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Closing the Locality and Detection Loopholes in Multiparticle Entanglement Self-Testing
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First proposed by Mayers and Yao, self-testing provides a certification method to infer the underlying
physics of quantum experiments in a black-box scenario. Numerous demonstrations have been reported to
self-test various types of entangled states. However, all the multiparticle self-testing experiments reported
so far suffer from both detection and locality loopholes. Here, we report the first experimental realization of
multiparticle entanglement self-testing closing the locality loophole in a photonic system, and the detection
loophole in a superconducting system, respectively. We certify three-party and four-party GHZ states with
at least 0.84(1) and 0.86(3) fidelities in a device-independent way. These results can be viewed as a
meaningful advance in multiparticle loophole-free self-testing, and also significant progress on the

foundations of quantum entanglement certification.
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In 1964, John Bell showed that the correlations of
measurement outcomes on distant particles cannot be
reproduced by locality and realism theory, and thereby
certify the existence of entanglement [1]. Since then, the
field of Bell nonlocality has grown considerably [2]. Apart
from manifesting the existence of nonlocality and entan-
glement in the separated black boxes, as the maximal
quantum violation of the Bell inequality is further
observed, new physics and phenomena appear such that
one could also certify the inner working of the devices, e.g.,
what states are prepared and what operations are performed
in these black boxes [3,4]. This certification is referred
to as self-testing [3,4], which can be applied to device-
independent quantum cryptography, entanglement detec-
tion, and delegated quantum computing [5]. However, for
these high-level security device-independent tasks, some
theoretical conditions might be compromised in the imple-
mentations, leading to different kinds of loopholes in Bell
inequalities. If one does not close these loopholes, a
malicious adversary could take advantage of them to fake
the Bell violation; then the corresponding cryptographic
tasks would not be secure anymore.

In Bell inequalities, each party receives a random
classical input and is required to output classical data.

0031-9007/22/128(25)/250401(6)

250401-1

In the implementation, inputs and outputs correspond to the
measurement setting choices and measurement outcomes,
respectively. Bell’s proof requires the no-signaling con-
dition, that is, the measurement choice at one party cannot
influence the outcomes at other parties. Otherwise, lever-
aged by signaling, local hidden variable strategies could
spoof and thus violate the Bell inequalities even without
entanglement. If a compact experiment setup lacks the
spacelike separation which is generally employed to
guarantee the no-signaling condition, an additional
assumption should be made—Iocal hidden variables cannot
signal one another, leading to the “locality”” loophole.

In addition, due to unavoidable imperfections in state
preparation and detection, not all the experimental trials can
be correctly detected. By discarding the no-detection trials
or performing postselection, one has to assume that the
statistics of the detected trials can faithfully reflect that of
all the trials. Otherwise, a malicious adversary may assign
some rounds to be no-detection events and fake the
violation without entanglement, which opens the “detec-
tion” loophole [6].

Compared with nonlocality tests that only rely on the
violation of Bell inequalities, self-testing further requires
near-maximal violation, thus dramatically increasing the

© 2022 American Physical Society
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FIG. 1. Field implementation and space-time diagram of the experiment. (a) Bird’s-eye view of the nonlocal game with three players
(Alice, Bob, and Charlie) and two independent sources EPR1 and EPR2. The relative distances between Alice-EPR1, EPR1-Bob, Bob-
EPR2, and EPR2-Charlie are 104 m, 106 m, 89 m, and 110 m, respectively. The length of the corresponding connecting fiber links is
112.63 m, 124.9 m, 109.6 m, and 125.48 m. (b) A brief figure of three-photon GHZ state preparation. (c) Spacelike separation between
quantum random number generation events of Alice (QRNGA) and Charlie (QRNGC), and spacelike separation between setting choice
event QRNGA(QRNGC) and measurement event MC(MA). Origins of the axes are displaced to reflect the relative space and time
difference between them. (d) Similar to (c), QRNGB is the quantum random number generation event of Bob and the measurement event
is MB, spacelike separation between QRNGB and two other QRNGs (QRNGA,QRNGC), and spacelike separation between QRNGB
and two other measurement events (MA, MC), spacelike separation between MB and two other QRNGs (QRNGA, QRNGC). (c) and

(d) illustrate spacelike separation of each other between MA, MB, and MC.

difficulty of the experimental demonstrations. However, a
series of self-testing experiments have been implemented
principally including two-party entangled states [7—13],
and multipartite graph states [14—16]. Except for the two-
particle demonstration in Ref. [7], all the previous self-
testing demonstrations suffer from both the locality and
detection loopholes. Even with the state-of-the-art exper-
imental techniques, how to achieve nearly perfect state
preparations with a high detection efficiency in a multi-
partite spacelike separate setup is still an open problem.
Recent theoretical works have proposed families of Bell
inequalities to robustly self-test graph states [17,18], which
make the demonstration of multiparticle self-testing more
feasible. In order to pave the way for this important
milestone—Iloophole-free multiparticle self-testing—in this
Letter, we adopt the advantages of different physical
systems, and demonstrate the multiparticle self-testing free
of locality and detection loophole individually. In the
photonic system, we create space-likely separated three-
photon polarization-entangled GHZ states. We test three
different Bell inequalities, including the Mermin inequality
and the newly proposed inequalities in Refs. [17,18]. With
the values of the Bell inequalities, we self-test three-photon

GHZ states without the locality loophole and certify the
state with at least 0.843(7) fidelity. In the superconducting
system, we generate four-party GHZ states and keep all the
events in Bell inequalities without postselection. We test
three different Bell inequalities without the detection
loophole and certify the fidelity with at least 0.86.
Moreover, applying our proposed Bell inequalities, we
also test the entanglement structure of prepared states. Our
demonstration takes a vital step toward the loophole-free
multiparticle Bell nonlocality and self-testing. Our results
also lay the foundation for future large-scale quantum
entanglement states’ verification and related applications.

Theoretical schemes.—In Bell nonlocal inequalities,
without the help of entanglement, local hidden variable
strategies could at most obtain the value f., referred to as
the classical bound, whereas quantum strategies using
entanglement could reach at most a quantum bound
Po > Pc. As one observes a Bell value (B) close to the
quantum bound, (B) =y — ¢, the self-testing analysis
[17-19] could certify that the underlying state at least has
the fidelity 1 — f(¢) to the target state up to local iso-
metries. Much effort has been devoted to optimizing the
robustness performance, i.e., the derivation of function f,
in self-testing tasks. Here we apply the Bell inequalities
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proposed in Refs. [17,18]. Focusing on N-party GHZ
states, N — 1 different Bell inequalities {B,}"=! can be
constructed as

By sl + 80 T[ B+ 34 - B)a)

N
+O(sSN=2) Y (AA)<N+s—1. (1)
k=542

where s = 1,2,...,N — 1 and §(s < N — 2) is an indicator
function which equals to 1 when s < N — 2 and equals to 0
otherwise. The classical bounds and quantum bounds are
Pcs=N+s—1and By, = 225 + N — s — 1, respecti-
vely. The optimal quantum bounds are saturated by taking
A =[X+2)/V2], Bi=[X-2)/V2], and A, =7Z,
B; = X when i # 1. Besides these families of Bell inequal-
ities, for three-party GHZ states, we also apply the Mermin
inequality [20],

By :(A1A;B3) + (A ByAs) + (B1AyA3) — (B B,B3) < 2.
(2)

Its quantum bound fg j = 4 can be reached via A = X,
B = —Y for particle 1 and 2, and A; =Y, B;=X. In
Refs. [17,18], the fidelity between the underlying measured
state p and the target graph state y; (under local isometry
A), F = max,(wg|A(p)|wg), can be lower bounded via a
linear function F > 1—k;(Bo,— (B,)). We show more
detail of the exact values and the calculation of the slopes k;
in Ref. [21]. Furthermore, based on Eq. (1), we also
propose a family of Bell inequalities which could detect
the entanglement structure of the underlying states. The
theoretical details are shown in Ref. [21].

Photonic system without the locality loophole.— The
bird’s-eye view of the experimental setup is shown in
Fig. 1(a); two entanglement sources, Einstein—Podolsky—
Rosen pairs, EPR1 and EPR2 and the three nodes are
located in the Shanghai Research Institute of the University
of Science and Technology of China.

Three mutually spacelike separated 250 MHz quantum
random number generators are located at Alice, Bob, and
Charlie respectively. In free space, the distance between
Alice and Bob, Alice and Charlie, and Bob and Charlie are
191.8 m, 384.2 m, and 199 m, respectively. We use optical
fiber to send photons to these three sites for measurement.
From the time-space diagram shown in Figs. 1(c) and 1(d),
the quantum random numbers generated at these three
sites and the final basis vector measurement all satisfy strict
spacelike separate conditions (for more details, see
Ref. [21]). Hence, the locality loophole in the experimental
multiparty self-testing is closed within our settings. Note
that our experimental setup is quite different from the ones
in previous multipartite self-testing [14—16] where all the
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FIG. 2. The results from three-party and four-party GHZ states
demonstrated in the photonic system and superconducting
system. (a),(b),(e) and (c),(d) show the results obtained in the
photonic system without the locality loophole, and the super-
conducting system without the detection loophole, respectively.
(a),(c) The experimental observed Bell inequality values and the
maximal quantum values for By, B,, and By, (B3). (b),(d) The
estimated fidelity from the Bell values (B,), (53,), (By) ((B3)).
The light green bar shows the traditional device-dependent
fidelity estimation of the prepared states using quantum witness
(QW) [28] or QST [29]. (e) The comparison between our results
and the previous best-known results without the locality loop-
hole in Ref. [30]. For Mermin inequality, we obtain the Bell value
3.63(1), and the result in Ref. [30] is 2.77(8), represented by the
triangle. According to the fidelity estimation curve for Mermin
inequality in Ref. [19], we could certify that the fidelities are
0.84(1) and 0.475(3) with the results obtained in our work and
Ref. [30], respectively. The fidelity F > 1/2 implies the existence
of genuine entanglement. Here, all error bars indicate 1 standard
deviation deduced from propagated Poissonian counting statistics
of the raw detection events.

sites are on the same compact platform without random
measurement choices.

In our experiment, we utilize the 779 nm laser to pump
the periodically poled MgO doped lithium niobate crystal
in a Sagnac loop to produce a pair of entangled photons
|®) = (|[HH) + |VV))/v/2 with wavelengths 1560 nm
(signal) and 1556 nm (idler), where |H) and |V) represent
the horizontal and vertical polarization of single photons,
respectively [26]. In order to ensure the high fidelity of the
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TABLE I. Summary of the multipartite device-independent
demonstrations. This work (P) and (S) denotes our results using
the photonic system and superconducting system, respectively. In
the Locality and Detection columns, the check mark indicates the
corresponding loophole is closed. In the Self-Testing column, the
check mark indicates the existence of the nontrivial self-testing
results. The Fidelity column shows the fidelity estimation in the
corresponding demonstrations. For those with more than one kind
of multipartite entangled states demonstration, we list the best
fidelity estimation in this column. There have been numerous
demonstrations of multipartite Bell inequalities without the self-
testing results. Thus, here we only list the ones closing at least one
loophole.

Scheme Locality Detection  Self-Testing  Fidelity
Ref. [31] X 4 X

Ref. [30] v X X e
Ref. [11] X X 4 0.98
Ref. [15] X X v 0.96
Ref. [16] X X v 0.92
This work (P) v X v 0.84
This work (S) X v v 0.86

entanglement source, we upgraded the original electro-
optic modulator (EOM) loop and raised the transmittance
from 0.25 to 0.5. Therefore, although we add one more
measured EOM loop in our experiment, we do not need to
increase the power which would introduce extra noise to
improve the count rate.

In Fig. 1(b), for preparing a three-photon GHZ state, we
pump periodically poled MgO doped lithium niobate to
produce two-photon pairs in the state |®) = (|HH) +
|VV))/v/2 from EPR1 and EPR2. After the interference
and postselection with a polarizing beam splitter (PBS) at
Bob, one of the photons is used as the trigger to
|+) = (JH) + |V))/+/2, and the remaining three photons
are the prepared GHZ entangled state |w) = (|HHH) +
VVV))/V2 [27].

For the measurement settings, we use the superconduct-
ing nanowire single-photon detectors with an average
efficiency of 0.82 to collect 9688, 11675, and 16763
fourfold coincidences and improve the minimal measure-
ment fidelity from 0.984 in Ref. [26] to 0.991. Consequently,
we obtain the Bell values for the Bell inequalities
(By) =3.64(3), (B,) =5.40(5), (By) =3.63(1). From
the obtained results, we can predict that the state fidelity
is 0.83(3), 0.84(3), and 0.84(1) in Fig. 2(b), respectively.
Meanwhile, using the device dependent entanglement
witness [28], the fidelity of the three-photon GHZ state is
0.950(3), as shown in Fig. 2(b). Moreover, we compare the
estimated fidelities obtained from different experimental
Mermin inequality values without the locality loophole
in the self-testing criterion with results shown in Fig. 2(e).
For clarity, we list a few multiparticle nonlocality
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FIG. 3. (a) False-colored optical micrograph of the supercon-

ducting quantum processor. Eight X-mon qubits are capacitively
coupled to acommon central bus (green). Four qubits with the best
performance (red) are used in our experiment. Each qubit has a
microwave drive line (purple), a flux bias line (blue), and a readout
resonator (yellow). (b) Circuit implementation. (c) The readout
error of dispersive measurement as a function of the measurement
time. Upper (lower) panel, the probability of incorrectly identify-
ing the qubit state when prepared in the first excited state |1) (the
ground state |0)). Red dots, conventional dispersive measurement;
blue dots, dispersive measurement exploiting the second excited
state |2), where the decay error is strongly suppressed; gray dashed
line, measurement time used (3 ps).

demonstrations with or without closing the loopholes,
and self-testing phenomenon in Table I.

Superconducting system without the detection loop-
hole.—This experiment is carried out on a superconducting
quantum processor consisting of 8 Xmon qubits [32]
simultaneously coupled to a central bus, as shown in
Fig. 3(a). For each item in the Bell inequalities, we
implement 10 000 trials and keep all the events to collect
the outputs according to the read-out results without
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postselection. We assign +1 to the output if we detect the
ground state |0) and —1 otherwise. The average readout
fidelities reach 0.981 for the +1 result and 0.964 for the —1
result.

Figure 3(b) illustrates our quantum circuit to generate the
4-qubit GHZ state. We first idle 200 us to relax Q1 ~ Q4
into their ground states. Then, we apply X/2 gate to each
qubit and rotate them to the | —i)®* state. After that, 4
qubits are tuned to resonance and undergo an all-to-all
interaction assisted by the central bus [33]. Finally, we
apply X/2 gate to each qubit again and obtain a 4-qubit
GHZ state. The tuning of the qubits’ transition frequencies
introduces unwanted phases. To cancel them, we rotate the
frame by applying virtual Z gates at each qubit before two
groups of X/2 gates. The virtual Z gate is realized by
adding a phase offset to the microwave drive line for all
subsequent pulses. To improve the readout fidelity, we
apply an additional gate before each measurement pulse,
which excite the qubit from the first excited state |1) to the
second excited state |2) and suppress decay error during
the readout [34,35]. Compared with the conventional
dispersive measurement [36,37], the readout error is greatly
reduced [see Fig. 3(c)]. As a result, we generate a 4-qubit
GHZ state with the fidelity of 0.944(1), measured from
quantum state tomography (QST) and obtain the Bell
values (B;) =4.66(3), (B,) = 6.46(4), (B;) = 8.21(7),
with the estimated state fidelities 0.83(3), 0.86(2), and
0.86(3), respectively. Moreover, we also device independ-
ently test the entanglement structure of other 4-qubit
prepared states based on our proposed Bell inequalities
shown in Ref. [21].

Conclusion and outlook.—Our experiment has realized
the first multiparticle self-testing while closing the locality
loophole and the detection loophole individually via the
photonic and superconducting experimental systems,
respectively. By preparing the high-quality GHZ entangle-
ment sources, we have certified the genuine entanglement
and obtained the fidelity 0.84(1) and 0.86(3) for three-party
and four-party GHZ states, respectively.

Compared with the two-party nonlocality, multipartity
nonlocality could not only reveal different new physics
which is theoretically interesting but also possess practical
applications, for instance, multiuser quantum cryptography
tasks. Therefore, multiparticle loophole-free Bell violation
is one of the ultimate goals in device-independent quantum
information. Our results pave two independent steps to this
goal. A remaining problem is how to close the other
loophole in these two platforms. For the photonic system,
relying on eliminating the postselection by directly prepar-
ing the GHZ state [38] and improving the efficiency of
collection, it is possible to close the detection loophole. For
the superconducting system, by extending the length of
cryogenic wave guides [39], qubits could be entangled over
longer distances, and the locality loophole could be over-
come. On the other hand, an alternative way of self-testing

[40] in a single device that does not require spacelike
separations but is based on computational assumptions was
proposed. For the practical implementation of this type of
protocols, our superconducting system is also one of the
most promising candidates.
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