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Quantum self-testing is a device-independent way to certify quantum states and measurements
using only the input-output statistics, with minimal assumptions about the quantum devices. Due
to the high demand on tolerable noise, however, experimental self-testing was limited to two-photon
systems. Here, we demonstrate the first robust self-testing for multi-photon genuinely entangled
quantum states. We prepare two examples of four-photon graph states, the Greenberger-Horne-
Zeilinger (GHZ) states with a fidelity of 0.957(2) and the linear cluster states with a fidelity of
0.945(2). Based on the observed input-output statistics, we certify the genuine four-photon entan-
glement and further estimate their qualities with respect to realistic noise in a device-independent
manner.

Multipartite quantum entanglement that exhibits cor-
relations without a classically analog [1, 2] plays a promi-
nent role in understanding the quantum foundations as
well as for quantum technologies. One of the canonical
examples is the graph state [3] that comprises many pop-
ular states including Greenberger-Horne-Zeilinger (GHZ)
states [4] and cluster states [5]. These genuine multipar-
tite entangled states act as incredibly useful resources for
quantum information applications such as quantum com-
putation [5], error correction [6], quantum cryptography
[7], and quantum metrology [8]. However, certifying that
a given multipartite quantum system is indeed working
as intended is very complicated and challenging, which is
a crucial step for future application implementations.

Self-testing that was originated in device-independent
(DI) scenarios and named by Mayers and Yao [9, 10], rep-
resents the strongest possible form of verification of quan-
tum systems [11]. Different from certification techniques
such as tomography [12, 13] and entanglement witnesses
[14, 15] which require the characterization or assump-
tion for the devices, self-testing allows us to verify the
underlying functioning of a given quantum apparatus in
a black-box fashion without the need to know its inner
workings. Specifically, it relies only on the observed clas-
sical input-output correlation statistics that maximally
violate Bell-like inequalities [16]. A well-known exam-
ple is that the maximal violation of the Clauser-Horne-
Shimony-Holt (CHSH) inequality [17] uniquely implies
(self-tests) the presence of a two-qubit maximally entan-
gled state [18]. Such DI certifications have been widely
studied for self-testing different quantum states and mea-
surements with distinct Bell inequalities in many scenar-
ios (please see Ref. [11] for a review). From a practical
perspective, due to the unavoidable noise and finite date

effect, one could not exactly achieve the maximal viola-
tion of Bell inequalities. Importantly, when the violations
are only close to the ideal ones, the underlying states and
measurements should also be close to the desired ones.
This is referred to as robust self-testing [19]. To be more
specific, one can still infer the underlying states and es-
timate the bound on the fidelity of the actual state with
respect to the target one even when the maximal viola-
tion of Bell inequalities is only approximately met.

Considerable theoretical efforts have been made to-
wards constructing different Bell inequalities for self-
testing protocols and improving the robustness bounds
for various quantum states [11, 20–27]. To self-test any
multipartite graph states with a large number of parti-
cles, protocols require an efficient scaling in terms of the
computational resources are crucial for experimental im-
plementations [11]. Remarkably, a new family of Bell in-
equalities that are both scalable and robust [26, 27] with
a linear number of correlations improved the robustness
self-testing fidelity bounds for multipartite graph states,
which presents a significant reduction of experimental ef-
forts needed.

Despite of many Bell nonlocality demonstrations [16],
the self-testing relevant experimental demonstration is
little to know. This is because robust self-testing gener-
ally requires nearly maximal violations which depends on
the nearly perfect state and preparations, whereas Bell
nonlocality demonstrations only require the existence of
violations. To date, only a few optical experiments have
been implemented principally to self-test quantum states
such as a Bell state distributed over 398 meters in a fully
DI manner [28], partially entangled pairs of qubits [29–
31], bipartite and tripartite qubit states [32, 33], two-
qutrit entangled states [34], and two copies of bipartite
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FIG. 1. Four-party Bell inequalities: In each round of Bell
inequalities, each party receives a classical bit w, x, y, z and
output a classical bit a, b, c, d. A score is obtained according
to the conditional probabilities P (abcd|wxyz) and a predeter-
mined rule.

states [35]. The robust self-testing of quantum states is
only experimentally studied in two-photon or the copies
of two-photon entangled systems [29, 32, 35]. However,
to the best of our knowledge, experimental robust self-
testing for genuinely multipartite entangled graph states
beyond two photons, especially the cluster states, re-
mains unexplored.

In this Letter, we perform a proof-of-concept demon-
stration of robust self-testing for two important examples
of multipartite graph states – a four-photon GHZ state
and a four-photon linear cluster state, for the first time.
We firstly prepare high quality four-photon entanglement
sources as well as their mixture with various degrees of
noise, and then perform measurement settings required
by each local party (up to local isometries) [26, 27]. From
the experimentally observed input-output statistics that
violate certain Bell inequalities [26, 27], we certify the
genuine four-photon entanglement and infer their fideli-

ties with respect to realistic noise according to the ro-
bustness bound in a DI manner. Our work promotes
self-testing as a practical tool to develop quantum tech-
niques for future applications such as quantum cryptog-
raphy [9, 36] and delegated blind quantum computing
[37, 38].

Theoretical Proposal.— The robust self-testing strat-
egy is based on a new family of Bell inequalities that
can be maximally violated by any multipartite graph
states [26, 27]. The new constructed Bell inequalities
are based on stabilizers. Now let us first recall the def-
initions of graph states, the structure of which can be
described in a concise and fruitful way by mathemati-
cal graphs [3]. Given a graph G = (V,E) with the ver-
tex set V = {1, 2, . . . , N} and the edge set E ⊆ [V ]2,
each vertex in V represents a qubit prepared in the state
|+〉 = (|0〉 + |1〉)/

√
2 and each edge in E stands for a

controlled-Z gate (i.e., CZ{i,j} = |0〉〈0|i⊗ Ij + |1〉〈1|i⊗Zj

and Zj is Pauli Z operator for qubit j) applied between
the two connected qubits, yielding a graph state |ψG〉 =∏

(i,j)∈E CZ{i,j}|+〉
⊗N

. Equivalently, graph states can
be uniquely determined by N generators, i.e., Gi =
Xi

⊗
j∈ni

Zj (Xj is Pauli X operator for qubit i) with
ni being the neighbor set of vertex i.

All the stabilizers can be generated by the multipli-
cation of these generators Sk =

∏
iGi, which satisfy

Sk|ψG〉 = |ψG〉. The property of stabilizers can be uti-
lized to verify the graph states and construct entangle-
ment witness efficiently [39, 40]. Assisted with the sta-
bilizers of graph states, new families of Bell inequalities
are introduced [26, 27], which can be used for robust
self-testing. We now construct the Bell-like inequalities
for four-qubit graph states with the following equations
Eq. (1) and Eq. (2) (B1, B2, and B3 for GHZ states; B4,
B5, and B6 for linear cluster states).

GHZ


B1 :

〈
(A1 +B1)B2B3B4

〉
+
〈
(A1 −B1)A2

〉
+
〈
A2A3

〉
+
〈
A2A4

〉
≤ βC,1 = 4,

B2 : 2
〈
(A1 +B1)B2B3B4

〉
+
〈
(A1 −B1)A2

〉
+
〈
(A1 −B1)A3

〉
+
〈
A2A4

〉
≤ βC,2 = 5,

B3 : 3
〈
(A1 +B1)B2B3B4

〉
+
〈
(A1 −B1)A2

〉
+
〈
(A1 −B1)A3

〉
+
〈
(A1 −B1)A4

〉
≤ βC,3 = 6.

(1)

Cluster


B4 :

〈
(A1 +B1)B2

〉
+
〈
(A1 −B1)A2B3

〉
+
〈
B2A3B4

〉
+
〈
B3A4

〉
≤ βC,1 = 4,

B5 :
〈
A1(A2 −B2)

〉
+ 2
〈
B1(A2 +B2)B3

〉
+
〈
(A2 −B2)A3B4

〉
+
〈
B3A4

〉
≤ βC,2 = 5,

B6 :
〈
A1(A2 −B2)

〉
+
〈
B1(A2 +B2)B3

〉
+
〈
(A2 −B2)A3B4

〉
+
〈
B1(A2 +B2)A4

〉
≤ βC,3 = 4.

(2)

Here βC,i are the classical bounds for Bell inequalities.
For the GHZ states, the optimal quantum bound in
Eq. (1) can be reached by taking A1 = X+Z√

2
, B1 = X−Z√

2
,

and Ai = X, Bi = Z when i 6= 1. The maximal quantum
values βQ,i can reach βQ,1 = 2 + 2

√
2, βQ,2 = 1 + 4

√
2,

βQ,3 = 6
√

2. For the cluster states, the optimal quan-
tum measurement settings are A1 = X+Z√

2
, B1 = X−Z√

2
,

and Ai = X, Bi = Z when i 6= 1 for B4. For B5 and
B6, the optimal settings are A2 = X+Z√

2
, B2 = X−Z√

2
, and

Ai = X, Bi = Z when i 6= 2. The quantum bounds are
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βQ,4 = 2 + 2
√

2, βQ,5 = 1 + 4
√

2, βQ,6 = 4
√

2.
We now consider the scenario in which four distant

clients share a four-qubit graph state. As shown in Fig. 1,
for each experimental trial, the clients perform a choice
of measurement settings upon receiving classical random
inputs w, x, y and z (0 or 1) to produce classical out-
puts a, b, c and d (+1 or −1), respectively. After repeat-
ing the experiment sufficiently many times and collecting
the observed statistics, the joint conditional probabilities
P (abcd|wxyz) can be estimated for the Bell inequalities
in Eq. (1) and Eq. (2), revealing the properties of the
prepared states. The violation of classical bounds (i.e.,
〈Bi〉 > βC,i) implies the presence of entanglement and
nonlocality in the test state ρ. When the expected Bell
value reaches the maximum quantum bound, 〈Bi〉 = βQ,i,
we can verify the prepared state ρ is the target graph
state |ψG〉〈ψG|, up to local isometries. Meanwhile, one
can also estimate the fidelity between underlying state
the measured state ρ and the target graph state ψG (un-
der local isometry), on account of the Bell inequality
value,

F = max
Λ=Λ1⊗Λ2···ΛN

〈ψG|Λ(ρ)|ψG〉, (3)

where Λi is the local channel on i-th party. Using the
techniques in Ref. [22, 26, 27], the fidelity can be lower
bounded via

F ≥ si〈Bi〉+ µi, (4)

where 〈Bi〉 is the observed Bell value in inequality Bi.
The coefficients si and µi are obtained via optimizing all
possible measurement angles (more details see Supple-
mental Materials [41]). Importantly, F > 1

2 indicates the
underlying prepared state is genuinely entangled [42].

Experimental realization.— As illustrated in Fig. 2,
with the pulsed laser pumping two ppKTP crystals in
polarization-based Sagnac loops [43, 44], two entan-
gled photon pairs in the form of |Ψ〉 = (cos(θ)|00〉 +
sin(θ)|11〉)/

√
2 are generated, where |0〉 and |1〉 represent

horizontal |H〉 and vertical |V 〉 polarization, respectively
and θ is controlled by the pumping polarization [47].
These two entangled pairs in spatial mode 2 and 3 are
then superimposed at PBS1 (or PDBS). In order to en-
sure the photons in mode 2 and 3 arrive at PBS1 (PDBS)
simultaneously, we employ single-mode fibers and mount
each fiber output end on a translation stage to precisely
compensate time delay. When there is only one photon in
each path after PBS1 (or PDBS) and conditionally on a
four-fold coincidence detection, a four-photon entangled
GHZ (or cluster) state is generated [46].

For demonstrating robust self-testing of graph states,
we prepare four-qubit graph states with various degrees
of noise,

ρexp =
1

1 + p
|ψ〉〈ψ|+ p

1 + p
ρnoise, (5)

DM
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FIG. 2. The experimental setup. A pulsed Ti-sapphire laser
as the pump beam (repetition rate 80 MHz, center wave-
length 775 nm, an average power ∼ 0.9 W, temporal duration
∼ 130 fs) passes through an optical isolator and half-wave
plate (HWP, 775 nm) and then is split into two beams by
a dual-wavelength polarizing beam splitter (dPBS, 775/1550
nm). Two periodically poled KTiOPO4 (ppKTP) crystals
in polarization-based Sagnac Interferometers are pumped by
the splitted pump beams for producing polarization-entangled
photon pairs [43, 44]. The remaining pump lights are removed
by dichroic mirrors (DM). Fine adjustments of the delays be-
tween different paths are made so that the photons arrive
at the polarizing beam splitter (PBS1) or polarization de-
pendent beam splitter (PDBS) simultaneously. When there
is only one photon in each path after PBS1 (or PDBS) and
conditionally on the four-fold coincidences [45, 46], we ob-
tain a four-photon GHZ state (or linear cluster state). All
the photons are spectrally filtered by filters and the outputs
are detected by superconducting nanowire single photon de-
tectors with average detector efficiency of 79% where all the
four-photon coincidences are recorded by a multi-channel co-
incidence count unit. QWP and dHWP represent quarter
wave plate and dual-wavelength half-wave plate.

where the pure state |ψ〉 is either GHZ states |G4〉1234 =

(|0000〉 + |1111〉)/
√

2 or linear cluster states |C4〉1234 =
(|0000〉+|0011〉+|1100〉−|1111〉)/2, ρnoise = |Ψ12〉〈Ψ12|⊗
|Ψ34〉〈Ψ34| is the noise state given from four-fold coinci-
dence detection under the condition of no interference
between |Ψ12〉 and |Ψ34〉, and p is the noisy proportion.

To generate four-photon GHZ state, two entangled
pairs |Ψ12〉 = |Ψ34〉 = (|00〉+ |11〉)/

√
2 are required [46].

Then we estimated the fidelity of our prepared entan-
gled GHZ state by entanglement witness [48], yielding
0.957(2) for the ideal situation with p = 0 [41]. The
GHZ state we produced is local-unitary equivalent to the
states with same graph representations, where the local-
unitary is H2H3H4 (H is a Hadamard gate, defined as
H = (X+Z)/

√
2). Therefore, the quantum measurement
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FIG. 3. Minimum fidelity F to the target graph state versus various Bell inequality values 〈B1〉 ∼ 〈B6〉. The dashed line
(F = 1/2) is the boundary between the genuine entanglement (F > 1/2) and inconclusive (F ≤ 1/2). The green, blue and red
dots indicate different noisy proportion p = 0, p = 0.1 and p = 0.2, respectively.

Error bars indicate one standard deviation deduced from propagated Poissonian counting statistics of the raw detection
events.

settings for Bell inequalities in Eq. (1) are modified for
GHZ state |G4〉 (please refer to [41] ). The self-testing
performance can be verified by the actual fidelity from
the expected values

〈
Bi
〉

of the modified Bell inequali-
ties, as shown in Fig. 3. We totally run 1.3 × 105 trials
for the modified Bell inequalities B1, B2 and B3 with dif-
ferent noisy probability p=0, 0.1, and 0.2, respectively.
The corresponding results are also labeled in Fig. 3. In
the case of p = 0, experimentally obtained Bell values are〈
B1

〉
= 4.74(2),

〈
B2

〉
= 6.50(4), and

〈
B3

〉
= 8.27(5) as

well as their related fidelities which are 0.91(2), 0.89(3)
and 0.89(3), respectively [41]. In our experiment, Bell in-
equality B1 shows the best fidelity estimation. Note that
when F > 1/2, we could also witness the genuine entan-
glement of prepared states. When p = 0 and 0.1, we can
still witness the genuine entanglement via the three Bell
inequalities in Eq. (1). While in the case of p = 0.2, only
Bell inequality B1 allows us to witness the existence of
genuine entanglement.

To generate four-photon linear cluster state, two non-
maximally entangled states |Ψ12〉 = |Ψ34〉 = (|00〉 +√

3|11〉)/2 are required [45]. Instead of using PBS1 that
transmits |H〉 and reflects |V 〉 polarization for the gener-
ation of GHZ states, PDBS is employed for cluster states,
where its transmission and reflection efficiencies for |V 〉
and |H〉 photons are set to be TV = 1/3 and RV = 2/3,
and TH = 1 and RH = 0, respectively. Also, the trans-
mission rate of the |V 〉 photons can be finely adjusted
by tuning the photon incident angle on the PDBS. To
ensure that photons in paths 2 and 3 arrive at the PDBS
simultaneously, we perform a HongOuMandel interfer-
ometer of two |V 〉 polarized photons [49]. By measur-
ing expectation values of 16 stabilizers [42], we estimate
the fidelity of the linear cluster state |C4〉 as 0.945(2)

when p = 0. In the demonstration of Bell inequalities
B4, B5 and B6, we perform the quantum measurement
settings via local-unitary H1H4. We then totally per-
form 3.1 × 104 trials for the modified Bell inequalities.
In the case of p = 0, we experimentally obtain Bell val-
ues

〈
B4

〉
= 4.66(4),

〈
B5

〉
= 6.43(7) and

〈
B6

〉
= 5.43(6)

as well as the corresponding fidelities that are 0.84(4),
0.84(6), and 0.86(4), respectively [41]. In Fig. 3, Bell
inequality B6 shows the best performance for fidelity es-
timation. When p = 0 and 0.1, we can certify the gen-
uine entanglement with the Bell inequalities in Eq. (2).
When p = 0.2, we could only observe the existence of
entanglement. From Fig. 3, we see that the minimum
fidelity curve varies with the Bell inequalities, it would
be interesting to further improve the robust self-testing
performance by proving a tighter minimum fidelity curve
or proposing a more suitable Bell inequality tailored for
the specific prepared states.

We have for the first time demonstrated a robust self-
testing for multi-qubit graph states with two important
examples – a four-photon GHZ state and a four-photon
linear cluster state, based on a systematical framework
where the constructed Bell inequalities are directly from
stabilizers [26, 27]. By preparing the high-quality four-
photon entanglement source, we certify the genuine en-
tanglement and estimate the fidelity at least 0.91(2) and
0.86(3) for GHZ state and cluster state respectively as
well as their mixtures with various noise. We shall note
that, our experiment is a proof of principle studies of the
proposed scalable and robust self-testing for any multi-
partite graph states with the fair sampling assumption.
How to close the loopholes from multipartite Bell inequal-
ity in self-testing, such as detection, locality, and freewill
loopholes, are interesting open questions for future works.
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Regardless of these loopholes, the demonstrations with
only linear number of measurement settings still could
be an efficient fidelity estimation method compared to
the traditional tomography method with an exponential
number of measurement settings.

Our protocol can be extended to self-test entangled
states with more qubits and other types of graph states.
After verifying the quantum network with multipartite
genuine entanglement, it is also interesting and promis-
ing to demonstrate the real application tasks on this
distributed quantum network, e.g., measurement-based
quantum computation [50], secret sharing [7, 51] under
untrusted channels, quantum conference key agreement
[52], and delegated quantum computation [37, 53]. More-
over, our demonstration and the Bell inequalities con-
structed from stabilizers might also be extended to detect
more detailed entanglement structure [40], and self-test
high dimensional entangled states and hypergraph states
[54].

This work was supported by the National Natural Sci-
ence Foundation of China, the Chinese Academy of Sci-
ences, the National Fundamental Research Program, and
the Anhui Initiative in Quantum Information Technolo-
gies. Q. Z. acknowledges the support by the Department
of Defense through the Hartree Postdoctoral Fellowship
at QuICS.

D.W. and Q.Z. contributed equally to this work.

[1] A. Einstein, B. Podolsky, and N. Rosen, Physical review
47, 777 (1935).

[2] J. S. Bell, Physics 1, 195 (1964).
[3] M. Hein, J. Eisert, and H. J. Briegel, Phys. Rev. A 69,

062311 (2004).
[4] D. M. Greenberger, M. A. Horne, A. Shimony, and

A. Zeilinger, Am. J. Phys. 58, 1131 (1990).
[5] R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86,

5188 (2001).
[6] D. Schlingemann and R. F. Werner, Physical Review A

65, 012308 (2001).
[7] D. Markham and B. C. Sanders, Physical Review A 78,

042309 (2008).
[8] N. Shettell and D. Markham, Physical review letters 124,

110502 (2020).
[9] D. Mayers and A. Yao, in Proceedings 39th Annual

Symposium on Foundations of Computer Science (Cat.
No.98CB36280) (1998) pp. 503–509.

[10] D. Mayers and A. Yao, Quantum Information & Compu-
tation 4, 273 (2004).
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