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Quantum nonlocality stands as a resource for Device Independent Quantum Information Pro-
cessing (DIQIP), as, for instance, Device Independent Quantum Key Distribution. We investigate
experimentally the assumption of limited Measurement Dependence, i.e., that the measurement
settings used in Bell inequality tests or DIQIP are partially influenced by the source of entangled
particle and/or by an adversary. Using a recently derived Bell-like inequality [Phys. Rev. Lett. 113
190402 ] and a 99% fidelity source of partially entangled polarization photonic qubits, we obtain
a clear violation of the inequality, excluding a much larger range of measurement dependent local
models than would be possible with an adapted Clauser, Horne, Shimony and Holt (CHSH) inequal-
ity. It is therefore shown that the Measurement Independence assumption can be widely relaxed
while still demonstrating quantum nonlocality.
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Introduction– The violation of a Bell inequality demon-
strates that the observed correlations cannot be ex-
plained by any theoretical model based only on local vari-
ables that propagate gradually and continuously through
space. This seminal result by John S. Bell [1] is nowa-
days considered fundamental for our understanding of
quantum physics. Indeed, today the best way to demon-
strate that one masters some quantum degree of free-
dom of some physical system is to violate a Bell inequal-
ity using this degree of freedom. Additionally, quan-
tum nonlocality, i.e., the violation of a Bell inequality, is
the resource physicists and computers scientists exploit
in Device Independent Quantum Information Processing
(DIQIP), like Device Independent Quantum Key Dis-
tribution [2, 3] and Device Independent Quantum Ran-
dom Number Generators [4]. This dual fundamental-&-
applied importance of quantum nonlocality has triggered
an interesting scientific race to close both the locality
and the detection loopholes simultaneously in one single
experiment [5–9].

However, there is another sort of assumption in the
derivation of Bell inequalities, that of Measurement In-
dependence (also known as “Freedom of Choice”, “Free
Randomness”, or sometimes loosely denoted by “Free
Will”). This assumption states that the hypothetical lo-
cal variable, traditionally referred to as λ, does not influ-
ence the local choices of measurement settings performed
by the two parties Alice and Bob. Formally, denoting by
x and y the measurement settings of Alice and Bob, re-
spectively, this assumption reads [10, 11]:

P (xy|λ) = P (xy) ∀x, y, λ. (1)

This is a very natural assumption. Indeed, if the local
variable λ and the measurement settings x, y would be
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FIG. 1. Schematic of a standard quantum correlation mea-
surement scheme, established in the presence of a local hidden
variable (LHV) strategy. The two users, Alice (A) and Bob
(B), each have a measurement apparatus. These devices each
take a binary input (x,y) and return a binary output (a,b).
They can also be provided with a hidden common variable, λ,
to mimic a non-local quantum resource. Note that the LHV
can influence the input choices of both Alice and Bob. This
scenario is called measurement dependent locality.

fully correlated, then there would be some sort of cosmo-
logical conspiracy, sometimes called hyper-determinism,
where everything, somehow, was set-up at the big-bang;
an admittedly not very interesting assumption. But what
about intermediate cases where λ partially influences the
outcomes of the random number generators that in realis-
tic Bell experiments determine the measurement settings
x and y (see Fig. 1)? This is especially relevant in the
context of DIQIP where the influence could be due to an
active adversary.

Several ways of relaxing the assumption of Measure-
ment Independence have already been pursued [10–15].
Recently some of us, together with collaborators, fol-
lowed a different path, where we assumed a limited Mea-
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surement Dependence of the form [16]:

0 < ` ≤ P (xy|λ). (2)

This means that even conditioned on the local variable
λ, every input pair (x, y) can occur in each run of the
experiment with at least a probability `.

With this mild assumption we could prove that there
exist quantum correlations that are nonlocal for all ` >
0 [16]. Moreover, this result was obtained using a gen-
eralized Bell-like inequality well suited for experimental
tests. It is the purpose of this letter to demonstrate an
experimental violation of this inequality. Note that if one
would stick to the CHSH-Bell inequality [17], the small-
est ` one could tolerate theoretically would be only [16]

` ≥ 2−
√
2

4 ≈ 0.146. Our experiment, however, lowers
this bound on Measurement Dependence down to 0.090.
Consequently, our work excludes a much larger range of
measurement dependent local models than would be pos-
sible using the CHSH inequality (while still using only
binary inputs and outcomes).

Formally, a correlation P (abxy) is `-measurement de-
pendent local (MDL) iff it can be written as

P (abxy) =

∫
dλP (λ)P (xy|λ)P (a|xλ)P (b|yλ), (3)

where P (xy|λ) satisfies Eq. (2) and P (abxy) denotes the
joint probability distribution of results a & b and mea-
surement settings x & y on Alice’s and Bob’s sides, re-
spectively.

It has been shown in Ref. [16] that all `-measurement
dependent local correlations fulfill the Bell-like inequal-
ity:

`P (0000)− (1− 3`)
(
P (0101) + P (1010) + P (0011)

)
MDL
≤ 0. (4)

In the same way that a violation of the CHSH inequality
excludes all possible local models, a violation of inequal-
ity (4) for a given ` excludes all possible `-measurement
dependent local models. If we make the additional as-
sumption that, for an observer that does not have access
to the local hidden variable λ, the measurement settings
seem distributed fairly, i.e. P (xy) =

∑
λ P (λ)P (xy|λ) =

1
4 , then inequality (4) becomes

`P (00|00)− (1− 3`)
(
P (01|01) + P (10|10) + P (00|11)

)
MDL
≤ 0, (5)

where P (ab|xy) is the conditional probability of getting
outcomes a for Alice and b for Bob if the inputs were x
and y, respectively.
Quantum state engineering and experimental

realization– To highlight the measurement depen-
dent non-locality of quantum physics for any ` > 0,

we need, first to prepare a pure 2-qubit non-maximally
entangled state [18] of the form [16]:

|Ψ〉 =
1√
3

(√
5 + 1

2
|0A, 0B〉+

√
5− 1

2
|1A, 1B〉

)
. (6)

This state with the Golden ratio as Schmidt coefficient is
the quantum state that leads to the largest violation of
inequality (5). Next, on Alice’s (A) and Bob’s (B) sides,
respectively, we need to apply the following projective
measurements:

A
{
|A0(θ)〉 = cos(θ)|0〉+ sin(θ)|1〉
|A1(θ)〉 = |A0(θ + π/4)〉

B
{
|B0(θ)〉 = |A0(−θ)〉
|B1(θ)〉 = |A1(−θ)〉,

(7)

with θ = acos
√

1/2− 1/
√

5 ≈ 76.71 degrees.

To produce this state coded on the polarization modes
of two photons, we employ the source depicted in
FIG. 2 [19, 20] and identify the qubit state |0〉 with V-
polarization and |1〉 with H-polarization. Starting with
a pump laser at 404 nm, pairs of polarization entan-
gled photons are produced at 808 nm by spontaneous
parametric down-conversion (SPDC) in a cascade of two
type-I beta-barium-borate (BBO) crystals having orthog-
onal optical axes. The type-I phase matching in the
first (resp. second) crystal produces the state |VA, VB〉
(resp.|HA, HB〉) when pumped by a vertically (resp. hor-
izontally) polarized laser beam. In this way, rotating the
linear polarization of the pump beam in front of such a
two-crystal configuration can generate any desired state
of the form cV |VA, VB〉+cH |HA, HB〉. This is made possi-
ble provided the two cascaded non-linear processes, asso-
ciated with both filtering and compensation stages, pro-
duce perfectly indistinguishable photon pairs in all other
degrees of freedom. Here, cV and cH denote the probabil-
ity amplitudes associated with the two contributions to
the state. The strength of the source lies in the flexibil-
ity to produce states ranging from product states (pump
beam fixed either with an horizontal or vertical polariza-
tion state) to maximally entangled states (pump beam
polarized at 45°). Consequently, generating the state of
Eq. (6) amounts to choosing the polarization state for
the pump laser oriented at 20.9°. This is achieved with a
half-wave plate (HWP) placed in between the laser and
the two non-linear crystals (see FIG. 2 and related cap-
tion for more details).

Once the experimental parameters are suitably fixed,
we first perform a full quantum tomography of the pro-
duced state from which we infer the fidelity to the ideal
state of Eq. (6). To this end, we follow the procedure out-
lined in Ref. [21]. The corresponding results are given in
FIG. 3, where (a) and (b) represent the real and imagi-
nary parts of the density matrix associated with the state
of Eq. (6), respectively, whereas (c) and (d) are those of
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FIG. 2. Schematic of the source. A laser at 404 nm pumps
two cascaded BBO crystals generating pairs of polarization
entangled photons by SPDC at 808 nm [19]. The half-wave
plate (HWP), placed after a set of positive and negative spher-
ical lenses (PSL, NSL), associated with a birefringent Crystal
(BC) serves to adjust both the polarization state and the
shape of the pump laser (in front of the BBO crystals). By
setting its angle appropriately, it is possible to produce arbi-
trary pure two-photon states, i.e., to choose any desired values
of weights of the coherent superposition |V V 〉 and |HH〉, as
well as the relative phase between these two contributions.
The photon pairs generated by the paired BBO crystals then
pass through a compensation crystal (CC) to erase any dis-
tinguishability between the two non-linear processes involved.
Subsequently, the combination of a pinhole and a single mode
fiber ensures proper spatial filtering in each arm. Moreover, a
set of ultraviolet notch (UVF) and infrared band pass filters
(IF) are employed to reject the pump photons. The amount of
entanglement is then analyzed via correlation measurements.
This is achieved by employing standard polarization state an-
alyzers composed, at each location, of a quarter-wave plate
(QWP), a polarizer PA,B , and one single photon detector (sil-
icon avalanche photodiodes (Si-APD), Excelitas SPCM-AQR-
16-FC). The signals out of the APDs are sent to a time-to-
digital converter (TDC, IDQ-800) to record the coincidence
counts. CL: cylindrical lens.

the produced and subsequently characterized state. The
corresponding fidelity between the target state and the
produced state is measured to be 0.99(1).

Results– The obtained results on the correlation mea-
surements are summarized in Table I. The reported
data are recorded using a standard coincidence technique
based on two single photon detectors connected to the
start and stop inputs of a time-to-digital converter (TDC,
see FIG. 2). The corresponding coincidence (third col-
umn) and noise (fourth column) values are registered over
30 s integration time, inside and outside the obtained co-
incidence peak (not represented), respectively. Note that
by noise we refer to accidental coincidence events that are
mainly due to the detectors’ dark counts. Then, the prob-
abilities (last two columns) are inferred by normalizing,
for a given measurement, the corresponding coincidence
value by the total number of coincidences obtained for
all the possible settings in the considered basis. Finally,
the ’net’ probabilities correspond to similar normaliza-

Ideal state Generated state

|HH
〉
|HV

〉
|VH

〉
|VV
〉 |HH

〉 |HV〉
|VH

〉 |VV〉
0.0

0.2

0.4

0.6

0.8

|HH
〉
|HV

〉
|VH

〉
|VV
〉 |HH

〉 |HV〉
|VH

〉 |VV〉
0.0

0.2

0.4

0.6

0.8

(a) (c)

|HH
〉
|HV

〉
|VH

〉
|VV
〉 |HH

〉 |HV〉
|VH

〉 |VV〉
0.0

0.2

0.4

0.6

0.8

|HH
〉
|HV

〉
|VH

〉
|VV
〉 |HH

〉 |HV〉
|VH

〉 |VV〉
0.0

0.2

0.4

0.6

0.8

(b) (d)

FIG. 3. Real and imaginary parts of the density matrices
associated with the ideal (a & b) and the produced (c & d)
states. We obtain a fidelity of 0.99(1) with the target state.

tion with noise figure discarded.

Those coincidence and noise values are given as a func-
tion of Alice and Bob’s respective settings outlined in
Eq. (7). To perform this projection in our setup, the
two QWPs (see FIG. 2) are set to 0° and the polariz-
ers are set to α=13.3° and α⊥=103.3° for A0, α=58.3°
and α⊥=328.3° for A1, β=-13.3° and β⊥=76.7° for B0,
β=31.3° and β⊥=301.3° for B1. The recorded coinci-
dence values in Table I, together with the total number
of coincidences, are used to compute the four probabili-
ties P (ab|xy) necessary to evaluate the terms of the MDL
inequality (5). As mentioned above, a violation of this
inequality for a given ` implies that no measurement de-
pendent local model with P (xy|λ) ≥ ` can reproduce the
correlation.

Let us emphasize that in our experiment both the de-
tection and the locality loopholes remain widely open,
as here we concentrate on Measurement Dependence. In
particular we did not change the measurement settings
between each run of the experiment, but only in-between
successive series of runs, as is often done in Bell tests.

Accordingly, we can exclude all values of ` for which
our data violates the MDL inequality, with `net >
0.074(6) or `raw > 0.090(4), where the indices net and
raw refer to the net (noise discarded) and raw (noise in-
cluded) recorded data, respectively. In theory one can
demonstrate quantum nonlocality for any ` > 0. The
main experimental limitation comes from several small
imperfections, notably the non-zero multiple photon-
pair generation, non-ideal measurement apparatus, noise
coming from the detectors and external photons, as well
as non-unit generated state fidelity. Let us recall that a
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Alice’s setting x Bob’s setting y Raw Coincidences (/30 s) Noise (/30 s) P raw(ab|xy) P net(ab|xy)

0 0 2939 / 35183 14 / 269 P (00|00) = 0, 0835(10) P (00|00) = 0, 0838(15)

0 1 129 / 36658 26 / 270 P (01|01) = 0, 0035(3) P (01|01) = 0, 0028(3)

1 0 114 / 34693 32 / 280 P (10|10) = 0, 0033(3) P (10|10) = 0, 0024(3)

1 1 130 / 36962 23 / 276 P (00|11) = 0, 0035(3) P (00|11) = 0, 0027(3)

TABLE I. Experimental coincidence values using all the necessary settings as outlined in Ref. [16]. Four measurement settings
(α, β), (α, β⊥), (α⊥, β), (α⊥, β⊥) give the probabilities P (00|00), P (01|01), P (10|10) and P (11|00) for the analysis of inequality
(5). Here, a and b refer to the outputs on Alice’s and Bob’s sides respectively, while x and y label the inputs. For all the
bases, in the column labeled ’Coincidences’, the left values correspond to the number of raw coincidence events recorded over
a 30 s integration time for the given setting, while the right values corresponds to the total number of raw coincidence events
recorded over a 30 s integration time for all the possible settings in the considered basis. Moreover, the column ’Noise’ gives
the number of accidental events recorded over 30 s. The associated probabilities P raw(ab|xy) and P net(ab|xy) are computed by
normalizing a given coincidence value (left side of the third column) by the total number of acquired coincidences in the same
basis (right side of the third column), without (raw) and with (net) noise discarded, respectively.

maximal violation of a CHSH MDL-adjusted inequality
only excludes ` > 0.1465 [16, 17].

Conclusion– One important assumption in Bell in-
equalities, including the well known CHSH-Bell inequal-
ity, used to prove the non-locality aspect of a quantum
state, is that of Measurement Independence, that is the
choices of the measurement settings of Alice and/or Bob
are assumed to be not influenced by any kind of exter-
nal and classical entity related to the source of entangled
quantum particles. Typically, such an influence could be
due to an active adversary that twisted the random num-
ber generator used in applications of Device-Independent
Quantum Information Processing (DIQIP). If we suppose
that the adversary has full control, i.e. ` = 0, then it be-
comes impossible to prove the non-local aspect of the
measured correlations and thus all DIQIP applications
become impossible. The question that arises concerns the
assumption of having only partial measurement depen-
dence. To address the possibility of such influences, the
experiment presented in this letter addresses this natural
question by demonstrating the violation of the inequal-
ity introduced in Ref. [16]. By exploiting a specific non-
maximally entangled two-photon state associated with
suitable measurement settings, we have demonstrated
that the produced state is non-local with a much less
restrictive assumption on measurement dependence [23]
than would be necessary with standard Bell-CHSH ap-
proaches.
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