of the NS conditions in the context of
measurement cross-talk effects: if there is no unintended measurement cross-talk between the qubits, the
choice of measurement basis on one qubit will have no impact on the marginal measurement statistics of any
other qubit. In this case, the NS conditions of equation (1) follow. In other words, the violation of any
constraint from equation (1) is a signature of measurement cross-talks, modulo the assumption mentioned
in the Introduction.

In a Bell test, we are also often interested in two particular subsets of N/S: the set £ of (Bell-)local [1]
correlations and the set Q of quantum correlations. We have P € £ if there exists an LHV ) satisyfing a
normalized distribution p(A) > 0 and local deterministic response functions P4 (alx, A), Ps(bly, A) = 0,1
with >~ Pa(a|x,\) =1=>", Pg(bly,\) such that for all a, b, x, y, we can write [1, 2]

(a,blx,y) = Zp )Py (a]x,A) Pg (bly,A). (2)

Otherwise, we say that Dis (Bell-)nonlocal. Meanwhile, we have Pe Q if it can be obtained from local
measurements performed by Alice and Bob on a shared quantum state p4p; then Born’s rule dictates that

P(a,blx,y) L tr (pAB A ®Mb|y> (3)

where MA‘ (M} bly ) denotes the positive operator-valued measure element associated with outcome a (b) of
Alice’s (Bob’s) xth (yth) measurement setting. It is easy to verify that £, Q, and /S are convex sets that
satisty the strict inclusion

ECQCQkCNS:NSB*)AﬂNSA*)B Vk, (4)

where QF is an outer NS approximation of Q (more on this below). See figure 1 for a diagrammatic
representation.

When the cardinalities of X, Y, A, and B are finite, £ is a convex polytope, i.e. the convex hull of a finite set
of extreme points. In contrast, since the quantum set Q is not a polytope, there is generally no simple

3
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criterion to test whether a correlation P belongs in Q. Nevertheless, various outer approximations of Q (see,
e.g. [17, 56-58]) facilitate its membership test via a sequence of supersets O such that NS D Q!

D Q%D .- D Q. In the following, we use the level-3 of the Moroder hierarchy [17], denoted by Q, as our
outer approximation of Q. This choice is motivated by the observation in [59] (see, e.g. table 2 and the top
left subplot of figure 3 therein) that the lowest level of the hierarchy from either [17, 56] is visibly not tight,
but going to a level even higher than Q° may not be worth the extra computation time. However, from the
analysis of [59], we expect similar results to hold if we adopt other outer approximations with similar
computational complexity.

2.2. Hypothesis testing and the prediction-based-ratio method

Often, we perform an experiment to test a particular (null) hypothesis, such as that derived from a
theoretical prediction. In statistical hypothesis testing, one effective way of determining the plausibility of a
null hypothesis H from experimental data is to compute a p-value upper bound from some real function of
the data called a test statistic T. The p-value then represents the tail probability for the observed value of T
conditioned on H, i.e. if the observed value of T is ¢, then

p-value = Prob (T > t|H holds) , (5)

which tells us how likely the data can be explained by the hypothesis #.

Historically, Bell tests were introduced to determine if Nature is compatible with the description of LHV
theories. However, any real Bell test necessarily involves only a finite number of trials where we obtain the
counts of events involving different combinations of inputs and outputs. To cope with this limitation, the
PBR protocol—motivated by an earlier work of Gill [60]—was introduced to provide a systematic, efficient
method for upper bounding the corresponding p-value. In [43], it was noted that the PBR protocol can be
straightforwardly adapted to test the plausibility of other physical theories, including a general NS theory.

For concreteness, suppose we conduct a Bell test with a total of N trials. In each trial, the inputs x and y
are chosen randomly according to some fixed distribution P(x,y). Thus, the data generated in each trial is a
set of four numbers (a, b, x, y). For definiteness, consider now the hypothesis that the data observed is
generated by an underlying NS process describable by some correlation P € NS, which may vary from one
trial to the next.

Even if the experimental trials are i.i.d., the data alone will not allow us to identify b exactly. Nonetheless,
we can estimate P by computing the relative frequenciesf:: {f(a,b|x,y)} for each outcome pair (a, b) given
the choice of input pair (x, y),

f(av b|x,y) = Nﬂabvan’/Nx’J” (6)

where N, 4 ., is the number of trials where the input-output combination (a,b,x,y) occurs,
Ny := Zu,bNu,byx,y’ and

Xy = .
> Nyy=N (7)
Xy

In the asymptotic limit where N — 00, statistical fluctuations vanish, and thereforefapproaches P. For
(finite) i.i.d. trials, the amount of statistical evidence in the data contrary to our hypothesis can be
measured [61] in terms of the Kullback—Leibler (KL) divergence.

More precisely, if we believe the NS hypothesis to be true, the ‘best-fitting’ NS correlation would be given
by the minimizer of the following optimization problem:

Do (IS ) = min a%mx,y)f(a,bm,y)
f(a,blx.y)
x log {P(a,bbc,y)] . (8)

Importantly, this optimization can be efficiently solved using a numerical solver such as MOSEK [62].

In [63], we provide an implementation of this optimization in MATLAB via YALMIP [64]°. Since N'S is a
convex set and the KL divergence is a strictly convex function of B, the minimizer PYS of the above
optimization problem is unique [48].

5 For the results presented in section 4, we also use a somewhat more accurate implementation of equation (8) via PENLAB [65] (courtesy
of Denis Rosset), which generally gives a tighter p-value upper bound.

4
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However, in a real experiment, it would be hard to justify that the trials are i.i.d., since this entails
running every trial under the exact same conditions, which would be impractical with imperfect devices. The
key observation of the PBR protocol is that even for non-i.i.d. trials, the following Bell-like inequality
remains valid [43, 51] for all BPeNS:

NS
Z RapyP (x,y) P(a,b|x,y) < 1 (9a)
a,b,x,y

where the coefficients Ry, > 0 for all a, b, x,y are the so-called prediction-based ratios (PBRs), defined as®,

fla, blx,y)

P (a,blx.y)" o0)

Rubxy =

Note that equation (9) is an optimized Bell-like inequality for witnessing the violation of the NS
hypothesis by data that follows the distribution governed byf(see [51] for a discussion based on the
hypothesis of LHV theories associated with £). Hence, if the subsequent trials follow a distribution
significantly different from thefused in defining equation (9b), even if the data violates the 'S hypothesis,
it may not be reflected by the corresponding p-value bound determined from the above PBRs.

For the purposes of hypothesis testing via the PBR protocol, we only use part of the data to establish the
Bell-like inequality of equation (9), while the remaining part is used to compute a test statistic from its
coefficients. Suppose we take the first Negt < N trials of the data to obtain Ry, via equations (6), (8)
and (9b), i.e. the right-hand side of equation (7) is now Nes. Then, we have the remaining Niest := N — Neg
rounds of data for computing a p-value upper bound. Let (x;,y;) denote the settings and (a;, b;) the outcomes
observed in the ith trial. The PBR for this round would be r; := Rg,p,x,,» which corresponds to the value of
Rgpxy for the combination of inputs and outputs seen in the trial. In the PBR protocol, we consider a test
statistic given by the product of all r;’s from the Niey remaining trials:

N
N,
t= H ri = H Rul;;;x,y’ (10)
i=Nest+1 a,bx,y

where N, p ., is now the number of times the combination (a, b,x,y) occurs in the Ny, hypothesis-testing
trials.

Let T,, denote the random variable obtained from the product of the PBRs of m trials. It can be
shown [51] that if each ; satisfies equation (9b), then we have that E(Tiy;|Hg;) < E(T;), where E denotes
the expectation value and Hg; denotes all past information obtained until the ith trial. This means the
probability that T}, exceeds a particular value f can be upper bounded using Markov’s inequality, and the
upper bound itself is our p-value upper bound py:

Pr[Ty,, =1 <min(t',1) =:py. (11)

A small py, and hence a small p-value, would represent a large value of #, which would only occur if we had
sufficiently many r; > 1. Note that this argument relies only on the supermartingale property of T,,; thus
anything we conclude from the hypothesis testing is valid even with non-i.i.d. trials. In contrast, if =1 > 1,
we have the trivial p-value bound py = 1, which does not provide any useful information about the validity
of the null hypothesis.

Before presenting our results and analysis, let us briefly comment on one final subtlety regarding the
detection of NS violation via a Bell-like inequality violation. Clearly, the NS constraints of equation (1)
consist of a collection of equality constraints. To see their connection with an inequality like equation (9), it
suffices to remember that any equality constraint (=) is equivalent to the conjunction of two inequality
constraints (> and <). In other words, violating any of the NS conditions must also imply a violation of at
least one inequality constraint analogous to those shown in equation (1).

6 Due to numerical imprecisions, the solver may only find a correlation close to the true minimizer PYS. Then, the Bell-like inequality
of equation (9) only holds approximately, with the maximum of the left-hand-side of equation (9a) over all Be NS being 1 + ¢, for some
tiny € > 0. In this case, we ought to renormalize (i.e. divide) the PBRs obtained from equation (9b) by 1 + € to ensure that the p-value
bound obtained thereafter is valid.
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0 —{#}—

10) D— Ry (r/4)

Figure 2. Quantum circuits generating (ideally) the maximal CHSH-Bell-inequality-violating correlation. H is the Hadamard
gate, R,(0) = cos gﬂ —isin gY, where 1 and Y are, respectively, the identity and the Pauli-Y operator, and the meter symbol
represents the computational basis measurement. The pink shading indicates that the Hadamard gate is implemented before the
measurement only when the input for the top (bottom) qubitisx=1 (y=1).

Table 1. List of qubit pairs in each IBMQ device where we perform the two types of CHSH Bell tests. For example, Washington(12,17)
means the qubit pair (12, 17) of the IBMQ device Washington. For the topology of the qubit connections in these devices and their
calibration data, see appendix A.

IBMQ device Qubit Pairs

Washington (12,17) (38,39) (79,91) (91,98)
Geneva (7,10) (14,16) (21,23)

Cairo (0,1) (7,10) (13,14) (23,24)
Hanoi (5,8) (6,7) (11,14) (19,20)
Mumbai (5,8) (16,19) (23,24)

3. CHSH Bell tests in IBM quantum computers

As mentioned at the beginning of section 2.1, in this work, we focus on the case where |X| = |Y]| =

|A| = |B| = 2. In this case, it is known [1] that £ can be equivalently specified as the intersection of positivity
facets and eight different versions of the Clauser—Horne—Shimony-Holt (CHSH) [66] Bell inequality. In
what follows, we explain how the PBR protocol can be applied to the data collected in this simplest Bell
scenario in conjunction with various hypotheses that allow us to identify measurement cross-talks. Note,
however, that the analysis can be easily adapted to other certification tasks when the NS conditions of
equation (1) hold and more complicated Bell scenarios, as illustrated in [49].

For the CHSH Bell test on an IBMQ device, we consider the setting where Alice and Bob share a
two-qubit state and they perform a local measurement in two possible bases on each qubit. In the actual
implementation, this means we first choose the pair of qubits representing Alice and Bob. Then, each round
of the Bell test goes as follows: First, we apply the quantum gates needed to prepare the initial shared state.
Next, according to the pair of inputs (x, y) with x,y € {0,1}, we perform one of the four possible quantum
circuits that implement the local measurements to obtain the pair of outcomes (a, b). We record the data
(a,b,x,y) in each round to facilitate subsequent analysis.

In a typical Bell test, one enforces the NS conditions in one way or another and seeks to demonstrate Bell
nonlocality. Here, we test whether the observations are consistent with a quantum model assuming local,
independent measurements, equation (3), or more generally, the NS constraints of equation (1). To this end,
we focus on the commonly encountered Bell test that aims to produce a Bell-nonlocal correlation maximally
violating the CHSH Bell inequality. We also fix Alice’s and Bob’s two measurements to be the ones in the
computational (Pauli-Z) and Hadamard (Pauli-X) bases for x,y = 0, 1, respectively. The Bell test can then be
conveniently described using the quantum circuits we implement on the IBMQ devices.

Specifically, the circuits Cyy, to generate a Bell-nonlocal correlation are given in figure 2. Ideally, this
circuit prepares the maximally entangled state

|1/)>:\%[cos%(|00)—|11>)+sin%(|01>+|10>) , (12)
and measures Pauli-Z and Pauli-X on both qubits, thereby giving the maximal-CHSH-violating nonlocal
correlation.

Now that we have specified the Bell test, it remains to choose the two specific qubits in the IBMQ device
to represent Alice and Bob. To demonstrate the viability of the PBR protocol, we use the information about
the average CNOT gate errors reported around the last week of April 2023 in several IBMQ devices to select
those pairs of qubits with relatively high errors, see appendix A for details. The pairs of qubits chosen are
indicated in table 1 using the device name and qubit numbers.

A few remarks on the data acquisition process are now in order. In an IBMQ device, a task consists of
specifying the quantum circuit to be implemented and the number of shots, i.e. how many times we repeat
the experiment. However, for a proper Bell test, the inputs (x, y) must be generated randomly and

6
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Inputs (circuits) for N = 1800 tasks

7

() G o(e2y2) Lo D (aN,yN)
g Bell test #1 (al,b}) (a3, b3) (ak,bN)
=) S S [
2 N . B . B B .
II| Belltest#2 : (af,b3) : (a3,b3) : -+ i (ak,bX)
- : : : :
5 S S
b
B
5}
£
§ Bell test #M : (), b}) | (a7, b3T) (a¥,b¥)

Figure 3. Schematic showing how the data for hypothesis testing is collected in each IBMQ device. For each device, we submit

N = 1800 tasks with M = 100 shots each. The kth task is specified by the two input bits (xx, yx), corresponding to one of the four
circuits shown in figure 2. All results (aj, b} ) for the ith shot across the different tasks are then consolidated as results from the ith
Bell test on each device.

uncorrelated with the state of the qubits to be tested. To this end, one may first generate a (pseudo)random
sequence of input pairs (x, y) and submit a task defined by the sequence of circuits corresponding to these
pairs while setting the number of shots to unity for each circuit.

Even then, the issue remains that various shots may become correlated since we must specify the entire
input bit strings (x1,y1), (x2,72)," -, (xn,¥~n) when submitting the task. In other words, from the perspective
of a loophole-free Bell test [67—70], this potentially allows the leakage of inputs across parties. For cross-talk
detection, we shall assume that this potential leakage does not alter the behavior of the individual qubits.
Even though this assumption renders our protocol non-fully-DI, and hence our choice of the term almost DI’,
its violation would again imply some kind of cross-talks that should be addressed to improve local
addressability. Moreover, to collect statistically significant sets of data more efficiently, instead of measuring
one shot for each circuit, we carry out multiple shots for each circuit but assign each shot to a different Bell
test. This means if we want to run M Bell tests where each Bell test consists of N rounds (experimental trials),
we submit N tasks to an IBMQ device where each task consists of M shots. Then, the data produced by the
ith shot of every task is treated as the data for the ith Bell test. See figure 3 for a schematic explanation of the
data acquisition process.

Finally, to make the comparisons across different IBMQ devices relatively fair, we standardize each CHSH
Bell test of figure 2 to have N = 1800 trials, and we perform M = 100 tests for each pair of qubits chosen.
Moreover, for the PBR analysis, we use the data from the first Ny = 600 trials to obtain the empirical
frequenciesf, and the remaining N — Ny = 1200 trials for computing the p-value upper bounds.
Importantly, one can equally well make other choices of Ns. The general principle here is that we need a
sufficient amount of data to get a reasonably good estimate of the general behavior (Viaf), and hence a good
PBR via equation (9b), but we also need a sufficient amount of data from a different set of trials for
performing the actual hypothesis testing (via the test statistic). In our analysis, we adopt a significance level
of &= 0.05, which means we reject the null hypothesis if the p-value bound is less than «.

4, Results

After collecting the data from the Bell tests described in the previous section, we perform various PBR
analyses by testing the data against different null hypotheses.

4.1. PBR protocol for revealing the violation of Born’s rule for local measurements

Since we are interested in the local addressability of these devices, we start by employing a PBR analysis to
check for signatures that the measurement statistics violate Born’s rule for local measurements, cf
equation (3). Due to statistical fluctuations, empirical frequenciesfof equation (6) typically do not satisfy
the NS constraints of equation (1). While this does not compromise the PBR protocol in computing valid
p-value bounds, previous studies [49, 51, 52] have suggested that the quality of p-value bounds may be
improved by first transforming finto an initial estimate G € \'S. For example, we can set [48] G as the

7 The term almost DI was also used very differently in [71] to refer to a situation where only one of the parties in a multipartite scenario
is trusted.



10P Publishing

Quantum Sci. Technol. 10 (2025) 035056 G N M Tabia et al

Table 2. Summary of nontrivial hypothesis-testing results based on the PBR protocol applied to the data collected in Bell tests performed
on various IBMQ devices via the circuits Cni of figure 2 during 2023-04 to 2023-05 (see table 5 in appendix A for details). For each qubit
pair, we implement 1800 tasks with 100 shots each, which means we conduct M = 100 separate Bell tests with N = 1800 trials each. For
each Bell test, we run the PBR protocol for various hypotheses H € {Q3, NS, NS 45, NSp 44, L} with New = 600 at a significance
level of v = 0.05. The integers from the third to the rightmost column show the number of Bell tests where we observe a signature, with
a confidence of at least 95%, for the violation of various hypotheses: a relaxation of Born’s rule for local measurements ‘Q’, (two-way)
no-signaling ‘NS’ no-signaling from A to B ‘./\/'SA74,B’, no-signaling from B to A ‘./\/'8374/;’, and LHV ‘£’ Qubit A (B) corresponds to the
first (second) integer entry in the second column. Only the combinations of device and qubit-pair where at least one of the entries from
the third to the sixth column is nonzero is listed. For the corresponding results with the significance level tightened to o = 0.01, see
table 7 in appendix B.

Device Qubits [Circuit] QNS NSaps NSpsa L
Washington 12,17 [CnL] 1 1 0 1 0
38,39 [Cni] 2 2 0 1 2
79,91 [Cni] 1 1 0 0 1
91,98 [Cni] 2 2 1 1 1
Geneva 14,16 [CnL] 0 0 0 1 0
21,23 [Cu1] 19 19 5 30 17
Cairo 13,14 [Cni] 1 1 1 0 100
Hanoi 5,8 [Cni] 2 2 0 1 47
11,14 [Cny ] 0 0 0 2 100
19,20 [Cn1 ] 1 2 0 0 99
Mumbai 23,24 [CnL] 1 1 0 1 64
minimizer of the KL-divergence from ]_Eto NS:
G := argmin Dy, (}Hﬁ) . (13)
PeNs

The initial estimate G then plays the role of the frequenciesfin the subsequent PBR analysis in equations (8)
and (9).

More precisely, in determining the PBR for the hypothesis of equation (3) via equation (8), we use Q°,
level-3 of the Moroder hierarchy [17] as a proxy for the local quantum constraints of equation (3), see the
last paragraph of section 2.1. Hence, our null hypothesis, in fact, corresponds to the set Q°, which is a strict
outer approximation of Q. Still, a small p-value bound for O signifies the violation of equation (3), in the
sense that a rejection of Pe Q® must entail a rejection of Pe Q since P 709 — p ¢ Q, see figure 1.

After the estimation stage, we obtain the PBRs

G (a,blx,
Rabxy — in‘y)a (14)
P* (Cl, b‘-xvy)
where 13?3 represents the minimizer of the KL-divergence from G to Q3 ie.
13*Qs := argmin Dy, (éH@) . (15)

Qe’

Next, we proceed to the hypothesis testing stage using the PBRs R, from equation (14) in the usual way.
That is, we compute the test statistic in equation (10) from the number of occurrences N, ., of the
input-output combination (a, b, x, y) in the hypothesis testing trials.

Finally, for the IBMQ devices listed in table 1 and each of the M = 100 Bell tests performed, we compare
the p-value upper bound obtained against the significance level av = 0.05 to decide if the null hypothesis
corresponding to (a relaxation of) equation (3) should be rejected. In table 2, we list the IBMQ devices
(alongside the qubit pairs) where at least one instance of rejection is recommended by the PBR protocol for
this significance level. In most cases, we only observe one or two such instances. However, for our
implementation of the circuits of figure 2 using qubit pair Geneva(21,23), cf figure 6, we find, with a
confidence of at least 95%, incompatibility with equation (3) for 19 out of 100 instances of the conducted
Bell tests. A histogram showing the distribution of these p-value bounds can be found in figure 4. These
results reveal a strong signature for the inappropriateness of using equation (3) to model the measurement
statistics on these two qubits of this particular IBMQ device.
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p-value upper bounds

Figure 4. Histogram (H) and cumulative distribution function (CDF) of p-values upper bounds obtained from the PBR protocol
for qubits 21 and 23 of the IBMQ device Geneva (see figure 6) for hypotheses H = Q3 (H: unfilled, thicker edged boxes; CDF:
dotted black line) and H = NS B4 (H: filled blue boxes; CDF: solid blue line). With the inclusion relations of equation (4), see
also figure 1, rejecting the latter hypothesis for a particular test must also entail a rejection of the A/S, and hence the Q3
hypothesis for the same set of data. Each bin spreads over a p-value bound of 0.025. The dashed red vertical line indicates the
significance level of oo = 0.05.

4.2. PBR protocol for revealing signaling effects

Since the measurement results analyzed above are those generated from the circuits of figure 2, their
incompatibility with equation (3) even when non-i.i.d. behavior is allowed, i.e. the state psp in equation (3)
is allowed to vary from one trial to another, is already a strong indication that cross-talks are present in some
of these IBMQ devices. A more direct evidence of this undesired aspect follows if we can show that the
measurement statistics exhibit signaling effects, i.e. violate one or more of the NS conditions given

in equation (1). To this end, instead of following the analysis presented in section 4.1, we proceed according
to the illustration given in section 2.2 to obtain p-value upper bounds according to the NS hypothesis. The
corresponding results are listed under column NS of table 2.

When we compare these results with the ones obtained above for the Q* hypothesis (see also table 3), we
see that they are almost identical, except for the Bell test corresponding to the 21st shots on Hanoi(19,20)
(figure 9), where we find evidence for the violation of 'S but not Q°. In this case, we find a p-value bound
of 0.046 for the former but only the trivial bound of 1 for the latter. Since Q> C NS, i.e. NS is a
less-constraining set of correlations than O3, the above observation may appear counterintuitive at first
glance, as one may expect to see fewer, rather than more, instances of violation of the NS hypothesis. To
understand the origin of this discrepancy, we remind that our protocol involves an estimation of the PBR
(i.e. a Bell-like inequality) optimized for the relative frequencies ﬁst deduced from the data collected during
the first Neg trials in each Bell test. However, for finite and non-i.i.d. trials, there is no guarantee that such an
estimate is again optimal for the data collected during the remaining trials, see [51]. Indeed, for this specific
Bell test, if we had used the PBR obtained for N'S—also valid for the Q> hypothesis—for our test against Q°,
we would have also concluded a rejection of Q°.

In other words, if the underlying process is always described by a fixed P & NS, we must also have
P ¢ Q3. However, for non-i.i.d. trials, as remarked in the paragraph below equation (90), if the empirical
frequencies ]_‘:est do not reflect well the behavior of subsequent trials, the PBR derived therefrom for Q> may
fail to manifest the incompatibility between the hypothesis-testing trials data and Q. In contrast, even if]_‘;est
differ considerably from ]_(;St, so long as the main signaling direction is preserved, it is conceivable that the
PBR derived for /S remains effective for the testing trials.

Apart from this one exceptional instance with Hanoi(19,20), the compatibility of every other Bell test’s
data with the two hypotheses (i.e. whether the p-value bound is less than «) is the same. In fact, even though
the two hypotheses are not the same, the difference in their p-value bounds is typically not large enough to
alter their distribution in a significant manner. For example, for the p-value upper bounds shown in figure 4,
the corresponding p-value bounds for the V'S hypothesis differ from the former by at most 0.0017 and are
thus not visibly different from the histogram of figure 4 for Q° (unfilled, thicker edge).

While small p-values indicate strong evidence against the NS hypothesis, they do not tell us anything
about how the NS constraints of equation (1) are violated. One possibility is that including a Hadamard or
not before the top (bottom) qubit measurement in figure 2 indeed results in different measurement statistics
on the other qubit, which, of course, goes against the assumption of equation (1), and hence equation (3). To
this end, it will also be useful to check if the cross-talk has a specific directionality by running a PBR protocol
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Table 3. Further details about the instances of Bell tests giving the results reported in table 2. Under the third column to the rightmost,
we list the Bell test number implemented on the respective device and qubit pair that shows a violation of the corresponding null
hypothesis. To simplify the presentation, we have put the almost identical results for ©* and V'S under the same column, with the
additional instance for /S in a bracket. Moreover, we denote the common instances for Q> (NS) and NS B4 in the case of
Geneva(21,23) by € = 3, 16,18, 19, 31,38, 55,62, 65, 81,97.

Device Qubits [Circuit] QI NS NSapp NSgsa
Washington 12,17 [Cne] 56 — 49
38,39 [Cni 88, 100 — 88
79,91 [Cn] 41 — _
91,98 [Cn] 15, 50 15 15
Geneva 14, 16 [CnL] — — 99
21,23 [CnL] 09, ¢, 6,33, 39
17, 26, 9, 29, 41-44, 47
32,51, 38, 66, 56-59, 68
66, 73, 73 72, 86, 89
99 90, 92, 94
Cairo 13,14 [Cni] 8 8 —
Hanoi 5,8 [Cne] 23,52 — 23
11,14 [Cxi] — — 65,75
19,20 [Cni] 75 (21) — _
Mumbai 23,24 [CnL] 70 — 70

assuming the hypothesis # = NS 45 (H = NSg_44) of one-way NS from Alice to Bob (Bob to Alice). Our
results for these tests can be found in their respective columns in table 2.

From tables 2 and 3, we observe several instances—namely, Hanoi(11,14), Geneva(14,16), and
Geneva(21,23)—where more violation of the less constraining OWNS hypothesis (either NS 445 or
NS4 4) is observed, but via the PBR protocol described in section 4.1, fewer or no violation of the more
constraining /S hypothesis is picked up. This anomaly can again be understood from the non-i.i.d. nature
of the experimental trials, where the main direction of signaling (estimated from fest and ﬁest) changes from
the first 600 trials to the remaining 1200 trials.

In fact, we can ‘utilize’ this discrepancy to our advantage in our hypothesis-testing tasks. By recalling
from equation (4) and figure 1 the strict inclusions of the various sets of correlations, we note that Q is the
most constraining hypothesis among all those discussed above, while the OWNS hypothesis is the weakest. In
other words, if we reject the plausibility of any of the hypotheses from { NS5, NSp 44} in explaining the
data observed for a particular Bell test, we must also reject the plausibility of NS (and hence Q) in
explaining the same set of data. Using this observation, we conclude from table 3 that of the 100 tests
performed on Geneva(21,23) 39 are deemed incompatible with the NS hypothesis NS (or Q). See table 4 for
a complete summary of such results on all the IBMQ devices we have tested.

5. Discussion

In recent years, due to the widespread availability of quantum computers through the cloud, we have seen a
surging interest in running various quantum tasks on these devices. Naturally, given the proximity of the
qubits arranged in some of these platforms—such as those offered by IBMQ—one may wonder about the
extent to which they exhibit cross-talks and whether such effects can detected with minimal assumptions,
like other DI certification tasks. To this end, it is worth noting that the NS conditions of equation (1) are
usually separately enforced and taken as a premise for DI protocols.

In this work, we show under a mild assumption that measurement cross-talks or incompatibility with
Born’s rule for local measurements can again be certified in an essentially DI manner via the PBR protocol
(initially developed in [51, 52] for testing LHV theories but later generalized in [43]). More precisely, we use
the protocol to obtain p-value upper bounds on the plausibility of the NS assumption or the natural
assumption that Born’s rule for local measurements holds. Note that an analysis of the first kind has
previously been applied as a consistency check in the loophole-free Bell test performed with superconducting
circuits [72], where no evidence for signaling is found.

Similarly, from our analysis of the data obtained across five different IBMQ systems, we see, in most
cases, very little evidence for a strong violation of either the Q7 or any of the /S hypotheses. Although we
observe a small p-value upper bound py in a few instances (see table 4 for a summary), it should be noted
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Table 4. Summary of the number of (nonzero) instances of Bell tests found to be incompatible with the no-signaling hypothesis, either
via the rejection of the /S null hypothesis, or indirectly via one of the OWNS hypotheses for a significance level of 5% (third column)
and 1% (fourth column). We find the same results for rejecting the hypothesis of Born’s rule for local measurements, equation (3).
Results listed on top and bottom are, respectively, those based on the circuits Cnt. of figure 2 (meant for generating a Bell-nonlocal
correlation) and Cy, of figure 11(meant for generating a Bell-local correlation, see appendix C for details).

Device Qubits[Circuit] a=0.05 a=0.01
Washington 12,17 [CnL] 2 1
38,39 [Cni] 2 1
79,91 [Cni] 1 0
91,98 [Cni] 2 1
Geneva 14,16 [CnL] 1 1
21,23 [Cni] 39 22
Cairo 13,14 [Cni] 1 1
Hanoi 5,8 [Cni] 2 1
11,14 [Cne] 2
19,20 [Cni] 2 0
Mumbai 23,24 [CnL] 1 0
Washington 12,17 [Cp] 1 0
38,39 [CL] 2 1
79,91 [CL] 2 1
91,98 [CL] 2 1
Cairo 13,14 [CL] 2 0
23,24 [C1] 3 1
Hanoi 5,8 [CL] 2 0
6,7 [CL] 1 0
11,14 [CL] 2 1
19,20 [Cy] 1 0

that even when the null hypothesis holds, there remains a small chance (< py) of observing a false

positive [51]. In contrast, for measurements on qubits 21 and 23 of the IBMQ-Geneva device, we have
stumbled upon 39 instances of these tests where the PBR protocol would end up rejecting the /S, and hence
Q hypothesis, either directly, or indirectly via a weaker hypothesis. This shows that, despite the relatively
small number of samples (1800 trials for each test) and allowing non-i.i.d. trials (cf the approach by [73]
with 7.i.d. assumption), the PBR protocol is capable of detecting (measurement) cross-talks in a real
quantum computer.

Note further that when we check the same set of data from Geneva(21,23) against the £ hypothesis of
LHYV theories®, we also find several instances that result in rejecting the £ hypothesis. However, given the
observed signaling effects, the relevance of this violation becomes questionable. For comparison, we have
also implemented several trivial ‘Bell tests’ using the circuits Cy, of figure 11 in appendix C, which are only
expected to produce Bell-local correlations. Then, for ideal devices, we anticipate many small p-values for
Bell tests involving Cxy,, figure 2, and none for those involving C;.. The results shown in tables 2 and 8 clearly
do not follow this intuition. In fact, from tables 8 and 9, we even observe a few instances of rejection of £
alongside Q° and /S with Cy, suggesting that these violations of equation (2) are merely an artifact of the
cross-talks present in the system. Even though we have not seen overwhelming instances of rejections of the
NS or any of the OWNS hypotheses for the Cy, circuit, cf tables 4 and 8, their presence, nonetheless, support
the idea that these cross-talks show up even without implementing any nonlocal unitary gate.

Let us make a few final remarks about our general methodology. Our certification protocol can be seen as
assuming the causal structure of figure 5(a) and applying the PBR method to show that the observed data is
incompatible with this assumption. Strictly, a refutation of the assumed causal structure does not necessarily
entail signaling, and hence a measurement cross-talk. For example, the causal structure depicted in
figure 5(b)—which allows signaling (dashed arrows) and dependence of C on X, Y (dotted arrows)—
facilitates the generation of all possible P in this scenario, cf lemma 1 of [74].

8To check against £ using the PBR protocol, we replace, in the definition of the PBRs of equation (14), the denominator by
argming, » D1 (G||Q), i.e. the minimizer of the KL divergence from G to L.
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YN

Figure 5. Causal structures relevant to the current work. (a) The Bell directed acyclic graph [76] (DAG) where the random
variable A (B) is allowed to depend on both X (Y) and the latent variable C. When C is a classical or a quantum common cause,
the resulting correlation P satisfies, respectively, equations (2) and (3). Even if C is a more powerful no-signaling common cause,
P must still respect equation (1). (b) A natural extension of the Bell DAG allowing signaling (dashed arrows) and ‘measurement
dependence’ [4] (dotted arrows).

(b)

In an ordinary Bell test, one invokes the freedom of choice assumption to remove these dependencies
between C and X, Y, making P(X, Y|C) = P(X,Y), which is equivalent to P(C|X,Y) = P(C). In our case,
however, the inputs X, Y are not only generated before C, but are even fed into the device used to prepare C.
Thus, although we make the same independence assumption, some may find it more difficult to justify in the
present context. To this end, one might find a random permutation of the bit strings (and qubits) before each
submission helpful for breaking any accidental correlations between the input pattern and the underlying
time-dependent noise. Alternatively, one can follow the approach of [4] and try to develop a more general
type of NS conditions that hold even if we allow these undesired dependencies.

On the other hand, most of our tests admittedly involve qubit pairs exhibiting relatively high error rates.
However, even among those pairs where the error rates seem low, including Washington(38, 39)

(see figure 7), Cairo(13, 14) and Cairo(23, 24) (see figure 8), and Hanoi(6,7) (see figure 9), our protocol has
also identified instances showing signatures of cross-talk, see table 4. For future reference, it would be helpful
to perform a comprehensive investigation involving a control set of low-error pairs and compare the results
obtained against IBMQ’s calibration data. In particular, this will shed light on the effectiveness of our
tests—which involve far fewer assumptions—even in those cases that may not be flagged via the conventional
approach.

Note also that our results (see table 2, 3, 8 and 9) clearly suggest that, once we have done the much faster
computation checking against the /S hypothesis, the computation using any approximation of Q may well
be redundant for detecting cross-talk. A natural question that follows is whether this observation holds in
general. Another obvious question that follows is: for the same number of trials, whether one can
obtain—for the sake of detecting cross talks—a tighter p-value bound for refuting the hypothesis of Born’s
rule for local measurements, equation (3), or even NS of equation (1). To this end, we remind the readers
that the PBR protocol is only known to be optimal in the asymptotic setting (and when the trials are 7.7.d.).
For example, is there a way to adopt the analysis from [75] to the present setting by considering the
conjunction of all inequalities equivalent to equation (1)? Evidently, it is also relevant to understand if
adapting the present analysis can give a useful quantification of cross-talks. Finally, given the current
findings, one may ask whether other, more general (almost) DI certification or calibration tasks can be
developed to detect additional undesirable behaviors of quantum devices.
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Appendix A. Miscellaneous details
Here, we provide further details about the data acquisition period, table 5, and the IBMQ devices

investigated in this work. These include IBM Cairo (figure 8), the exploratory—now retired—IBM Geneva
(figure 6), IBM Hanoi (figure 9), IBM Mumbai (figure 10), and IBM Washington (figure 7).

A.1. Data acquisition period

Table 5. Period for which we collected the data at IBMQ devices.

Device Data collection period
Washington 24 April 2023-26 April 2023
Geneva 26 April 2023-27 April 2023
Cairo 24 April 2023-30 April 2023
Hanoi 24 April 2023-17 May 2023
Mumbai 3 May 2023-6 May 2023

A.2. Topology of qubit connections in each IBMQ device and their calibration data

For each device listed in table 5, we provide below the topology map showing its qubit connection,
calibration data taken around the time the computation data was collected, the range and median of its
readout assignment error and CNOT error, and the qubit pairs investigated in this work.

h 1 :
0-?-0*0-®+?-®-®+@-?_:

[ ] o
0-9-?-@#@-@1'?-9-0-@

Figure 6. Topology of the 27-qubit exploratory IBM Geneva device and its calibration data on 26 April 2023: the readout (CNOT)
assignment error ranges from 7.300 x 1073 t0 3.683 x 10! (3.872 x 1073 to 1.000) with a median of 2.930 x 10~2

(5.457 x 10™2). Here and below, the highest (lowest) error is associated with the brightest (darkest) color; qubit pairs analyzed in
this work are enclosed in dashed blue rectangles.
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Figure 7. Topology of the 127-qubit IBM Washington device and its calibration data on 24 April 2023: the readout assignment

(CNOT) error ranges from 1.900 x 107> to 4.854 X 10™! (5.999 x 10~2 to 1.000) with a median of 1.290 x 10~2
(1.234 x 1072).
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Figure 8. Topology of the 27-qubit IBM Cairo device and its calibration data on 24 April 2023: the readout assignment (CNOT)
error ranges from 6.000 x 1072 to 1.221 x 107! (4.436 x 107 to 1.000) with a median of 1.190 x 1072 (9.815 x 10™%).
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Figure 9. Topology of the 27-qubit IBM Hanoi device and its calibration data on 24 April 2023: the readout assignment (CNOT)
error ranges from 5.800 X 1072 to 8.690 x 1072 (2.982 x 10~2 to 1.000) with a median of 1.150 X 1072 (7.465 x 1073).

Table 6. Median and range of the readout assignment error and CNOT error for each IBMQ device.

Readout error CNOT error
Device Median Range Median Range
Washington 1.290 x 1072 1.900 x 107°—4.854 x 10~* 1.234 x 1072 5.999 x 107°~1.000
Geneva 2.930 x 1072 7.300 X 107°-3.683 x 107! 5.457 x 1072 3.872 x 107°-1.000
Cairo 1.190 x 1072 6.000 x 1073-1.221 x 107! 9.815x 10> 4.436 x 107°-1.000
Hanoi 1.150 x 1072 5.800 x 107°-8.690 x 102 7.465 x 1073 2.982 x 107°-1.000
Mumbai 1.860 x 1072 1.150 X 1072=1.115 x 10" 7.804 x 103 4.201 X 107°-1.888 x 1072

) ®
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Figure 10. Topology of the 27-qubit IBM Mumbai device and its calibration data on 8 May 2023: the readout assignment (CNOT)
error ranges from 1.150 x 1072 to 1.115 x 10~! (4.201 x 107 to 1.888 x 10~2) with a median of 1.860 x 10~2
(7.804 x 1077).

14




10P Publishing Quantum Sci. Technol. 10 (2025) 035056 G N M Tabia et al

Appendix B. Other miscellaneous results

We give here the results analogous to table 2, but with a more stringent (smaller) significance level.

Table 7. Summary of results parallel to those presented in table 2 but with the significance level set at the more stringent value of

a=0.01.

Device Qubits[Circuit] o’ NS NSans NSpsa L

Washington 12,17 [CnL] 0 0 0 1 0
38,39 [Cni] 0 0 0 1 0
91,98 [Cni] 1 1 0 0 1

Geneva 14, 16 [Cx1] 0 0 0 1 0
21, 23 [Cai) 10 10 1 17 8

Cairo 13,14 [CnL] 1 1 1 0 100

Hanoi 5,8 [Cni] 1 1 0 0 41

Appendix C. Results for a product-state generating circuit

The circuits Cy, for generating a Bell-local correlation are given in figure 11. The ideal correlation resulting
from this circuit is that obtained by measuring Pauli-Z and Pauli-X on the state |00). Note that while the T
gate is irrelevant in theory, the fact that it is performed in the circuit can still have a nontrivial consequence
in the experiment.

0
0

Figure 11. Quantum circuits generating a non-Bell-inequality-violating correlation. T = diag(1, ¢™/*) refers to the
m/8-phase gate. The symbols and shading carry the same meaning as those in figure 2.

Table 8. Summary of results analogous to those presented in table 2 but with the circuits considered being those given in figure 11.

Device Qubits [Circuit] o’ NS NSapp NSgsa L
Washington 12,17 [CL] 0 0 1 0 0
38,39 [C1] 1 1 2 0 1
79,91 [CL] 1 1 0 2 1
91,98 [CL] 2 2 0 2 1
Cairo 13,14 [C1] 0 0 2 0 0
23,24 [C1] 1 1 1 1 1
Hanoi 5,8 [CL] 2 2 0 1 1
6,7 [CL] 1 1 0 0 0
11,14 [CL] 2 2 2 0 0
19,20 [CL] 0 0 0 1 0
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Table 9. Further details about the instances of Bell tests giving the results reported in table 8. Under the third column to the rightmost,
we list the Bell test number implemented on the respective device and qubit pair that shows a violation of the corresponding null
hypothesis. To simplify the presentation, we have put the identical results for ©* and /S under the same column.

Device Qubits [Circuit] QI NS NSaps NSgsa L
Washington 12,17 [CL] — 49 — —
38,39 [C1] 98 57,98 — 98
79,91 [Cy] 78 — 30,78 78
91,98 [CL] 38, 64 — 38, 64 38
Cairo 13,14 [CL] — 64,76 — —
23,24 [CL] 30 59 77 30
Hanoi 5,8 [CL] 11,61 — 11 61
6,7 [CL] 58 — — —
11,14 [CL] 27, 68 27,68 — 27
19,20 [C1] — — 96 —
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