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Non-classical correlations between measurement results make entanglement the essence of quan-
tum physics and the main resource for quantum information applications. Surprisingly, there are
n-particle states which do not exhibit n-partite correlations at all but still are genuinely n-partite
entangled. We introduce a general construction principle for such states, implement them in a
multiphoton experiment and analyze their properties in detail. Remarkably, even without n-partite
correlations, these states do violate Bell inequalities showing that there is no classical, i.e., local
realistic model describing their properties.

PACS numbers: 03.67.Mn, 03.65.Ud

Correlations between measurement results are the
most prominent feature of entanglement. They made
Einstein, Podolski and Rosen [1] to question the com-
pleteness of quantum mechanics, and are nowadays the
main ingredient for the many applications of quantum
information like entanglement based quantum key distri-
bution [2] or quantum teleportation [3].

Correlations enable us, e.g., when observing two max-
imally entangled qubits, to use a measurement result ob-
served on the first system to infer exactly the measure-
ment result on the second system. In this scenario the
two particle correlations are formally given by the expec-
tation value of the product of the measurement results
obtained by the two observers. Note, the single particle
correlation, i.e., the expectation value of the results for
one or the other particle are zero in this case. Conse-
quently, we cannot predict anything about the individ-
ual results. When studying the entanglement between
n particles, a natural extension is to consider n-partite
correlations, i.e., the expectation value of the product of
n measurement results. Such correlation functions are
frequently used in classical statistics and signal analysis
[4], moreover in quantum information almost all standard
tools for analyzing n-partite systems like multi-party en-
tanglement witnesses [5, 6] and Bell inequalities [7, 8] are
based on the n-partite correlation functions.

Recently, Kaszlikowski et al. [9] pointed at a partic-
ular quantum state with vanishing multi-party correla-
tions which, however, is genuinely multipartite entangled.
This discovery, of course, prompted vivid discussions on
a viable definition of classical and quantum correlations
[10, 11]. Still, the question remains what makes up such
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states with no full n-partite correlations and how non-
classical they can be, i.e., whether they are not only en-
tangled but whether they also violate a Bell inequality.

Here, we generalize, highlight and experimentally test
such remarkable quantum states. We introduce a simple
principle how to construct states without n-partite corre-
lations for odd n and show that there are infinitely many
such states which are genuinely n-partite entangled. We
implement three and five qubit no-correlation states in
a multiphoton experiment and demonstrate that these
states do not exhibit n-partite correlations. Yet, due to
the existence of correlations between a smaller number
of particles, we observe genuine n-partite entanglement.
Using our recently developed method to design n-partite
Bell inequalities from lower order correlation functions
only [12, 13], we show that these states, despite not hav-
ing full correlations, can violate Bell inequalities.

Correlations.—The quantum mechanical correlation
function Tj1...jn is defined as the expectation value of
the product of the results of n observers

Tj1...jn = 〈r1 . . . rn〉 = Tr(ρ σj1 ⊗ · · · ⊗ σjn), (1)

where rk is the outcome of the local measurement of the
k-th observer, parametrized by the Pauli operator σjk
with jk ∈ {x, y, z}. Evidently, besides the n-partite cor-
relations, for an n-party state one can also define l < n
fold correlations Tµ1...µn

= Tr(ρ σµ1
⊗ · · · ⊗ σµn

) with
µi ∈ {0, x, y, z} and |{µi = 0}| = n − l. Non-vanishing
l-fold correlations indicate that we can infer (with higher
probability of success than pure guessing) an l-th mea-
surement result from the product of the other (l − 1)
results (see Supplemental Material (SM) (see Appendix
A)). Only in the two particle scenario we can directly
use the result from one measurement to infer the other
result. For an n-qubit no-correlation state the vanishing
n-partite correlations do not imply vanishing correlations
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between a smaller number of observers, thus not neces-
sarily destroying predictability. We will see also in the
experimentally implemented example that the various in-
dividual results still enable some possibility for inference,
which is then largely due to bipartite correlations.

Constructing no-correlation states.—For any state |ψ〉
with an odd number n of qubits we can construct an
“anti-state” |ψ〉, i.e., the state whose n-partite correla-
tions are inverted with respect to the initial one. By
evenly mixing these states

ρncψ =
1

2
|ψ〉〈ψ|+ 1

2
|ψ〉〈ψ|, (2)

we obtain a state ρncψ without n-partite correlations.

The anti-state |ψ〉 of a state |ψ〉 described in the com-
putational basis by

|ψ〉 =

1∑
k1,...,kn=0

αk1,...,kn |k1 . . . kn〉, (3)

with normalized coefficients αk1,...,kn ∈ C, is given by

|ψ〉 ≡
1∑

k1,...,kn=0

(−1)k1+···+knα∗1−k1,...,1−kn |k1 . . . kn〉,

(4)
where the asterisk denotes complex conjugation. This
state has inverted correlations with respect to those in
|ψ〉 for every odd number of observers, whereas all the
correlation function values for an even number of ob-
servers remain unchanged.
|ψ〉 is mathematically obtained from |ψ〉 by applying

local universal-not gates [23]. These gates introduce a mi-
nus sign to all local Pauli operators. Therefore, for odd
n the correlations of |ψ〉 have opposite sign to those of
|ψ〉. Representing the universal-not gate by N = σzσxK,
where K is the complex conjugation operating in the
computational basis, i.e. K(α|0〉+β|1〉) = α∗|0〉+β∗|1〉,
indeed, we obtain NσxN

† = −σx, NσyN
† = −σy, and

NσzN
† = −σz. Applying N to all the n subsystems we

find the anticipated result N ⊗ · · · ⊗N |ψ〉 = |ψ〉.
Although N is antiunitary, |ψ〉 is always a proper phys-

ical state and can be obtained by some global transfor-
mation of |ψ〉. In general, N can be approximated [24],
but if all the coefficients αk1...kn are real, complex con-
jugation can be omitted and no-correlation states can be
generated by local operations.

This construction principle can be generalized to mixed

states using ρ = N⊗nρ (N⊗n)
†
, which changes every pure

state in the spectral form to the respective anti-state.
Evenly mixing ρ and ρ therefore produces a state with
no l-party correlations for all odd l.

One may then wonder whether the principle of Eq. (2)
can also be applied to construct a no-correlation state
for every state with an even number of qubits. The an-
swer is negative as shown by the following counterexam-
ple. Consider the Greenberger-Horne-Zeilinger state of
an even number of qubits |ψ〉 = 1√

2
(|0 . . . 0〉 + |1 . . . 1〉).

It has non-vanishing Tz...z, 2n−1 n-partite correlations in
the xy-plane, and also 2n−1 − 1 correlations between a
smaller number of subsystems, all equal to ±1. However,
for a state with inverted correlations between all n parties
(making no assumptions about the correlations between
smaller numbers of observers) the fidelity relative to the

GHZ state, given by 1
2n

∑3
µ1,...,µn=0 T

GHZ
µ1...µn

T anti
µ1...µn

, is
negative because more than half of the correlations are
opposite. Hence this state is unphysical and there is no
such “anti-state”. In fact, so far we were unable to find an
anti-state to any genuinely multi-qubit entangled state of
even n.

Entanglement without correlations: infinite family.—
Consider a three-qubit system in the pure state

|φ〉 = sinβ cosα|001〉+ sinβ sinα|010〉+ cosβ|100〉, (5)

where α, β ∈ (0, π2 ) (which includes the state |W 〉 with

α = π/3 and β = cos−1(1/
√

3)). Together with any
local unitary transformation thereof this defines a three
dimensional subspace of genuinely tripartite entangled
states within the eight dimensional space of three qubit
states. To show that all the respective no-correlation
states ρncφ are genuinely entangled, we use a criterion

similar to the one in [6], i.e.

max
Tbi−prod

(T, T bi−prod) < (T, T exp)⇒ ρexp is not bi-sep,

(6)
where maximization is over all bi-product pure states and
(U, V ) ≡

∑3
µ,ν,η=0 UµνηVµνη denotes the inner product in

the vector space of correlation tensors. Condition (6) can
be interpreted as an entanglement witnessW = α11−ρncφ ,

where α = L/8 and L = maxTbi−prod(T, T bi−prod) is the
left-hand side of (6). In the ideal case of preparing ρexp

perfectly, T exp = T , the right-hand side of our criterion
equals 4 for all the states of the family, and thus the
expectation value of the witness is given by Tr(Wρncφ ) =

(L− 4)/8.
A simple argument for ρncφ being genuinely tripartite

entangled can be obtained from the observation that |φ〉
and |φ〉 span a two-dimensional subspace of the three
qubit Hilbert space [9]. As none of the states |Φ〉 =
a|φ〉 + b|φ〉 is biproduct (for the proof see SM (see Ap-
pendix B)), states in their convex hull do not intersect
with the subspace of bi-separable states and thus all its
states, including ρncφ are genuinely tripartite entangled.
To evaluate the entanglement in the experiment, we cal-
culated L for all states of Eq. (5). We obtain L|φ〉 < 4 in
general, with L|W 〉 = 10/3. Similar techniques were used
to analyze five-qubit systems.

Quantum correlations without classical correlations?—
The cumulants and correlations were initially proposed
as a measure of genuinely multi-party non-classicality in
Ref. [25]. Kaszlikowski et al. [9], however, showed that
such a quantification is not sufficient as the state ρncW has
vanishing cumulants, yet contains genuinely multi-party
entanglement. They suggested that the vanishing cumu-
lants or standard correlation functions (1) indicate the
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FIG. 1. (color online). Schematic of the linear optical setup
used to observe symmetric Dicke states from which states with
vanishing 3- and 5-partite correlations can be obtained. The
photons are created by means of a cavity enhanced pulsed
collinear type II spontaneous parametric down conversion
source pumped at 390nm [30]. Distributing the photons sym-
metrically into six modes by 5 beam splitters (BS) enables the

observation of the state |D(3)
6 〉. Removing beam splitters BS2

and BS4 reduces the number of modes to four and thus the
state |D(2)

4 〉 is obtained. State analysis is enabled by sets of
half-wave (HWP) and quarter-wave plates (QWP) together
with polarizing beam splitters (PBS) in each mode. The pho-
tons are measured by fiber-coupled single photon counting
modules connected to a coincidence logic [29].

lack of genuine multi-party “classical” correlations. This
initiated a vivid discussion on a proper definition and
measure of genuine multipartite “classical” and quantum
correlations. Bennett et al. proposed a set of axioms for
measures of genuine multipartite correlations [11]. They
showed that the correlation function (1) does not ful-
fill all the requirements, but also still strive for com-
putable measures that satisfy these axioms [14, 26]. An
information-theoretic definition of multipartite correla-
tions was given by Giorgi et al. [14]. Their measure com-
bines the entropy of all sizes of subsystems. Applying
their definitions to ρncW , we obtain genuine classical tri-
partite correlations of 0.813 bit and genuine quantum tri-
partite correlations of 0.439 bit resulting in total genuine
tripartite correlations of 1.252 bit (see SM (see Appendix
C) for calculations for all ρncφ ). While this approach does
assign classical correlations in the context of Giorgi et
al. [14] to ρncW , it does not fulfill all requirements of [11]
either.

Experiment.—The three photon state |W 〉 can be ob-
served either using a multiphoton interferometer set-
up [27] or by suitably projecting the fourth photon of a
4-photon symmetric Dicke state [28]. The latter scheme
has the advantage that it also offers the option to pre-
pare the states |W 〉 and ρncW . The states |W 〉 and |W 〉 are
particular representatives of the symmetric Dicke states,
which are defined as

|D(e)
n 〉 =

(
n

e

)−1/2∑
i

Pi(|H⊗(n−e)〉 ⊗ |V ⊗e〉) (7)

where |H/V 〉 denotes horizontal/vertical polarization
and Pi all distinct permutations, and with the three

photon states |W 〉 = |D(1)
3 and |W 〉 = |D(2)

3 . We ob-
served four- and six-photon Dicke states using a pulsed

collinear type II spontaneous parametric down conver-
sion source together with a linear optical setup (see Fig.

1) [29, 30]. The |D(e)
n 〉 states were observed upon de-

tection of one photon in each of the four or six spatial

modes, respectively. We characterized the state |D(2)
4 〉

by means of quantum state tomography, i.e., a polariza-
tion analysis in each mode, collecting for each setting 26
minutes of data at a rate of 70 events per minute. The

fidelity of the experimental state |D(2)
4 〉exp was directly

determined from the observed frequencies together with
Gaussian error propagation as 0.920 ± 0.005, which due
to the high number of detected events [15] is compatible
with the value 0.917 ± 0.002 as obtained from a maxi-
mum likelihood (ML) reconstruction and non-parametric
bootstrapping (see Appendix E, [19]). The high quality
achieved here allowed a precise study of the respective
states. The fidelities of the observed three qubit states
with respect to their target states are 0.939 ± 0.011 for
|W 〉exp, 0.919 ± 0.010 for |W 〉exp, and 0.961 ± 0.003 for
ρnc,expW . Analogously, starting with a six-photon Dicke

state |D(3)
6 〉 [31] we could also analyze the properties of

the five photon state ρnc
D

(2)
5

. The five-qubit fidelity of

ρnc,exp
D

(2)
5

is determined via a ML reconstruction from five-

fold coincidences to be 0.911 ± 0.004 (for the detailed
characterization see SM (see Appendix D)).

For the experimental analysis of the states, we start by
determining Tzzz for the three states |W 〉exp, |W 〉exp, and
ρnc,expW . As the first two have complementary structure
of detection probabilities (with Tzzz = −0.914 ± 0.034
and Tzzz = 0.904± 0.034, respectively), weighted mixing
of these states leads to ρnc,expW with Tzzz = 0.022±0.023,
i.e. a correlation value compatible with 0 (see SM). Fig. 2
presents experimental data for all possible tripartite cor-
relations of the observed states. Assuming a normal
distribution centered at zero with a standard deviation
given by our experimental errors, the observed correla-
tions have a p-value of 0.44 for the Anderson-Darling test,
which shows that indeed one can adhere to the hypothe-
sis of vanishing full correlations. Similarly, the five qubit
state ρnc,exp

D
(2)
5

exhibits strongly suppressed, almost vanish-

ing correlations. For details on the five qubit state, please
see SM (see Appendix D).

We want to emphasize that the vanishing tripartite
correlations of ρnc,expW are no artifact of measuring in the
Pauli bases. In fact, all states obtained via local uni-
tary transformations do not exhibit any n-partite corre-
lations. To illustrate this property, we considered cor-
relation measurements in non-standard bases. As an
example, we chose measurements in the zy-plane σθ =
cos θ σz+sin θ σy with θ ∈ [0, 2π] (σφ = cosφσy+sinφσz
with φ ∈ [0, 2π]) for the first (second) qubit resulting in
the correlations Tθ j2 j3 = Tr(ρ σθ ⊗ σj2 ⊗ σj3) (Tj1 φ j3).
Indeed, as shown in Fig. 3, Tθ j2 j3 (Tj1 φ j3) vanishes in-
dependently of the choice of θ (φ). In contrast, the bi-
partite correlations Tθ z0 (Ty φ 0) between qubit 1 and 2
do not vanish at all and clearly depend on θ (φ). By
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FIG. 2. (color online). Experimental tripartite correlations
(red) for |W 〉exp, |W 〉exp, and (green) ρnc,expW in comparison
to the theoretically expected values (gray). Note that the cor-
relations of the state ρnc,expW are magnified by a factor of 10.
The plot presents measured values of Tj1j2j3 for the observ-
ables listed below the plot. Obviously, the states |W 〉exp and
|W 〉exp have opposite tripartite correlations canceling each
other when they are mixed.

means of those even number correlations, one is still able
to infer the result of another party from ones own result
with probability 2/3 > 1/2. For example, the values of
Tzz0 = −1/3 (Tz0z = −1/3) indicate that knowing, e.g.,
result “0” for the first qubit, we can infer that the result
will be “1” with p = 2/3 on the second (third) qubit, etc.

Although the three qubits are not tripartite correlated,

Phase q
p/2 p0 3p/2 0 p/2 p
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FIG. 3. (color online). Vanishing tripartite correlations for
arbitrary measurements and non-vanishing bipartite correla-
tions. Observable σθ (σφ) was measured on the first (sec-
ond) qubit and σz (σy) measurements were performed on
both other qubits (green curves) or one of them (red and
black curves). The solid lines show the theoretically expected
curves.

the bipartite correlations shown above give rise to gen-
uine tripartite entanglement. This can be tested for the
experimental states employing (6). We observe

(T, Tnc,expW ) = 3.858± 0.079 > 3.333,

(T, Tnc,exp
D

(2)
5

) = 13.663± 0.340 > 12.8,

both above the respective bi-separable bound of 10/3 =
3.333 (12.8) by more than 6.6 (2.4) standard devia-
tions, proving that in spite of vanishing full correlations
the states are genuinely tripartite (five-partite) entan-
gled (see Appendix E).

The observed five-photon state has one more remark-
able property [13]. For this state, every correlation be-
tween a fixed number of observers, i.e., bipartite corre-
lations, tripartite correlations, etc. admits description
with an explicit local hidden-variable model [8]. How-
ever, some of the models are different and thus cannot
be combined in a single one. Using linear programming
to find joint probability distributions reproducing quan-
tum predictions [12], we obtain an optimal Bell inequality
using only two- and four-partite correlations [13]. From
the observed data we evaluate the Bell parameter to be
B = 6.358±0.149 which violates the local realistic bound
of 6 by 2.4 standard deviations [32]. This violation con-
firms the non-classicality (see Appendix E) of this no-
correlation state and also offers its applicability for quan-
tum communication complexity tasks. Contrary to pre-
vious schemes, here, the communication problem can be
solved in every instance already by only a subset of the
communicating parties [34].

Conclusions.—We introduced a systematic way to de-
fine and to experimentally observe mixed multipartite
states with no n-partite correlations for odd n, as mea-
sured by standard correlation functions. For the first
time we experimentally observed a state which allowed
the violation of a Bell inequality without full correla-
tions, thereby proving both the non-classicality of no-
correlation states as well as their applicability for quan-
tum communication protocols. The remarkable proper-
ties of these states prompt intriguing questions. For ex-
ample, what might be the dimensionality of these states
or their respective subspaces, or whether we can even
extend the subspace of states and anti-states which give
genuinely entangled no-correlation states? Moreover, can
no-correlation states be used for quantum protocols be-
yond communication complexity, and, of course, whether
these remarkable features can be cast into rigorous and
easily calculable measures of genuine correlations satis-
fying natural postulates [11]?
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Appendix A: Physical meaning of correlation
functions

Correlations for two particles are often seen as a mea-
sure of predictability of local results when knowing the
other result. Yet, this simple statement has to be used
carefully. A non-vanishing n-partite correlation function
indicates that we can make an educated guess of the
nth result from the product of the other n − 1 results.
The converse statement does not hold and we provide an
example of a state with vanishing correlation functions
where the inference is still possible.

Let us denote by rj = ±1 the result of the jth observer.
We assume that n−1 parties cannot infer from the prod-
uct of their outcomes, r1 . . . rn−1, the result of the last
observer, rn, i.e., the following conditional probabilities
hold:

P (rn|r1 . . . rn−1) =
1

2
. (A1)

We show that this implies that the corresponding correla-
tion function, Tj1...jn , vanishes. The correlation function
is defined as expectation value of the product of all local
outcomes

Tj1...jn = 〈r1 . . . rn〉 = P (r1 . . . rn = 1)−P (r1 . . . rn = −1).
(A2)

Using Bayes’ rule

P (r1 . . . rn = ±1) =
∑
r=±1

P (rn = ±r|r1 . . . rn−1 = r)

× P (r1 . . . rn−1 = r). (A3)

According to assumption (A1) we have P (rn =
±r|r1 . . . rn−1 = r) = 1

2 , giving P (r1 . . . rn = ±1) = 1
2

and Tj1...jn = 0.
As an example of a state with vanishing correlation

functions yet allowing to make an educated guess of the
result, let us consider the two-qubit mixed state

1

2
|00〉〈00|+ 1

4
|01〉〈01|+ 1

4
|10〉〈10|, (A4)

where |0〉 and |1〉 are the eigenstates of the Pauli operator
σz with eigenvalues +1 and −1, respectively. All correla-
tion functions Tkl, with k, l = x, y, z, of this state vanish.
Yet, whenever Alice (Bob) observes outcome −1 in the σz
measurement, she (he) is sure the distant outcome is +1,
i.e., P (r2 = +1|r1 = −1) = 1. Similar examples exist for
multiple qubits, but we note that the states ρncφ of the
main text are an equal mixture of a state and its anti-
state. In this case, the vanishing n-party correlations
lead to the impossibility of inferring the n-th result.

Appendix B: Criterion for genuine multipartite
entanglement

To evaluate entanglement we use the following criterion
(see main text) where, T exp = T , i.e., assuming the ideal
experiment producing the required state described by the
correlation tensor T :

max
T bi−prod

(T, T bi−prod) < (T, T ). (B1)

The maximization is performed over all bi-product states
keeping in mind also all possible bipartitions. The inner
product between two correlation tensors of three qubit
states is defined as

(V,W ) ≡
3∑

µ,ν,η=0

VµνηWµνη. (B2)

1. Tripartite entanglement

To keep the statement as general as possible, we prove
that all states ρncφ = 1

2 |φ〉〈φ|+
1
2 |φ〉〈φ| with

|φ〉=sinβ cosα|001〉+ sinβ sinα|010〉+ cosβ|100〉,(B3)

|φ〉=sinβ cosα|110〉+ sinβ sinα|101〉+ cosβ|011〉,

are genuinely tripartite entangled as soon as |φ〉 is gen-
uinely tripartite entangled.
First, note that |φ〉 is a bi-product state if at least one
amplitude vanishes, i.e., if either

1. β = 0 (full product state),

2. β = π
2 and α = 0 (full product state),

3. β = π
2 and α = π

2 (full product state),

4. β = π
2 and α ∈ (0, π2 ) (bi-product A|BC),

5. α = 0 and β ∈ (0, π2 ) (bi-product B|AC),

6. α = π
2 and β ∈ (0, π2 ) (bi-product C|AB).

The correlation tensor of the state ρncφ contains only bi-
partite correlations:

Txx0 = Tyy0 = sin(2β) sin(α),

Tx0x = Ty0y = sin(2β) cos(α),

T0xx = T0yy = sin2(β) sin(2α),

Tzz0 = cos(2α) sin2(β)− cos2(β),

Tz0z = − cos(2α) sin2(β)− cos2(β),

T0zz = cos(2β), (B4)

and T000 = 1. Using these expressions, the right-hand
side of the entanglement criterion is

R = (T, T ) = 4. (B5)
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To find the maximum of the left-hand side, we shall follow
a few estimations. Consider first the bi-product state in a
fixed bipartition, say AB|C, i.e., of the form |χ〉AB ⊗ |c〉,
where |χ〉AB = cos(θ)|00〉 + sin(θ)|11〉, when written in
the Schmidt basis. Let us denote the correlation tensor
of |χ〉AB with P and its local Bloch vectors by ~a and ~b.
We therefore have:

L = 1 + Txx0(Pxx + Pyy) + Tzz0Pzz + Tx0x(axcx + aycy)

+ Tz0zazcz + T0xx(bxcx + bycy) + T0zzbzcz. (B6)

By optimizing over the states of |c〉 we get the following
upper bounds:

Tx0x(axcx+aycy)+Tz0zazcz ≤
√
T 2
x0x(a2x + a2y) + T 2

z0za
2
z,

(B7)
and

T0xx(bxcx + bycy) +T0zzbzcz ≤
√
T 2
0xx(b2x + b2y) + T 2

0zzb
2
z.

(B8)
The Schmidt decomposition implies for local Bloch vec-
tors:

a2x + a2y + a2z = b2x + b2y + b2z = cos2(2θ), (B9)

and therefore

~a = cos(2θ)~n, ~b = cos(2θ)~m, (B10)

where ~n and ~m are normalized vectors with directions
along the local Bloch vectors. This gives the bound√

T 2
x0x(a2x + a2y) + T 2

z0za
2
z +

√
T 2
0xx(b2x + b2y) + T 2

0zzb
2
z

= cos(2θ)(
√
T 2
x0x(n2x + n2y) + T 2

z0zn
2
z (B11)

+
√
T 2
0xx(m2

x +m2
y) + T 2

0zzm
2
z)

≤ cos(2θ)(max(|Tx0x|, |Tz0z|) + max(|T0xx|, |T0zz|)),

where the maxima follow from convexity of squared com-
ponents of a normalized vector.

Now let us focus on the terms depending on the cor-
relations of |χ〉AB . In order to maximize (B6), the
Schmidt basis of |χ〉AB has to be either x, y, or z as
otherwise off-diagonal elements of P emerge leading to
smaller values entering (B6). For the diagonal correla-
tion tensor we have |Pxx| = sin(2θ), |Pyy| = sin(2θ),
and Pzz = 1, and with indices permuted. Therefore,
there are three cases to be considered in order to opti-
mize Txx0(Pxx + Pyy) + Tzz0Pzz:

(i) |Pxx| = 1 and |Pyy| = |Pzz| = sin(2θ) with their
signs matching those of Txx0 and Tzz0 respectively,

(ii) |Pzz| = 1 and Pxx = Pyy = sin(2θ),

(iii) |Pzz| = 1 and Pxx = −Pyy = sin(2θ).

Each of these cases leads to an upper bound on L. For
example, for the first case we find

L(i) = 1 + |Txx0|+ sin(2θ)(|Txx0|+ |Tzz0|) + cos(2θ)(max(|Tx0x|, |Tz0z|) + max(|T0xx|, |T0zz|))

≤ 1 + |Txx0|+
√

(|Txx0|+ |Tzz0|)2 + (max(|Tx0x|, |Tz0z|) + max(|T0xx|, |T0zz|))2, (B12)

where in the last step we optimized over θ. The same
procedure applied to the other two cases gives:

L(ii) ≤ 1 + |Tzz0|+
√

4T 2
xx0 + (max(|Tx0x|, |Tz0z|) + max(|T0xx|, |T0zz|))2, (B13)

L(iii) ≤ 1 + |Tzz0|+ max(|Tx0x|, |Tz0z|) + max(|T0xx|, |T0zz|). (B14)

If instead of the bipartition AB|C another one was
chosen, the bounds obtained are given by those above

with the indices correspondingly permuted. Since there
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are three possible bipartitions, altogether we have nine
bounds out of which we should finally choose the maxi-
mum as the actual upper bound on the left-hand side.

Numerical derivation of bounds

A first approach is to numerically evaluate Eqs. (B12)-
(B14). Fig. 4 shows that only for states |φ〉 that are
bi-product the left-hand side reaches L = 4.
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1/8 π
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3/8 π
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FIG. 4. Contour plot showing the maximal value of the left-
hand side of our entanglement criterion for the states ρncφ
defined above (B3). Whenever the value is below 4, i.e.,
the right-hand side value as given in (B5), the criterion de-
tects genuine tripartite entanglement. This shows that all the
states ρncφ are genuinely tripartite entangled except for those
arising from bi-product states |φ〉, i.e., for α, β = 0 or π/2.
Numerical optimizations over all bi-separable states yield the
same plot.

For the W state we thus obtain maxL = 10/3 which
is achieved by the bi-product state (cos θ|+ +〉 − sin θ| −
−〉)⊗ |+〉, where |±〉 = 1√

2
(|0〉 ± |1〉) and tan(2θ) = 3/4

in order to optimize case (i) which is the best for the W
state. This bound is used in the main text.

Analytic argument

The last step of the proof, showing that only bi-
separable states can achieve the bound of 4 in our cri-
terion, involved numerical optimization (Fig. 4). One
may complain that due to finite numerical precision there
might be genuinely tripartite entangled states for values
of α or β close to 0 and π/2 that already achieve the
bound of 4. Here, we give a simple analytical argument
showing that ρncφ is genuinely tripartite entangled if and

only if |φ〉 is so.

We first follow the idea of Ref. [9] and note that a
mixed state ρncφ can only be bi-separable if there are bi-
product pure states in its support. The support of ρncφ
is spanned by |φ〉 and |φ〉, i.e., ρncφ does not have any

overlap with the orthogonal subspace 11−|φ〉〈φ|− |φ〉〈φ|.
Accordingly any decomposition of ρncφ into pure states
can only use pure states of the form

|Φ〉 = a|φ〉+ b|φ〉. (B15)

We now give a simple argument that |Φ〉 is bi-product,
and hence ρncφ is bi-separable, if and only if |φ〉 is bi-
product. In all other infinitely many cases, the no-
correlation state is genuinely tripartite entangled. As-
sume that |Φ〉 is bi-product in the partition AB|C. Ac-
cordingly, all its correlation tensor components factor
across this partition. In particular,

T0xx = W0xVx, T0yy = W0yVy, (B16)

T0xy = W0xVy, T0yx = W0yVx

where W is the correlation tensor of the state of AB and
V is the correlation tensor corresponding to the state of
C. One directly verifies that for such a bi-product state
we have

T0xxT0yy = T0xyT0yx. (B17)

Evaluating condition (B17) for the states |Φ〉 gives the
following condition on the amplitudes of |φ〉:

sin2(2α) sin4(β) = 0, (B18)

and indicates that at least one amplitude must be zero.
Similar reasoning applies to other partitions and we con-
clude that |Φ〉 is bi-product if and only if |φ〉 is bi-
product.

Alternative entanglement criterion

Alternativly we can apply a witness of genuine tripar-
tite entanglement based on angular momentum operators
[16],

W3 = J2
x + J2

y , (B19)

where e.g. Jx = 1
2 (σx⊗ 11⊗ 11 + 11⊗σx⊗ 11 + 11⊗ 11⊗σx).

Maximization of this quantity over bi-separable states
gives [16]:

max
ρbi−sep

〈W3〉 = 2 +
√

5/2 ≈ 3.12. (B20)

This criterion detects entanglement of the states |φ〉 and
|φ〉, and, consequently, since it uses two-party correla-
tions only, also of the state ρncφ . However, entanglement

is detected only for a range of roughly α ∈ [0.59, 1.3] and
β ∈ [0.33, 1.2].
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2. Five-partite entanglement

In order to obtain the five-partite bound given in the
main text, i.e., maxT bi−prod(T, T bi−prod) = 12.8, we have
numerically optimized over all bi-product states keeping
T as the correlation tensor of an equal mixture of Dicke

states |D(2)
5 〉 and |D(3)

5 〉, where

|D(e)
n 〉 =

1√(
n
e

) ∑
i

|Pi(1, . . . , 1, 0 . . . , 0)〉, (B21)

with Pi denoting all distinct permutations of e ones and
n− e zeros.

Below, we generalize the analytical argument given
above to prove genuine multipartite entanglement of ar-
bitrary mixtures of Dicke and anti-Dicke states. The
anti-Dicke state has exchanged roles of zeros and ones
as compared with the Dicke state, i.e., it has n− e ones
(excitations). One easily verifies that the Dicke state of
n qubits with e excitations has the following bipartite
correlations:

T0...0xx = T0...0yy =
2
(
n−2
e−1
)(

n
e

) =
2e(n− e)
n(n− 1)

,

T0...0xy = T0...0yx = 0. (B22)

The correlations of an anti-Dicke state, with n − e exci-
tations, are the same due to the symmetry e↔ n− e of
these correlations. Assume that n is odd so that (i) the
Dicke and anti-Dicke states are orthogonal and (ii) the
parity of the number of excitations, i.e., whether there
is an even or odd number of them, is opposite in the
Dicke and anti-Dicke states. For arbitrary superposition

α|D(e)
n 〉+ β|D(n−e)

n 〉 the correlations read:

T0...0jk = |α|2TD0...0jk + |β|2TD0...0jk
+ α∗β〈D(e)

n |11⊗ . . . 11⊗ σj ⊗ σk|D(n−e)
n 〉(B23)

+ αβ∗〈D(n−e)
n |11⊗ . . . 11⊗ σj ⊗ σk|D(e)

n 〉.

Since applying σj⊗σk with j, k = x, y to the Dicke states
does not change the parity of their excitations, the last
two terms vanish, and for the first two terms we have

TD0...0jk = TD0...0jk. Therefore, an arbitrary superposition
of Dicke and anti-Dicke states has the same correlations
as in (B22) and therefore none of such superposed states
is bi-product. Since the Dicke states are invariant under
exchange of parties (and so are their superpositions), the
same holds for other partitions. Finally, the lack of bi-
product states in a subspace spanned by Dicke and anti-
Dicke states implies that their mixtures are also genuinely
multipartite entangled.

Appendix C: Genuine tripartite correlations

While the conventional full correlation function van-
ishes for ρncφ , this is not necessarily so for other types of

correlation functions introduced recently. For a compar-
ison we analyze the correlation content of the states of
our family also according to the three measures given
in Ref. [14], namely: (a) genuine tripartite correla-
tions T (3)(ρncφ ), (b) genuine tripartite classical correla-

tions J (3)(ρncφ ), and (c) genuine tripartite quantum cor-

relations D(3)(ρncφ ). The results are presented and dis-
cussed in Fig. 5.
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FIG. 5. Correlation content [14] of the states ρncφ =
1
2
|φ〉〈φ| + 1

2
|φ〉〈φ| with the pure states given in Eq. (B3).

(a) Total genuine tripartite correlations. The genuine tri-
partite correlations vanish only for mixtures of bi-product
states. The highest value (1.2516) is obtained for the state
(|W 〉〈W |+ |W 〉〈W |)/2. (b) Genuine tripartite classical corre-
lations. The genuine classical correlations also vanish only for
mixtures of bi-product states. The highest value (1.0) is ob-
served for fully separable states. The local maximum (0.8127)
is achieved by the state (|W 〉〈W |+ |W 〉〈W |)/2. (c) Genuine
tripartite quantum correlations. The genuine quantum corre-
lations vanish for mixtures of bi-product states and for fully
separable states. The highest values (0.6631) correspond to

the mixture of the state
√

1/6|001〉+
√

1/6|010〉+
√

2/3|100〉
with its antistate (and permutations). The state (|W 〉〈W |+
|W 〉〈W |)/2 achieves the local maximum (0.4389).

Appendix D: Experimental three and five qubit
states

The experimentally prepared states |W 〉exp, |W 〉exp,
ρnc,expW , and ρnc,exp

D
(2)
5

were characterized by means of quan-

tum state tomography. Their corresponding density ma-
trices can be seen in Fig. 6 and Fig. 7. The fidelities of
the observed three qubit states with respect to their tar-
get states are 0.939± 0.011 for |W 〉exp, 0.919± 0.010 for
|W 〉exp, and 0.961±0.003 for ρnc,expW . Note that the value
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of the fidelity for the state ρnc,expW was obtained from a
maximum likelihood (ML) reconstruction together with
non-parametric bootstrapping. This value thus might be
slightly incorrect due to the bias of the maximum likeli-
hood data evaluation [15].

Fig. 7 shows the real part of the tomographically de-
termined no-correlation state from which all further five
qubit results are deduced. The five-qubit fidelity of
ρnc,exp
D

(2)
5

is determined via a ML reconstruction from five-

fold coincidences to be 0.911± 0.004.

To obtain a correlation function value, e.g., Tzzz =
Tr(ρ σz ⊗ σz ⊗ σz), we analyze the three photons in the
respective set of bases (here all ẑ). Fig. 8 shows the rel-
ative frequencies for observing all the possible results for
such a polarization analysis. Clearly one recognizes the
complementary structure of the the detection frequencies
for the states |W 〉exp and |W 〉exp which results in approx-
imately the same magnitude of the correlations, yet with
different sign. Mixing the two states, one thus obtains a
vanishingly small correlation. Fig. [2] of the main text
then shows the full set of correlations.

For the analysis of the five qubit no correlation state,
we see from an eigen decomposition that this state in-
deed comprises of a mixture of two states (|Θ(2)〉exp
and |Θ(3)〉exp), which are in very good agreement with

|D(2)
5 〉 and |D(3)

5 〉. Fig. 9 (a) and (b) show all sym-

metrized correlations for the five-qubit states |Θ(2)〉 and
|Θ(3)〉 and ρnc,exp

D
(2)
5

with good agreement with the ideal

states. Also the respective fidelity of the eigenvectors
of the experimentally determined state are quite high
(F|D(2)

5 〉
(|Θ(2)〉) = 0.978 ± 0.012 and F|D(3)

5 〉
(|Θ(3)〉exp) =

0.979 ± 0.012). Equally mixing the states |Θ(2)〉exp and
|Θ(3)〉exp indeed would result in a state with vanishingly
small correlations as seen in Fig. 9 (c). However, due to
asymmetry in the coupling of signal and idler states from
the down conversion source [18] the correlations are still
present, albeit smaller by a factor of 10 compared with

|D(2)
5 〉 and |D(3)

5 〉. In the main text we show that the
very same state is genuinely five-party entangled.

Appendix E: Statistical analysis

1. Error analysis

In order to carry out n-qubit quantum state tomogra-
phy, we measured in the eigenbases of all 3n combinations
of local Pauli settings si with s1 = x...xx, s2 = x...xy, ...,
s3n = z...zz. In each setting si we performed projection
measurements on all the 2n eigenvectors of the corre-
sponding operators. The single measurement results are
enumerated by rj representing the binary numbers from 0
to 2n− 1 in increasing order, i.e., r1 = 0...00, r2 = 0...01,
..., r2n = 1...11. The observed counts for the outcome rj
when measuring si are labeled as csirj and the total num-

ber of counts Nsi for setting si is given by Nsi =
2n∑
j=1

csirj .

From these data the density matrix can be obtained as

ρ =

3n∑
i=1

2n∑
j=1

csirj
Nsi

Msi
rj (E1)

where the elements of the generating set of operators Msi
rj

are defined as Msi
rj = 1

2n

n⊗
k=1

(
11
3 + (−1)rj(k)σsi(k)

)
[20,

21], where 11 denotes the 2 × 2 identity matrix and rj(k)
is the k-th entry in the string rj . Then, the fidelity F|ψ〉
with respect to a pure target state |ψ〉 can be calculated
as

F|ψ〉 = 〈ψ|ρ|ψ〉 =

3n∑
i=1

2n∑
j=1

csirj
Nsi
〈ψ|Msi

rj |ψ〉. (E2)

For Poissonian measurement statistics, i.e., ∆csirj =
√
csirj ,

the error to the fidelity ∆F|ψ〉 =
√

∆2F|ψ〉 can be

deduced via Gaussian error propagation as ∆2F|ψ〉 =
3n∑
i=1

2n∑
j=1

( 1
Nsi
− 1
N2

si

)2〈ψ|Msi
rj |ψ〉

2csirj which is approximately

∆2F|ψ〉 =

3n∑
i=1

∆2F si|ψ〉 =

3n∑
i=1

2n∑
j=1

csirj
N2
si

〈ψ|Msi
rj |ψ〉

2 (E3)

for large number of counts per setting as in our ex-
periment. As an example, in table I we give the
corresponding values for csirj and |〈ψ|Msi

rj |ψ〉| for the

23 = 8 possible results of the zzz measurement of the
three qubit |W 〉 state to get an impression of the size of
the 33 = 27 terms in Eq. (E3).

Similarly, also the error of the 43 = 64 correlations of
the given state are evaluated. For example, we obtain for
the correlation value Tzzz = −0.914 ± 0.034. The error
for the maximum likelihood estimate was determined by
non-parametric bootstrapping, for details see [19].

2. Hypothesis testing

Vanishing correlations

After having calculated the experimental error of the
zzz correlation, we find that the measurements of the re-
maining 26 full correlations have similar errors. We test
our hypothesis of vanishing full correlations by comparing
our measured correlation values with a normal distribu-
tion with mean µ = 0 and standard deviation σ = 0.0135,
which corresponds to the average experimental standard
deviation. If our data are in agreement with this dis-
tribution, we can retain the hypothesis of vanishing full
correlations.

To test the hypothesis



10

FIG. 6. Experimental three qubit states as obtained from the state |D(2)
4 〉exp. (a) The state |W 〉exp is obtained by projection of

the fourth qubit of |D(2)
4 〉exp on V . (b) The state |W 〉exp is prepared by projecting the fourth qubit of |D(2)

4 〉exp on H. (c) When

the fourth qubit of |D(2)
4 〉exp is traced out, a mixture of |W 〉exp and |W 〉exp is obtained, i.e., the state ρnc,expW . The corresponding

fidelities with respect to their target states are 0.939± 0.011 for |W 〉exp, 0.919± 0.010 for |W 〉exp, and 0.961± 0.003 for ρnc,expW .

rj 000 001 001 011 100 101 110 111

zzz |〈ψ|Mzzz
rj |ψ〉| 1.48e-01 1.48e-01 1.48e-01 1.11e-01 1.48e-01 1.11e-01 1.11e-01 7.41e-02

counts czzzrj 14 309 250 8.71 283 8 7.07 0

TABLE I. The values of csirj and |〈ψ|Msi
rj |ψ〉| for the measurement of the setting zzz of the experimentally observed state |W 〉exp.

The first row shows all possible results rj associated with the eigenvectors on which projection measurements are performed,
labeled in binary representation. Please note that the observed counts csirj are not integers since the slightly differing relative
detection efficiencies of the single photon counters were included. From these data we obtain for si = zzz a contribution for
Eq. (E3) of ∆2F zzz|W 〉 = 2.46e-05.

FIG. 7. Experimental state ρnc,exp
D

(2)
5

determined from five-

fold coincidences together with permutational invariant to-
mography [17]. The fidelity with respect to the target state
is 0.911± 0.004.

H
(nc,3)
0 : all full correlations of the state

ρnc,expW vanish,

according to the Kolmogorov-Smirnov method, the cu-
mulative distribution of the 27 measured full correlations
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FIG. 8. (color online). Detection frequencies when observing
the states |W 〉exp (red) and |W 〉exp (blue) and ρnc,expW (red and
blue) in the σ⊗3

z basis. From these data Tzzz values can be
calculated showing how the correlations of |W 〉exp and |W 〉exp
average to approximately 0. For comparison, the theoretically
expected values are shown in gray. The correlation value Tzzz
of the state ρnc,expW was determined as the weighted sum of the

correlation values Tzzz of the states |W 〉exp and |W 〉exp. The
state |W 〉exp was observed with a slightly lower probability
(0.485) than the state |W 〉exp (0.515) leading to a value of
Tzzz = 0.022 for the state ρnc,expW . In contrast, in Fig. 2

of the main text the states |W 〉exp and |W 〉exp were obtained

from the state |D(2)
4 〉exp by projection of the fourth qubit onto

horizontal/vertical polarization, i.e., from measuring σz on
the fourth qubit. There, ρnc,expW was obtained by tracing out
the fourth qubit and hence measurements of σx, σy, σz on the

fourth qubit of |D(2)
4 〉exp contribute, leading to approximately

three times better statistics for the state ρnc,expW .

is compared with the cumulative probability distribution
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FIG. 9. Experimental five-partite symmetric correlations for
the two most prominent states (a) |Θ(2)〉exp and (b) |Θ(3)〉exp
in the eigen decomposition of the experimental density ma-
trix ρnc,exp

D
(2)
5

shown in Fig. 7. The correlations of these states

are compared with the ones of the states (a) |D(2)
5 〉 and (b)

|D(3)
5 〉, respectively, shown in gray. The agreement between

the actual and expected correlations is evident and also the
fidelities of |Θ(2)〉exp and |Θ(3)〉exp with the respective tar-

get states are high: F|D(2)
5 〉

(|Θ(2)〉exp) = 0.978 ± 0.012 and

F|D(3)
5 〉

(|Θ(3)〉exp) = 0.979 ± 0.012. (c) When both states

are evenly mixed, the resultant state has practically vanish-
ing correlations. (d) Since the collection efficiencies for sig-
nal and idler photons generated via spontaneous parametric
down-conversion differ slightly [18], the states |Θ(2)〉exp and

|Θ(3)〉exp are observed with relative weights of 0.54 and 0.46
leading to largely suppressed but not entirely vanishing full
correlations. Hence, the experimentally prepared state ρnc,exp

D
(2)
5

is a very good approximation to a no-correlation state. Please
note that the correlations shown in (c) and (d) are magnified
by a factor of 10 compared with the scale of (a) and (b).
The errors given in subfigures (a)-(c) were obtained by non-
parametric bootstrapping [19] whereas for (d) Gaussian error
propagation was used.

of the assumed normal distribution, see Fig. 10, quan-
tifying the hypothesis of vanishing full correlations. We
can directly see that the data do not enter the region
of rejection given by a significance level of 0.05. This
clearly indicates that the hypothesis of normal distribu-
tion with mean µ = 0 and σ = 0.135 cannot be rejected.
While this test (Kolmogorov-Smirnov hypothesis test) is
demonstrative, the Anderson-Darling test is considered
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FIG. 10. The cumulative distribution of the experimentally
determined correlations is compared to the cumulative dis-
tribution of the expected correlations (µ = 0, σ = 0.0135).
The shaded blue region contains points that would be sam-
pled from the normal distribution with probability smaller
than 5%. Since the empirical function lies in between the
shaded regions, our hypothesis of vanishing correlations can
be retained with significance level of 0.05.

to be more powerful, i.e., to decrease the probability of
errors of second kind. Since the Anderson-Darling test
gives a p-value of 0.44 far above a 0.05 significance level,
we can retain the claim that our measured data indeed
correspond to vanishing full correlations, while their scat-
ter can be fully explained by the experimental error.

Testing for genuine multipartite entanglement

Furthermore, we also check our hypotheses of the main
text that the tripartite and five-partite states are gen-
uinely multipartite entangled. For that purpose, we cal-
culate the probability that a state without genuine mul-
tipartite entanglement achieves values comparable to the
measured value based on the assumption that the mea-
surement errors are normally distributed. Let us formu-
late for the tripartite state the null hypothesis

H
(3)
0 : state ρnc,expW is not genuinely tripartite

entangled.

To show the genuine tripartite entanglement of that

state, we want to reject the null hypothesis H
(3)
0 . In

order to estimate the error of first kind, i.e., the proba-

bility thatH
(3)
0 is true, we calculate the probability that a

state without tripartite entanglement achieves the mea-
sured value of (T, Tnc,expW ) = 3.858. The calculation is
based on the assumption of a normal distributed result
of the indicator with mean µ = 10

3 , i.e., the bi-separable
bound, and with standard deviation given by our exper-
imental error of σ = 0.079. The probability of the error



12

of first kind is then at most

p = Pr
[
(T, Tnc,expW ) ≥ 3.858

∣∣∣H(3)
0

]
(E4)

<
1√
2πσ

∫ ∞
3.858

dx exp

(
− (x− µ)

2

2σ2

)
= 1.55× 10−11 � 0.05.

Since p is far below the significance level of 0.05, our ex-
perimentally implemented state ρncW is genuine tripartite
entangled.

Analogously, we test if the state ρnc,exp
D

(2)
5

is indeed gen-

uinely five-partite entangled. For that purpose, we for-
mulate the null hypothesis

H
(5)
0 : state ρnc,exp

D
(2)
5

is not genuinely five-

partite entangled.

In order to test the probability that a bi-separable state

can achieve

(
T, Tnc,exp

D
(2)
5

)
= 13.663, we now use a normal

distribution centered around the bi-separable bound of
µ = 12.8. The standard deviation is chosen according
to the experimental error of σ = 0.340, such that the

probability for a false rejection of the null hypothesisH
(5)
0

is estimated to be at most

p = Pr

[(
T, Tnc,exp

D
(2)
5

)
≥ 13.663

∣∣∣H(5)
0

]
(E5)

<
1√
2πσ

∫ ∞
13.663

dx exp

(
− (x− µ)

2

2σ2

)
= 5.6× 10−3 � 0.05,

clearly indicating the five-partite entanglement of our
state with high significance.

Bell inequality

Finally, we test whether we can retain our claim that
the five-partite state is non-classical due to its violation
of the Bell inequality. In order to show the violation, we
formulate the null hypothesis

HB
0 : violation of the Bell inequality can

be explained by LHV model (finite statistics
loophole).

For the considered Bell inequality [13]

B = EP(11110) + EP(22220) + EP(12220) (E6)

− EP(21110) − EP(11000) − EP(22000) ≤ 6

with P denoting the summation over all permutations,
e.g. EP(11110) = E11110+E11101+E11011+E10111+E01111,
we calculate the probability that an LHV model can
achieve the measured value of B = 6.358, which was esti-
mated with a standard deviation of ∆B = 0.149. Follow-
ing Ref. [22] we assume that the LHV model gives the
maximal allowed expectation value of our Bell parame-
ter, equal to µ = 6, and that the standard deviation of
a normal distribution about this mean value is equal to
our experimental standard deviation ∆B. Therefore, the
probability that the LHV model gives values at least as
high as observed is found to be

p = Pr
[
B ≥ 6.358

∣∣∣HB
0

]
(E7)

<
1√
2πσ

∫ ∞
6.358

dx exp

(
− (x− µ)

2

2σ2

)
= 0.0083� 0.05.

This small p-value clearly indicates that the null hypoth-
esis HB

0 is to be rejected and thus the non-classicality of
the no-correlation state is confirmed.

3. Vanishing full correlations with arbitrary
measurement directions

The measurements presented in the main text show
not only vanishing full correlations for measurements in
x, y, z directions, but also for measurements of one qubit
rotated in the yz-plane. Here, we show that full cor-
relations have to vanish for arbitrary measurement di-
rections. Since the 2-norm of the correlation tensor is
invariant under local rotations, its entries vanish in all
local coordinate systems if they do in one. Moreover,
l-fold correlations in one set of local coordinate system
only depend on l-fold correlations of another set. As an
example, we explicitly show this for the case of three
qubits.

T(θ1,φ1) (θ2,φ2) (θ3,φ3) = Tr(ρ σ(θ1,φ1) ⊗ σ(θ2,φ2) ⊗ σ(θ3,φ3))
(E8)

with

σ(θi,φi) = sin(θi) cos(φi)σx+sin(θi) sin(φi)σy+cos(θi)σz.
(E9)

Consequently,

T(θ1,φ1) (θ2,φ2) (θ3,φ3) (E10)

= sin(θ1) cos(φ1) sin(θ2) cos(φ2) sin(θ3) cos(φ3)Txxx

+ sin(θ1) cos(φ1) sin(θ2) cos(φ2) sin(θ3) sin(φ3)Txxy

+ . . .

+ cos(θ1) cos(θ2) cos(θ3)Tzzz,

which has to vanish since all full correlations along Pauli
directions vanish.
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[6] P. Badzia̧g, Č. Brukner, W. Laskowski, T. Paterek,
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[17] C. Schwemmer, G. Tóth, A. Niggebaum, T. Moroder,
D. Gross, O. Gühne, and H. Weinfurter,
Phys. Rev. Lett. 113, 040503 (2014).

[18] R. S. Bennink, Y. Liu, D. D. Earl, and W. P. Grice,
Phys. Rev. A 74, 023802 (2006); P. Trojek, Ph.D. thesis,
Ludwig-Maximilians-Universität München, 2007.

[19] B. Efron and R. J. Tibshirani, An introduction to the
bootstrap (Chapman & Hall, 1994).

[20] N. Kiesel, Ph.D. thesis, Ludwig-Maximilians-Universität
München (2007).

[21] D. F. V. James, P. G. Kwiat, W. J. Munro, and A. G.
White Phys. Rev. A 64, 052312 (2001).

[22] J. Larsson, J. Phys. A: Math. Theor. 47, 424003, (2014).
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