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Quantum networks are the center of many of the recent advances in quantum science, not only lead-
ing to the discovery of new properties in the foundations of quantum theory but also allowing for novel
communication and cryptography protocols. It is known that networks beyond that in the paradigmatic
Bell’s theorem imply new and sometimes stronger forms of nonclassicality. Due to a number of prac-
tical difficulties, however, the experimental implementation of such networks remains far less explored.
Going beyond what has been previously tested, here we verify the nonlocality of an experimental trian-
gle network, consisting of three independent sources of bipartite entangled photon states interconnecting
three distant parties. By performing separable measurements only and evaluating parallel chained Bell
inequalities, we show that such networks can lead to a genuine form of tripartite nonlocality, where clas-
sical models are unable to mimic the quantum predictions even if some of the parties are allowed to

communicate.
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I. INTRODUCTION

Bell nonlocality [1-3] offers a vast research landscape
with relevance for foundational [4—7] and quantum tech-
nological applications ranging from secure quantum com-
munication protocols [8—13] and randomness generation
and certification [14—18] to self-testing of quantum devices
[19] and distributed computing [20,21].

Moving beyond the paradigmatic Bell scenario, the
causal perspective on nonclassicality [22—24] has illumi-
nated the fact that new and sometimes stronger forms of
nonlocality can arise [24—53]. A particularly relevant situa-
tion is that of a network involving several parties and inde-
pendent sources, a scenario akin to what one can expect
from the first small to midsized quantum networks under
development [12] aiming at a future large-scale quantum
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Internet [54,55]. In such networks, instead of having all
distant nodes connected by a single source (as would be
the case in Bell’s theorem), producing a fragile many-qubit
state, the correlations are mediated by many sources gen-
erating states of small size and thus enhanced robustness
and quality, e.g., bipartite entangled states.

In spite of significant theoretical progress, understand-
ing the correlations that such quantum networks can give
rise to (see, e.g., the recent review in Ref. [56]), the exper-
imental side of this effort [57—65] is far less unexplored,
due to a number of practical difficulties. In the particu-
lar case of a photonic platform, the most prominent of
these difficulties stems from the probabilistic nature of the
generation of the photons and the synchronization pro-
cess, which becomes exponentially more demanding as the
number of entanglement sources increase. Furthermore, in
many cases there is a need for entangled measurements, a
requirement that can only be partially achieved with linear
optics or that requires device-dependent assumptions for
the experimental implementation [57,58]. These issues are
worsened when the independence of the sources is required
to be physically justified, e.g., by using different and non-
synchronized lasers to pump the generation crystals that act
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as sources [64]. For this reason, only two examples of pho-
tonic networks involving independent sources have been
implemented in a device-independent manner so far [66],
one concerning the bilocality scenario [57-59,63,65] and
the other a star network with four sources [64].

Genuine multipartite nonlocality plays an important
role in the context of multipartite networks. This con-
cept was originally introduced by Svetlichny [67] with
the intention of distinguishing those correlations the non-
classicality of which does not reduce to merely bipar-
tite nonclassicality. For Svetlichny, this distinction could
only be attained by witnessing the violation of a Bell-
like inequality bounding those classical models where all
but one of the parties might communicate among them-
selves. Note that multiple variants of his definition have
been introduced in more recent literature [68,69] to ensure
consistency with resource theories allowing for bipartite
processing of nonlocal boxes.

Perhaps counterintuitively, Svetlichny’s notion of non-
locality does nof require multipartite quantum sources to be
manifest; rather, such correlations can be realized in a net-
work consisting of only bipartite sources [70—72]. Unfor-
tunately, existing proofs of this fact rely on pure bipartite
entangled states and hence are unsuitable for experimen-
tal demonstration. In this work, we provide new robust
proofs of this fact by showing how the cumulative pay-
off of multiple bipartite nonlocal games played in parallel
can effectively witness Svetlichny’s genuine multipartite
nonlocality. Not only do such parallel-payoff inequalities
have the advantage of being analytically derivable but they
are also violable under feasible experimental conditions.
To prove this, we analyze the robustness of such parallel
inequalities, thereby contrasting various multipartiteness
witnesses for general network scenarios. This initial anal-
ysis lets us identify the most suitable configuration of
parallel-bipartite nonlocal games for experimentally ver-
ifying such multipartiteness. The optimal corresponding
network structure is found to be the quantum triangle,
notably a structure of extensive recent interest [24—39].

The triangle scenario is composed of three independent
two-way sources distributing entanglement out to three
parties, such that each source is shared between only two
parties and such that each party receives systems from only
two sources.

Differently from the typical analysis in the literature
[24-29], here we consider the situation where each of
the three parties can perform a number of separable and
independent measurements on each of the qubits in their
possession. We experimentally realize the quantum tri-
angle network using a platform based on the scheme of
Ref. [64], showing that we can achieve genuine tripar-
tite nonlocality without the (demanding) employment of
tripartite sources [73,74].

The paper is organized as follows. Section II intro-
duces both Bell’s theorem [1] and Svetlichny’s notion

of genuine multipartite nonlocality [67] from a causal
perspective, highlighting how the latter can be achieved
merely by playing bipartite nonlocal games in parallel. In
Sec. 111, we present a robustness analysis of parallel nonlo-
cal games in general bipartite networks, thereby obtaining
criteria for identifying optimal scenarios and inequalities
for experimental demonstration. In Sec. IV, we describe
our experimental implementation of the quantum triangle
network, and discuss the extent to which our observed
statistics witness genuine multipartiteness.

II. BELL’S THEOREM AND CAUSAL
STRUCTURES

Bell’s theorem [1] is typically cast as the incompatibility
of quantum predictions with those expected from theo-
ries respecting local causality, the latter formally expressed
by local-hidden-variable (LHV) models. More specifically,
two distant parties, Alice and Bob, receive their shares
of a physical system produced by a source that classi-
cally is represented by a random variable A. Since we
cannot assume that we have access to all relevant degrees
of freedom of the source, A is treated as a hidden vari-
able, information about which we can only gather via
measurements. Upon receiving their part of the joint phys-
ical system, the parties randomly decide which kind of
measurement to perform, a choice parametrized by the
variables x| and x, with corresponding outcomes a; and
a, for Alice and Bob, respectively. Any observable proba-
bility distribution p (a;, a2 |x1, x2) compatible with the LHV
assumptions can then be decomposed as

plan,axlxi,xp) = Y plalx, Mp(azlxa, Mp (), (1)
s

where we explicitly employ the causal assumptions in
Bell’s theorem. First, the locality assumption states that
the outcome of Alice (and similarly for Bob) should only
depend on the variables on her causal past (thus the neces-
sity of spacelike separation between Alice and Bob). It
implies that p (a;|x1,x2, a2, 1) = p(a;|x;, A) (and similarly
for Bob). In turn, the measurement-independence assump-
tion (also known as free will) states that p(x,xp,A) =
p(x1,x)p()) and encompasses the basic idea that the
observers should have the freedom to choose which
observable to measure independently of how the system
under measurement is prepared. Implicit is the realism
assumption, represented by the fact that the LHV model
assumes the existence of the variable A subsuming well-
defined probabilities for all possible outcomes, even for
those measurements that are not performed.

From a more modern perspective, we can see Bell’s
theorem as the fact that a classical causal model can-
not reproduce the quantum correlations, that according to
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FIG. 1. The directed-acyclic-graph (DAG) representation of
the bipartite Bell scenario. A classical source described by the
random variable A underlies the correlations observed between
the measurement outcomes of two distant parties.

Born’s rule are given by

plan,alo,w) =Te[0M @ MDp], @)
where M,/ are positive operator-valued measure (POVM)
operators describing Alice’s measurements (and similarly
for Bob) and p is the density operator representing the
physical system shared between Alice and Bob. We are
imposing a given causal structure to the experiment, that
classically is represented via a directed acyclic graph
(DAG) in Fig. 1. From the causal Markov condition
[75]—implying that a given node of the graph should
be independent of all its nondescendants given its par-
ents—we obtain exactly the LHV decomposition given in
Eq. (1). That is, in order to explain quantum correlations,
we have to consider a quantum version of a causal model
[30,31,33,76].

A straightforward generalization of Bell’s theorem is to
consider the multipartite scenario where all n distant par-
ties are connected by a single source [2]. Classically, the
observed correlation should thus be decomposable as

plai,...,aplx1,. .., %)

=Y p@ilxi,2) -+ p(alxn, Mp (1).

Just as in the bipartite case, allowing for the source to
be quantum can give rise to distributions strictly outside
the set of multipartite LHV distributions. This may seem
trivial at first: if quantum violation can be achieved in
the bipartite scenario, surely quantum violation can be
achieved in the multipartite scenario. One needs only to
consider bipartite marginals of a tripartite scenario to
observe quantum advantage. What makes the multipartite
scenario interesting, then, is that the sorts of operational
advantages afforded by a tripartite quantum source are
qualitatively distinct from the more limited advantages
afforded by bipartite quantum sources. Early pioneers of
the study of multipartite nonlocality were therefore moti-
vated to define a notion of genuine multipartiteness of a
nonclassical correlation. The original definition for gen-
uine multipartiteness was proffered by Svetlichny in 1987
[67]. As with all subsequent definitions of genuine multi-
partiteness, Svetlichny’s definition is apophatic, that is, a

distribution obtained by quantum strategies is said to be
genuinely mutlipartite if it cannot be explained by a suit-
able foil theory. The foil theory that Svetlichny envisions
is entirely classical but it is a theory wherein all but one
of the involved parties can communicate with each other
[49,50,67] and wherein the strict subset of parties that may
communicate need not be fixed but can depend on a hidden
variable.

For instance, in the tripartite scenario, we can consider a
convex combination of models, where any two of the par-
ties can communicate arbitrarily among them, a situation
that can, without loss of generality [50], be described by
the communication of inputs between the parties, with the
corresponding DAG shown in Fig. 2(a) for the case where
parties 1 and 2 are the communicating ones. The classical
description of the tripartite probability distribution is thus
given by

play,az,a31x1,x2,X3) = q1Payoay + 92Pay a3 T Q3Pay a3 »
where g1 +¢2 + g3 =1, and

Payeay = Y _p(@i|x1,x2, )p(aslx1,x2, 1)
A

x p(az|x3, A) 3)

is the nonlocal classical model represented by the DAG
in Fig. 2(a) (and similarly for the terms p, ., and

€

FIG. 2. DAG representations of tripartite networks. (a) In the
tripartite Svetlichny scenario—i.e., in the causal structure of
Svetlichny’s classical foil theory—a classical source described
by the random variable A underlies the correlations observed
between the measurement outcomes of the three parties. In con-
trast to Bell’s local-hidden-variable (LHV) models per Fig. 1,
however, in Svetlichny’s scenario any two of the parties can com-
municate, without loss of generality, by exchanging their inputs.
Which pair of parties are in communication may also depend on
A, though this additional freedom is not explicitly depicted here.
(b) A conceptual scheme of the apparatus realizing a quantum tri-
angle network. Note the three independent quantum sources p;3,
P13, and py3 that are shared between the different pairings of the
three parties. In practice, the classical common cause A is only
used to establish a common reference frame. Our main result is
that by allowing the noncentral sources in (b) to be quantum, we
can experimentally achieve correlations that cannot be explained
in (a).
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Day<-ay)- Hereafter, we abbreviate the oft-referred to con-
cept of Svetlichnyesque genuine multipartite nonlocality
as SGMNL.

To achieve SGMNL correlations, we would require
entanglement beyond the sort achievable from scratch with
local operations and classical communication (LOCC) and
a quantum channel connecting only two of the three par-
ties in the network. For this reason, Svetlichny’s definition
for genuine multipartite nonlocality serves as a device-
independent witness of genuine multipartite entanglement.

Intuitively, one might think that Svetlichny’s definition
is meant to distinguish certain correlations realized by a
three-way quantum source from those that can be real-
ized from two-way quantum sources, but this is incor-
rect. SGMNL is tailored to witness nonrealizability by
LOCC and quantum channels only between a strict sub-
set of the parties. As such, Sveltichny’s definition can be
hacked: using only local operations on bipartite quantum
sources—without even making use of shared randomness
or even classical communication between strict subsets of
parties—one can realize SGMNL correlations. The causal
structure of this so-called “triangle” scenario is depicted
in Fig. 2(b), such that a quantum distribution that can be
realized in such a scenario is of the form

pUar, az, aslxi, x2,x3)

= Tr(p12 ® p13 @ po3 M @ M2 @ M) (4)

where p;; represents the bipartite quantum state generated
by the source A; and M, are the opportunely ordered
POVMs associated with node i, such that Za,« M =1,
for all x;.

The main result of this paper is an experimental demon-
stration of the achievement of SGMNL using a quantum
triangle causal structure. In fact, we further tie our hands
behind our backs and showcase Svetlichnyesque multipar-
titeness from product measurements on bipartite sources.
At this point, it is worth remarking on an issue present in
most experimental implementations of quantum networks
but that nevertheless has no impact in our experiment.
While in a usual Bell test resorting to a single source of cor-
relations, shared reference frames (necessary to, e.g., cal-
ibrate measurement-apparatus setups between distant sta-
tions) do not change the causal structure under test, this is
no longer true for networks involving independent sources.
As detailed in Ref. [59], the use of shared reference frames
can be seen as a common hidden variable between all mea-
surement outcomes, which would break the assumption
that the correlations are established solely by independent
sources. Nevertheless, in our experiment, the presence of
a shared reference frame between all distant measurement
stations is not an issue. We are testing quantum correla-
tions against the classical Svetlichny model in Fig. 2(a),
which not only allows for communication between some
of the parts but also for the presence of such global hidden

variables, this being the reason why we explicitly include
it in the DAG description of our triangle experiment in
Fig. 2(b).

Although multiple prior works have recognized the sus-
ceptibility in Svetlichny’s definition discussed above, all
prior proofs are remarkably unsuitable for experimental
implementation. Accordingly, we briefly review some rel-
evant theory results, but then we derive novel inequalities
for witnessing SGMNL that are amenable to experimental
analysis.

In Refs. [73,77], it is shown that local wirings [78] of
extremal bipartite nonsignaling boxes lead to SGMNL.
Local wirings are a form of local operations and this
does constitute a triangle-scenario causal structure achiev-
ing SGMNL but the protocols in Refs. [73,77] rely on
postquantum resources and hence their ideas cannot be
adapted for quantum experimentation. In Ref. [70], it is
proved that entanglement swapping can asymptotically
lead to steering to a maximally entangled pair of qubits
on any hub-and-spoke node pair in the star network, which
implies SGMNL per the results of Ref. [71]. Our goal is
to use product measurements, however, and in any case,
asymptotics are not amenable to experimentation. Never-
theless, in Refs. [70,71] it is proved that SGMNL can arise
in principle from local operations of parties in a network
defined by merely bipartite quantum states. In Ref. [72], it
is taken this one step further and the authors show that any
star network composed of bipartite entangled pure states
admits local measurements that give rise to SGMNL cor-
relations. From an experimental perspective, the proof in
Ref. [72] that SGMNL can be achieved without maximal
entanglement is appreciated but since that proof continues
to rely on pure states and noiseless measurements, it too is
not amenable to experimental investigation.

Our perspective is to consider parallel nonlocal games
such as they might be implemented in the trianglelike sce-
nario of Fig. 3(b) or in more general scenarios. In general,
we can model such a network as a graph, with nodes cor-
responding to parties and edges corresponding to a pair of
parties playing an instance of a nonlocal game. We can
then ask about the maximum total payoff of all paral-
lel nonlocal games if the correlations are limited to those
explainable by Svetlichny’s foil theory. For instance, the
classical tripartite correlations that can be explained by the
DAG in Fig. 2(a) are such that, for three nonlocal games
being played in parallel in the triangle scenario, the total
score would have to satisfy

I + 18 + 1% < 2B, + By, (5)

where [;; is a generic bipartite Bell inequality between
parties i and j, given by

]l] = Z aa,-j ,aj,-,x,-,xjp (al] > aji|xi7 x]) S BLa (6)

030342-4



EXPERIMENTAL GENUINE TRIPARTITE NONLOCALITY...

PRX QUANTUM 3, 030342 (2022)

in which g;; is the measurement outcome related to the
measurement performed by party i on its state shared with
party j. A given outcome q; in the triangle can be under-
stood as the composition of such individual outcomes, e.g.,
a; = (ai,a;3). Continuing, By is the local bound achiev-
able by LHV models of the form given in Eq. (1) and
By is the algebraic maximum that can be obtained by a
non-local-hidden-variable (NLHV) model where both par-
ties can communicate with each other. The proof of this
inequality follows from the analysis in Ref. [50] and can
be intuitively understood as follows. If the parties 1 and
2 can communicate, then they can achieve the bound Bs;
however, since the parties 1 and 3 as well as 2 and 3 cannot
communicate, they are indeed limited by the local bound
B;. In particular, note that the same argument holds for

Bs x [number of edges not connected to v]
max
veverticesg \ +Br X [number of edges connected to v]

On the other hand, the total score under quantum strate-
gies is just the quantum bound times the number of
edges.

Lemma 2 (Total Payoff with Bipartite Quantum Strate-
gies). The total score associated with a given graph G over
correlations achieved by playing quantumly realizable

(a)
A1 A2 Ag
(b) (c)
A2 A4 A3
A As Ay Az

FIG. 3. A graph representation of nonlocal games. We can rep-
resent a particular configuration of a nonlocal game, composed
by parallel-bipartite ones, using an undirected graph, where each
node represents a party and two nodes are connected by an
edge if the corresponding bipartite game appears in the payoff
function. The figure shows two instances of possible config-
urations for tripartite games; the tripartite line (a) consisting
of two parallel-bipartite games and the triangle (b) consisting
of three parallel-bipartite games. We also depict a quadpartite
(divided-square) scenario (c) consisting of five parallel-bipartite
games.

any permutation of which two parties can communicate,
thus leading to the Bell inequality given in Eq. (5), which
bounds Svetlichny’s model in Eq. (3).

III. OPTIMIZATION OF A QUANTUM
EXPERIMENT

Let a graph define a sum of bipartite Bell inequalities
in the manner described above. That is, the triangle graph
[Fig. 3(b)] corresponds to I'> + I'3 4 I?3, the tripartite-
line graph [Fig. 3(a)] to I'? 4+ 7?*, and the divided-square
graph [Fig. 3(c)] to ['? + I3 + 13 4 1% 4+ P4,

Lemma 1 (Total Payoff within Svetlichny’s Foil Theory).
The total score associated with a given graph G over
correlations that are not SGMNL [79] is upper bounded by

) = By x [number of edges of G]

— (Bs — B;) min

[number of edges connected to v].
vEvertices;

(

bipartite nonlocal games in parallel is
By x [number of edges of G,
or, for imperfect realizations,
(v Bo+ (1 — v)BN) X [number of edges of G,

where By is the payoff score of the nonlocal game under
white noise. For all the Bell inequalities that we consider,
we have By = 0, which makes the noise threshold for
quantum achievement of SGMNL quite straightforward.

Corollary 3 (Visibility for SGMNL via Bipartite Quan-
tum Strategies). If an experiment can achieve quantum
correlations with visibility v and By = 0, then playing
such a correlation in parallel according to graph G yields
SGMNL whenever

Bg
V> —
Bo
(Bs—Br) min [number ofedges connectedtov)
UEVGI‘IICESG

Bg x [number of edges of G]

Thus, to achieve SGMNL using parallel-bipartite strate-
gies, one should optimize the particular Bell inequality
(bipartite nonlocal game) corresponding to every edge in
the graph and one should also optimize the graph itself
to ensure that the ratio of Bg-scoring games to B;-scoring
games is as small as possible.
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A. Optimization of the Bell inequality

Before invoking multisetting generalizations, let us con-
sider the Clauser-Horne-Shimony-Holt (CHSH) inequal-
ity. This inequality notably has By =4, B, =2, Bp =
24/2, and By = 0. Does this lead to SGMNL? In some
graphs, yes; in other graphs, no. For instance, in the
tripartite-line graph, the required v per Corollary 3 for
CHSH would exceed unity; in other words, parallel CHSH
with quantumly realizable scores cannot be used to witness
SGMNL in the tripartite-line scenario.

At first, one might think that this could be an artifact of
the Corollary 3 being a sufficient but not necessary crite-
rion for witnessing SGMNL. However, we can explicitly

J

PR () ®PE (3/4) + P (3/4) ® P2 (1)

reconstruct the correlations associated with parallel quan-
tum CHSH in the tripartite-line graph via a convex mixture
of the extremal correlations realizable in Fig. 2(a) (and
relabeling thereof). To see this, let PgR denote a Popescu-
Rohrlich (PR) box between parties i and j, which yields
a CHSH score of +4. Let P'j denote the anti-PR box
between parties i and j, wh1ch yields a CHSH score of
—4.LetP’. (v) :=v x Plr+ (1 —v) x Pj In this nota-

mix

tion, the Tsirelson box [80], which gives CHSH =242, is

givenby PJ. . —pV <<2 + \/5) / 4). The reader may
verify that

_ mix
PT51relson ® PTsuelson - (

) mix

+1-

2

where w= 3+ 2\/5)/6 ~ 0.971. This provides an
explicit convex decomposition of parallel Tsirelson boxes
in terms of four boxes that are themselves clearly members
of the Svetlichny polytopes (i.e., the sets of correlations
achievable with classical communication between two of
the three parties) [81].

On the other hand, the CHSH inequality does lead to
SGMNL for the triangle graph [Fig. 3(b)], as Corollary 3
tells us that playing CHSH in parallel per the triangle graph
witnesses SGMNL down to a visibility of v &~ 0.943.

Note that this clarifies the potentially misleading state-
ment in Ref. [82], which states that “the correlations
obtained from CHSH violations in parallel between Alice
and Bob as well as between Bob and Charlie fulfill
Svetlichny’s criterion for genuine tripartite nonlocality.”
That is true algebraically, as parallel PR boxes in the
tripartite-line scenario [Fig. 3(a)] are SGMNL, but paral-
lel Tsirelson boxes are not SGMNL in the tripartite-line
scenario, though they are SGMNL in the triangle scenario
[Fig. 3(b)].

We are able to improve the minimum visibility, how-
ever, by considering inequalities where By is even closer
to Bs than to B; . In particular, we consider the “chained” or
“Barrett-Kent-Pironio (BKP)” family of Bell inequalities
[83,84], which generalize CHSH to the case of more set-
tings. For our purposes, we express the BKP game between
parties i and j as

k

st =Y [[d))+{a4)] <22 ®

=1

P0) ® Po (1/4) + Pk (1/4) ®P§ﬂx(0)>

; Q)

where 4}, = —A4} and <AiAi ) is the expectation value

when the corresponding observables 4] = Za a,M ', are
measured by the distant parties. The BKP famﬂy of nonlo-
cal games have the properties of

B, =2k—2, Bs=2k Bp=2kcos (%) , By =0,
)

where k denotes the number of settings available to each
party. The BKP games are noteworthy for having Bp — Bg
as k — oo [84] and for recovering the CHSH game when
k=2. Does that mean that using more settings always
improves the critical visibility for achieving SGMNL with
paralle]l BKP games? No. In the limit £k — oo, we also have
B /By approaching 1. Thus, every graph requires its own
optimization. For the tripartite-line graph, we can witness
SGMNL with v > 0.947 at k=5. For the triangle, however,
the optimum number of settings is k=3, which witnesses
SGMNL whenever v > 0.899.

Is it always the case that playing bipartite games in par-
allel per the triangle graph [Fig. 3(b)] collectively requires
less visibility to witness SGMNL than playing bipartite
games in parallel per the tripartite-line graph [Fig. 3(a)]?
Yes, as we discuss next.

B. Optimization of the graph

Why does the triangle graph outperform the line graph?
The answer is that in the triangle graph, no node has
a vertex degree less than average. The total number
of edges is equal to the number of nodes times the
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average vertex degree divided by 2. By inspection of
Corollary 3, it is clear that optimal graphs will have
each node connected to the same number of edges.
The technical term for such graphs is that they are
regular. The triangle graph is regular; the tripartite-line
graph is not. Let us take a moment to compute a vis-
ibility such that a regular graph will witness SGMNL
per Corollary 3. If [number of edges connected to v] =
d for all v, such that [number of edges of G] = d/2 x
[number of nodes of G], then we have

2 x (Bs — By) ) (10)

1
V> — <BS -
By [number of nodes of G]

This has two important consequences. First, the optimal
network to witness SGMNL for parallel quantum nonlo-
cal games is the triangle. Going to four or more parties
only increases the requisite visibility. Second, achieving
Svetlichnyesque fully multipartite nonlocal correlation for
any number of parties N can evidently be realized by par-
allel playing suitably optimized BPK games in a regular
graph with N nodes. Indeed, if we fix k=N, we find that
v > (N? —2)/(N?cos(r/2N)), which is strictly less than
1 for all integer-valued N > 3.

We proceed, therefore, to implement parallel BKP
games in the quantum triangle scenario with multiple
settings per party.

IV. EXPERIMENTAL GENUINE TRIPARTITE
NONLOCALITY IN THE TRIANGLE NETWORK

To experimentally implement the triangle network, we
exploit the photonic platform of Fig. 4 with three different
and separated polarization-entangled photon sources (o2,
023, and pr3). The source p, generates photons by pump-
ing a beta-barium-borate (BBO) crystal in pulsed mode,
while the others, p;3 and po3, are composed of periodi-
cally poled potassium titanyl phosphate (PPKTP) crystals
pumped by a continuous-wave laser. All three photon pairs
exploit type-II degenerate spontaneous parametric down-
conversion (SPDC) process. All the generated photons are
distributed among the laboratories, i.e., one remains in the
laboratory where it was generated while the other one is
sent to the adjoining laboratory through optical fibers, the
maximum length of which is 25 m. The three measurement
stations, A1, 4, and 43, belonging to laboratories 1, 2, and
3, respectively, are composed by half-wave plates (HWP),
quarter-wave plates (QWP), and polarizing beam splitters
(PBS). At both outputs of each PBS, photons are coupled
into single-mode fibers (SMFs) and directed to single-
photon detectors (SPDs). The electronic signals generated
by the detectors are sent to three time-to-digital converters
(TDC:s), each located at its respective measurement station.

The independence of the generated states is ensured by
the location of the sources and the distinct lasers used as

r—————-=-- T - - = - = !
[ h |
| M Il r A 23|
" i HHE A2 |
I o |
| | 'wmHWP ¢ Mirror #— | |
| IICoupIer [\ pBs taser|_ =7 _
| l=qwp mmPPkTP™ — T Tele T

|

|

|
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FIG. 4. The experimental apparatus. Three independent
sources, P12, P13, and po3, generate polarization-entangled pho-
ton pairs. A pump laser for source p;; with wavelength A =
397.5 nm is produced by a second-harmonic-generation (SHG)
process from a Ti:sapphire mode-locked laser with a repetition
rate of 76 MHz and is focused on a 2-mm-thick beta-barium-
borate (BBO) crystal. Sources p13 and p,3 employ a continuous-
wave diode laser, one for each source, with wavelength A = 404
nm, which pumps a 20-mm-thick periodically poled potassium
titanyl phosphate (PPKTP) crystal inside a Sagnac interferome-
ter [85,86]. The photons generated in all the sources are filtered in
wavelength and spatial mode by using narrow-band interference
filters and single-mode fibers, respectively. Then, the photons are
shared pairwise among three measurement stations, 4, 4,, and
A3, performing separable measurements on the pairs of incom-
ing photons. Each measurement is performed in the polarization
space of the photons, through a quarter-wave plate (QWP), a
half-wave plate (HWP), and a polarizing beam splitter (PBS).
In order to share photons along the stations in the triangle con-
figuration, the photons are transmitted along single-mode fibers
(SMFs) with lengths up to 25 m.

pumps. In particular, the quantum source generating py; is
supplied by a Ti:sapphire mode-locked laser, with a repe-
tition rate of 76 MHz and wavelength of 397.5 nm. This
impulsed pump laser is focused on 2-mm-thick BBO crys-
tal. Instead, the quantum sources generating p,3 and p;3 are
implemented by exploiting two independent continuous-
wave diode lasers characterized by a wavelength of 404
nm and focused on distinct PPKTP crystals inside Sagnac
interferometers. By pumping the crystal in the clockwise
and anticlockwise paths of the interferometer, both of the
signals can generate photon pairs through a collinear type-
I SPDC process. Finally, recombining the two generations
in the dual-wavelength PBS, the entangled photon pairs are
obtained.

The three sources generate bipartite states, each of the
form

Pexp = VW N W+ (1 —v)

1 —
X (%(I‘Iﬁ)(‘lﬁl + )W) + T)LH>

(11
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where |W*) = (]10) + |01))/«/§. They are a mixture of
the maximally entangled state with colored and white
noise, whose reconstructed densities matrices are reported
in Supplemental Material [87].

To gauge the quality of the bipartite states, we optimize
the violation of the CHSH inequality [88], corresponding
to the chained inequality in Eq. (8), with £ = 2 and being
explicitly given by

s§ = (i) + (o)) + (454 — (414) 2. (12)

With our setup, we achieve the quantum violations of
the classical bound given by Si* = 2.643 £ 0.002, S3° =
2.601 £ 0.002 and S)* = 2.592 + 0.002, values that unfor-
tunately are not enough to violate the triangle SGMNL
witness given in Eq. (5). These values are limited by the
duration of the measurements combined with the stability
of the whole experimental setup involving fiber connec-
tions with lengths up to 25 m distributing photons among
the laboratories. However, as we show next, increasing the
number of measurements (increasing k) is enough to coun-
teract the unavoidable effects of noise and experimental
errors and violate the SGMNL witness given in Eq. (5).
Experimentally, we test the triangle Svetlichny inequal-
ity in Eq. (5) on the BKP games in Eq. (8) with £ = 2,
3, 4, and 5, obtaining a violation only for £ > 3. Here-
after, we take S := va: , S;:[@l, where @ denotes addition
modulo N. More specifically, we obtain S, = 7.835 +
0.003, Sg’eXp = 14.632 £+ 0.006, Si’eXp = 20.388 &+ 0.004

and Sg’eXp = 26.252 + 0.006. For k > 3, the bounds in
Eq. (5) are violated by 105, 97, and 45 standard devia-
tions, respectively, for £ = 3, 4, and 5. These results are
summarized in Table I. The results are also presented in
Fig. 5, where we show the ratio S;/(6k — 4) [where
6k — 4 is the classical bound of Eq. (5) applied to Eq. (8)].
As expected from the theoretical analysis, the larger ratio
is obtained for £ = 3.

The data acquisition is performed using three sepa-
rated TDCs, with a time resolution of approximately 81

TABLE I. Considering the settings £ = 2, 3, 4, and 5, the sec-
ond column shows the classical bound 2B; + B; = 6k — 4, the
third column the quantum bound 3By = 6kcos (), i.e., the
maximum violation achievable with quantum correlations, and
the fourth column shows the experimental violation achieved

(a negative value implies no quantum violation).

Classical Quantum Experimental
Settings bound bound violation
k 2B, + B, 3By SYP — (6k — 4)
2 8 8.48 —0.165 +0.003
3 14 15.59 0.632 £ 0.006
4 20 22.17 0.388 £+ 0.004
5 26 28.53 0.252 £ 0.006

1.10
1.051
1.00{ -------------fSSSSSSESS: _SSSSSSSSSS: - EEEEEEEER
g <
s 1 0.951
M x .
0 8
0.901
0.85 1 ---- Classical Bound
—— Experimental value
0.80 T T T T
k=2 k=3 k=4 k=5
FIG. 5. Experimental results showing genuine tripartite nonlo-

cality in the triangle network with inputs. The bars show the ratio
S,i’eXp /(6k — 4) with numbers of settings k = 2, 3, 4, and 5 (note
that the inequality is not violated for k = 2). The cyan bar charts
represent the experimental data, while the dashed lines represent
the classical bounds for the nonlocal Svetlichny model given in
Eq. (3). The error bars are calculated taking into account the Pois-
sonian errors relative to the measured counts and are depicted by
the blue upper parts of the bars.

ps, recording the time stamps of all measured events at
each station. In particular, each node is provided by a
TDC synchronized with each other using a shared random
signal, acting as a time reference. The time of the three
nodes is sent to a separated machine that supplies real-time
synchronization via dedicated software.

Subsequently, we employ two coincidence windows, w
and w,, for the collection of the sixfold events. The first
window, wy, is needed to filter the pairs of photons, gen-
erated by the same source and so belonging to the same
entangled pair. We use a value for it equal to approximately
3.24 ns, representing a good choice to filter out most of the
noise due to accidental counts. The twofold coincidence
rates computed distributing photons toward the differ-
ent laboratories via optical fibers are approximately 2.5
kHz, 5.5 kHz, and 23 kHz, respectively, for pi3, 023, and
p31. Conversely, the second window, w,, establishes when
entangled pairs, generated by different sources, can be con-
sidered simultaneous as a sixfold event. By narrowing wy,
the number of twofold coincidence events that are consid-
ered is reduced. This implies a larger uncertainty on the
value of the quantum violations and it determines its fluctu-
ations. We perform all measurements with different sixfold
coincidence windows, i.e., the time interval where detec-
tion events are considered simultaneous, ranging from
0.405 to 63 us. Within this range, the optimal value is
chosen as a trade-off between two requirements. On the
one hand, the entangled pairs generated by the two sources
should be as close as possible in time, to approximate
their simultaneity, even if there is no spacelike separation
among the parties. On the other, an excessively narrow
window implies that fewer coincidence events are retained
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FIG. 6. The violation of S} as a function of the sixfold
coincidence-window length. The blue line interpolates the exper-
imental values of Sﬁ and the lighter blue region represents the
relative Poissonian error.

in the analysis, which enlarges the relative uncertainty on
the experimental frequencies and the corresponding quan-
tum violations. Therefore, in our analysis, we choose the
value w, = 61 us. Using such a window, we reach a six-
fold coincidence rate equal to approximately 300 Hz. As
an illustration of the role of these time windows, in Fig. 6
we report the obtained violation of the SGMNL witness
given in Eq. (5) as a function of this window, showing as
its uncertainty, represented by the blue area, decreases by
increasing the window. Moreover, by enlarging the sixfold
window, the scheme is able to generate multiphoton states
from different kinds of nonsynchronized sources.

V. DISCUSSION AND CONCLUSIONS

Historically, the primary interest in quantum networks
has been the study of communication networks relevant
to modeling the different scales of quantum Internet [12,
54,55]. More recently, however, quantum networks have
emerged to take a central place in the foundations of
quantum theory. This stems from an appreciation of that
Bell’s theorem—the focus of the community for a long
period of time—represents only a particular such net-
work at the interface between quantum information and
causality theory [24,25,27-32,34-52]. The imposition of
different causal structures in quantum experiments allows
us to probe the insufficiency of classical explanations in
new regimes and thus to identify new—and in some cases
stronger—forms of nonclassical behavior.

Within this context, our main goal is to demonstrate the
possibility of achieving genuine multipartite nonlocality
by having the parties merely perform local measurements
on bipartite entanglement sources distributed in a net-
work. Our theoretical analysis in Sec. III identifies the
tripartite-triangle-graph nonlocal game as the most suit-
able configuration of parallel-bipartite nonlocal games to

robustly realize genuine multipartite nonlocality. The cor-
responding causal structure—which forms the basis for
our experimental implementation—is the so-called tri-
angle network, a causal scenario that has been at the
focus of extensive theoretical analysis recently [25,27—39].
Whereas most prior literature has considered a form of tri-
angle network without inputs to the measurements of the
parties and without shared randomness, here we consider
more traditional multipartite nonlocal games. The salient
common feature, however, is the independence of the three
sources of quantum states.

As expected, our experimental results are inconsistent
with any LHV model; that is, we achieve nonlocal cor-
relations. It is much more significant, however, that our
experimental results are, furthermore, inconsistent with a
stronger classical causal hypothesis, namely, Svetlichny’s
classical foil theory, which allows for any two of the three
parties to communicate their inputs to coordinate their
outputs with each other [67].

Thus, employing our photonic setup, we experimen-
tally realize genuine tripartite nonlocality. Our operational
witness of this fact is the violation of a class of Bell
inequalities rederived in Lemma 1. Such inequalities have
initially been considered in Ref. [50]; they consist of the
parallel testing of the chained (i.e., BKP) Bell inequalities
[83,84] between multiple pairs of distinct parties. Vio-
lation of such a combined multipartite inequality unam-
biguously witnesses Svetlichnyesque genuine multipartite
nonlocality.

To be clear, we are not claiming to be the first exper-
iment to violate inequalities bounding the correlations
consistent with Svetlichny’s classical foil theory. Refer-
ence [89], for example, certainly does so already. What
distinguishes our demonstration from prior ones, however,
is that prior experimental realizations of Svetlichnyesque
genuine tripartite nonlocality have relied on a single tripar-
tite system with high fidelity Greenberger-Horne-Zeilinger
(GHZ) state. By contrast, our demonstration requires only
bipartite sources of entangled states. Notably, bipartite
states can be easily prepared with higher coincidence rate
and fidelities with respect to the GHZ states [89—96] and
thus offer a more scalable platform with the cost of relaxing
the simultaneity of events.

Importantly, Svetlichny’s causal model has also found
applications for the detection and quantification of multi-
partite entanglement [49,97,98] as well as in cryptographic
applications such as secret sharing [99]. Notwithstand-
ing this, all these applications have had in mind a
single source of correlations rather then the network
we consider here. We believe that exploring the pro-
tocols and applications opened up by the quantum
triangle and its generalizations to growing networks
is a promising venue for future research, an area
in which we hope our results might provoke further
developments.
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