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We demonstrate the violation of an EPR steering inequality developed for single photon path
entanglement with displacement-based detection. We use a high-rate source of heralded single-photon
path-entangled states, combined with high-efficiency superconducting-based detectors, in a scheme
that is free of any post-selection and thus immune to the detection loophole. This result conclusively
demonstrates single-photon entanglement in a one-sided device-independent scenario, and opens the
way towards implementations of device-independent quantum technologies within the paradigm of

path entanglement.

Single-photon entanglement is not only one of the sim-
plest forms of entanglement to generate, it is both funda-
mentally fascinating and potentially practical. At times
its mere existence was debated [, 2], however, today it
lies at the heart of key quantum information protocols,
such as quantum repeaters [3]. Path entanglement is gen-
erated when a single photon is delocalized over several
modes, or paths, e.g. via a 50/50 beam splitter, where it
produces a state of the form

vy = %aom 1) +11)410)5) (1)

where A and B denote the two entangled output modes.
The versatility of this type of entanglement has been
demonstrated in experiments for teleportation [4, 5], en-
tanglement swapping [0, 7|, purification [3], the charac-
terisation of multipartite entanglement [9, 10], and is the
underlying resource for heralded photon amplification [11-

|

Another direction of interest is to use single-photon
entanglement for demonstrations of quantum nonlocality
and related device-independent (DI) applications. Build-
ing on initial theoretical proposals [14, 15] and proof-
of-principle experiments [16, 17], its combination with
weak displacement-based local measurements have been
shown to provide a practical platform for demonstrating
loophole-free Bell-inequality violations [18, 19] and more
efficient DI protocols for quantum information process-
ing [20]. Notably, this approach for single-photon path
entanglement offers a promising alternative to standard
setups based on two-photon entanglement, with clear prac-
tical advantages, as the entanglement is heralded, and at
high rates, e.g. compared to atomic systems [21-24]), as
well as being easily scalable to networks involving more
parties [25].

Here we report the observation of EPR steering via local
weak displacements performed on single-photon entangle-
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FIG. 1. Conceptual view of our steering experiment. Single-
photon path entanglement is created by splitting a single
photon on a beam splitter. Entanglement between the output
modes of the beam splitter is certified in a one-sided DI sce-
nario, via violation of a steering inequality. Alice’s device is
untrusted (black box), while Bob’s device implements charac-
terized (hence trusted) displacement-based detections where
the displacement D(«) is a function of a measurement input y.

ment, as illustrated in FIG. 1. Proposed by Schrédinger,
steering was only recently cast in an operational form
within quantum information theory [26]. In a steering
experiment, as in FIG. 1, two separate parties (Alice and
Bob) share an entangled state. By performing a local
measurement on her system, Alice can remotely steer the
state of Bob’s system. By observing this effect, Bob can
verify that the shared state is indeed entangled without
trusting (or equivalently, without any knowledge of) the
measurements performed by Alice. This can be seen as a
more stringent test of entanglement than experiments us-
ing an entanglement witness, where the measurements of
both parties must be well characterised, and less stringent
than a Bell inequality test, where none of the parties need
to be characterised. Steering represents the key resource
for one-sided DI protocols [27, 28] and has recently been
demonstrated in detection loophole-free experiments in
polarization [29-31] as well as single photon entanglement,
although using homodyne detection [32].

In the following, we first theoretically develop a steering
test (a so-called steering inequality [33]) tailored to our
scheme. We then present an experimental violation of our



steering inequality by 4 standard deviations, using a her-
alded single photon source and an all-fiber displacement-
based measurement scheme featuring high-efficiency su-
perconducting nanowire single-photon detectors. As our
scheme is inherently free of any post-selection, it is im-
mune to the detection loophole [34]. Our experiment thus
provides a conclusive demonstration of single-photon path
entanglement in a one-sided DI scenario. Moreover, unlike
homodyne-based schemes [32], our approach is directly
extensible to a loophole-free Bell-inequality test, and thus
to the implementation of fully DI protocols [21, 35].

Steering. In a steering test, as in FIG. 1., Alice remotely
steers the state of Bob’s system by performing a local
measurement on a shared quantum state p. Specifically,
let 04|, = tr[p(M,), ®1)] denote the (unnormalized) state
of Bob when Alice measures = and obtains outcome a,
corresponding to a measurement operator M, .. The set
of conditional states {045 }a,. (an assemblage) is termed
unsteerable if it can be created by a local strategy without
using entanglement, that is, if there exists a local hidden
state (LHS) model [26] compatible with it

Oa|lz = Z ﬂ-(/\)p(a"x)‘)o')\

A

Va, z, (2)

where o) represents the LHS, distributed with density
m(N), and p(alz) is Alice’s response function. To verify
steering, Bob must rule out the existence of an LHS model
reproducing the data. This can be certified via violation
of so-called steering inequalities [33] (analogous to Bell
inequalities).

Steering inequality for displacements. The demonstra-
tion of steering requires the use of several incompatible
local measurement bases. In the case of single-photon
entanglement, it is natural to consider the Fock basis,
i.e. the Z basis, where perfect anti-correlations are ex-
pected for state (1). In order to access other (incom-
patible) bases, the use of an additional physical system
must be considered, the role of which is essentially to
provide a common reference frame |2, 19]. Here, we con-
sider displacement-based measurements, which consist in
an optical displacement D(«) followed by (non-photon-
number-resolving) single-photon detections. In practice
they can be implemented by interfering the mode to be
measured with a weak local oscillator (LO) on a highly
transmissive beam splitter, and then detecting the trans-
mitted mode, while the reflected mode is discarded [36]
(see inset FIG. 2). A no-click outcome corresponds to the
projector II(«) = |a) (|, where |a) is a coherent state cor-
responding to the displacement o = re®®, where r > 0 and
6 € [0, 2] [14, 18]. Assigning outcomes £1 to the click/no-
click events respectively, a displacement measurement
then corresponds to the observable M (a) = 2|a) (| — 1.
Note that such measurements are always conclusive, as
no-click events are not discarded.

Deriving a steering inequality for our setup is nontriv-
ial because Bob’s measurement operator, with binary

outcomes, lives in an infinite dimensional Hilbert space.
However, we can take advantage of the fact that our target
state (of the form (1)) lives in the 0-1 photon subspace,
i.e. a simple qubit subspace. We thus first derive a steer-
ing inequality valid in the qubit subspace (using existing
methods developed for discrete systems [37, 38]) and then
extend it to the full space.

Specifically, we derive a steering inequality for a scenario
with four measurements for Alice (x = 1,2,3,4) and
binary output a = %1 of the form

S’ =tr

4
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r=1

where o, = J'HI + O’le is the reduced state of Bob, G';
and G/, are 2 x 2 matrices (see [39] for details). The in-
equality holds for any unsteerable assemblage (i.e. admit-
ting a decomposition of the form (2)), hence violation of
the inequality certifies steering. The bound S, is given
by the largest eigenvalue of the matrices G’z + >°, .G,
considering any possible deterministic strategy labelled
by I, = 0,1 (see [39]).

Next, we consider the restriction of II(«) to the qubit
subspace

6—7‘2 e—rz—iGT
II'(a) = (e—r2+i9r o2 ) ‘ (4)
By choosing a set of amplitudes oy, we can get a set of
operators that span the 2 x 2 space together with the
identity. The G’ matrices can then be resolved on these
(note that the decomposition is not necessarily unique
when the operators IT' () are not linearly independent)

4
G, = Z oy I (o) + co1, (5)
y=1

for some real coefficients c,,. For our experiment, we
take four settings on Bob side (labeled by y = 1,...,4),
given by amplitudes oy, with fixed » > 0 and phases § €
{0,7/2,7,37/2}. The measurement outcome is denoted
b= +1. We now construct an expression analogous to (3)
in the full space as follows. We define

4
S =tr GRO'R + Z G3;0'+|a;| 3 (6)
r=1
with
4
G, = Z Coy () + cuol, (7)
y=1

where we are no longer restricted to the 0-1 photon sub-
space. Similarly to S/, the quantity S defines a steering
inequality with the bound given by the maximal eigen-
value of the matrices Gg + >, -G, (where as before
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FIG. 2. Experimental setup. A heralding single photon source is coupled into fiber and incident on a fiber beam splitter (BS),
generating heralded entanglement, while local oscillator states, switched by an electro-optic modlulator (EOM), are coupled into
the same BS with orthogonal polarization. Weak displacements, ﬁ(a), 15(,8), are performed in an all-fibre configuration (inset)
followed by single photon detectors that constitute the displacement-based detection. See main text for details and notation.

l, = 0,1). This value can be found approximately by
introducing a cut-off in photon number. We increase the
cut-off until the numerically found maximal eigenvalue no
longer changes. For small 7, the cut-off does not need to
be very large, e.g. for r = 0.2, a cut-off at n < 4 is suffi-
cient. Thus, we arrive at a steering inequality S < Spqz-
In general, the bound will be larger than in the subspace,
ie. Smaz > Shae-

The expression S can be computed directly from the
experimental data. Using (7) and the definitions of o and
04| We can rewrite S in terms of the observed conditional
probabilities p(a, b|z, y), and obtain the steering inequality

4
S = Z Z ng p(a, b|x,y) + co S Smaac7 (8)

z,y=1a,b==+1

for a new set of real coefficients 0%37 co (see [39]). Numer-
ical optimization shows that the violation of the above
steering inequality is possible using a single-photon en-
tangled state (1), provided the total transmission and
detection efficiency is above ~ 43%.

Experiment. The experimental setup is shown in FIG. 2.
The heralded single photon source (HSPS) is based on
Type-II spontaneous parametric down-conversion (SPDC)
in a PPKTP crystal satisfying the phase-matching condi-
tion 772nm — 1541 nm + 1546 nm. The HSPS is pumped
by a Ti:Saphire laser in picosecond regime to generate
pure (> 90%) photons without frequency filters [10]. The
probability of generating a photon pair was set to 1073.
The photons are then separated by a polarizing beam
splitter (PBS). Detection of one photon at 1546 nm her-
alds the presence of a single photon at 1541 nm in the
mode of an optical fibre with a heralding efficiency close
to 80%. A 0.5nm interference filter is placed on the
heralding photon path of the HSPS so that the purity
of the heralded photon approaches unity. The heralded
single photon is subsequently sent to a 50:50 beam split-
ter (BS), and delocalized over two distinct spatial modes,
thus producing the path entangled state (1).

To generate the LO in the same time and frequency
mode as the heralded photons a second non-linear crys-
tal configured for difference frequency generation (DFG)
is employed. For that, the crystal is pumped by the
same laser as the HSPS and seeded with a CW laser at
1546nm [41]. A delay line on the pump laser, between the
two sources, is used to temporally synchronize them and is
also varied to measure the HOM interference, confirming
the indistinguishability between the single photon and the
coherent state (> 97%, see [39]). The LO is coupled into a
single mode optical fibre, with an orthogonal polarization
with respect to that of the path entangled state at the
same 50:50 BS used to generate the entangled state. In
this way, any phase fluctuations that affect the single
photon will equally affect the LO, and the relative phases
between the two is maintained even when propagating
through fiber. At this stage the coherent states contain
roughly 100 photons per pulse.

Weak displacement measurements are performed in an
all-fiber configuration by Alice, 75(04), and Bob, @(ﬂ),
interfering their respective share of the entangled state
with the LO into a single polarization mode. In the inset
of FIG. 2 we see the conceptual version of a displace-
ment operation using a variable BS and the equivalent
fiber implementation. This is achieved through a set of
polarization rotators (PC) followed by a polarizer (LP),
which effectively act as variable ratio BS. The polarization
rotators consist of three piezo actuators that introduce
small pressure-induced birefringence in the optical fibre.
The polarizers project part of the LO and the photon onto
the same polarization mode, where we can vary both the
phase # and amplitude r of the displacement operations.

The challenge of this experiment is to optimize each ele-
ment for maximum transmission. The fields in the output
modes are finally detected using MoSi superconducting
nanowire single-photon detectors (SNSPD) [42]: efficiency
85%; noise 10 kHz, jitter 100 ps, and temperature 1 K.
Considering the coupling efficiency of 80% and the total
transmission of all optical elements in the setup of 78%



(5 fiber connectors 90%; BS 98%; PC: 98%; LP: 90%),
we obtain a probability of 52% to detect the heralded
photon in the case of no displacement. After a detection
the SNSPDs are inactive for a short 100 ns recovery time,
so we placed a pulse picker, based on electro-optic (am-
plitude) modulation (EOM), at the output of the DFG
source to reduce the rate of the experiment to 9.5 MHz.
We then use a logic gate to only herald entangled states
when the coherent state is present, achieving a repetition
rate for heralded entanglement of ~2 kHz. To perform
the data analysis all the detection events are recorded
using a time-to-digital converter (ID Quantique, ID801).

The bound S,,4, corresponds to an ideal displacement
and perfect single-photon detection. In the experiment,
the displacement is implemented using a BS of finite
transmittivity, and the single-photon detectors have finite
efficiency. Since Bob is a trusted party, this can in prin-
ciple be accounted for if these parameters are measured,
and will lead to a lower value of the bound. However,
we use the more stringent bound, which is not influenced
by experimental uncertainties on the detector efficiency,
i.e. that all the losses due to the detector inefficiency are
considered as losses before the displacement.

To set the displacement amplitudes, we measure the
probability of obtaining a detection when only the co-
herent state is present and obtain r4 = 0.233 £ 0.013
and rp = 0.217 + 0.005, which according to theoretical,
modeling should give a clear violation of (8). In order to
implement the different measurement settings, we must
vary the phase of the displacements. We implement an
active phase change on Alice’s side, while Bob’s remains
fixed. We vary Alice’s phase (thus changing the relative
phase between Alice and Bob) in small steps and record
the number of detection and non-detection events. From
the results, we extract the joint probabilities p(a,b) as a
function of Alice’s phase, shown in FIG. 3.

To obtain the probabilities p(a,blx,y), we then pick
four points on the curve (indicated by arrows) correspond-
ing to z = 1,2,3,4 and y = 1. In order to obtain the
probabilities for y = 2, 3,4, we observe that fixing Bob’s
phase corresponds to choosing a given reference frame.
Note that the phase of the LO is not well defined, in other
words there is no preferred reference frame. If the ampli-
tude r 4 is independent of the phase, then going from one
frame to another (i.e. changing Bob’s phase) corresponds
to a permutation of the labels of Alice’s measurements.
Here we will assume the latter, which allows us to extract
all probabilities p(a, bz, y) from the data, and hence test
the steering inequality.

This analysis leads to ASezp = S — Spmaz = (4.95 £
1.24)-1073, i.e. a violation of the steering inequality by 4
standard deviations (error calculation details are given in
the supplementary information [39]). To cross-check this
result, we fit the data of FIG. 3 to a cosine (as expected
from theoretical modeling) and extract p(a,b|z,y) from
the fit. We obtain ASy;; = (2.19 +1.05) - 1073, This is
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FIG. 3. Observed joint probabilities p(a, b) for click/no-click
events of Alice and Bob as functions of the relative phase
between displacements (red points). A fit (blue lines) is used
to identify which points (arrows) are used to compute the
steering value. Error bars (sometimes smaller than the points)
correspond to 1 standard deviation.

in good agreement with theoretical predictions (obtained
from the estimated density matrix and experimental pa-
rameters): ASieo = (3.23 +£0.21) - 1073, The fact that
ASeqp gives a larger value is primarily due to the data
point corresponding to maximal correlations being slightly
above the fit.

Discussion. We have demonstrated steering of a single-
photon entangled state via local weak-displacement mea-
surements based on a novel steering inequality adapted to
our setup. The 4 standard deviation violation represents
a conclusive measurement of single-photon entanglement
in a one-sided DI scenario, with applications to partially
DI protocols, such as one-sided DI cryptography.

As our setup is completely free of any post-selection, it
is in principle directly amenable to a loophole-free Bell
inequality test. This would require increasing the global
detection efficiency from about 50% to more than 83.5%
for a bipartite test, or > 74% for 4-partite Bell tests with
three settings per party. As efficiencies of 75% have al-
ready been achieved in the bipartite case [43, 44], and
3-partite single-photon entanglement demonstrated [25],
the prospects are promising. In particular, the losses due
to optical elements can be significantly reduced by re-
moving the fiber connectors, currently used for alignment,
e.g. by splicing, as well as incorporating approaches of
Refs [43, 44] to implement the polarization projection for
the displacements. This platform thus has clear potential
for future implementations of DI and semi-DI protocols
at high rates.
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