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Boson sampling is a well-defined task that is strongly believed to be intractable for classical computers,
but can be efficiently solved by a specific quantum simulator. However, an outstanding problem for large-
scale experimental boson sampling is the scalability. Here we report an experiment on boson sampling with
photon loss, and demonstrate that boson sampling with a few photons lost can increase the sampling rate. Our
experiment uses a quantum-dot-micropillar single-photon source demultiplexed into up to seven input ports of
a 16×16 mode ultra-low-loss photonic circuit, and we detect three-, four- and five-fold coincidence counts.
We implement and validate lossy boson sampling with one and two photons lost, and obtain sampling rates of
187 kHz, 13.6 kHz, and 0.78 kHz for five-, six- and seven-photon boson sampling with two photons lost, which
is 9.4, 13.9, and 18.0 times faster than the standard boson sampling, respectively. Our experiment shows an
approach to significantly enhance the sampling rate of multiphoton boson sampling.

PACS numbers:

Boson sampling [1] is considered as a strong candidate to
demonstrate quantum computational supremacy [2, 3]. It on-
ly requires indistinguishable single-photon sources, a passive
linear network, and single-photon detection. However, it is
strongly believed to be intractable for classical computers un-
der some computational complexity assumptions. Its relative-
ly simple design attracts a number of proof-of-principle exper-
iments [4–7], using probabilistic heralded single photons pro-
duced by spontaneous parametric down-conversion (SPDC)
[8]. Recently, high-performance single-photon sources based
on quantum-dot micropillars were developed [9–12] and ap-
plied to multiphoton boson sampling, which significantly in-
creased the photon number and sampling rate [14–16].

In the photonic experiments, the major obstacle to scaling
up, is the unavoidable photon loss, which can happen in the
source, interferometer, and detectors. Recently, Aaronson and
Brod have investigated boson sampling with photons lost [17].
In standard boson sampling, we send n single photons into
an m-port (n�m) passive linear network, and then sample
from the output distribution. Although serious losses in the
single-photon source, linear networks, and detectors, we can
post-select n-fold coincidence counts and compare to the the-
oretical distribution given by calculating permanents of sub-
matrices. However, in the new variation of the scheme of bo-
son sampling—lossy boson sampling, the only difference is

that we post-select (n − k)-fold coincidence counts, where
the k is the number of lost photons.

Aaronson and Brod have shown that, if k is constant, lossy
boson sampling cannot be simulated in classical polynomi-
al time, just under exactly the same complexity assumptions
used for standard boson sampling [17]. This theoretical work
indicates that boson sampling is a very robust model under ex-
perimental imperfections. Importantly, in the lossy scenario,
the sampling rate can exponentially grow with k, which can
make boson sampling more feasible in order to demonstrate
quantum supremacy. Here, we experimentally investigate the
first lossy boson sampling using a quantum-dot single-photon
source with a system efficiency of 33.7% [14], a 16×16 mod-
e ultra-low-loss (<1%) photonic network [18, 19], and inef-
ficient single-photon detectors with an average efficiency of
53%. Ref. [17] only considered random path-independent
loss that happens at the single-photon source. Here we give a
result on a more realistic model that losses happen anywhere
except the interferometer [20].

As shown in Fig. 1, a single self-assembled InAs/GaAs QD
was embedded inside a micropillar cavity with a diameter of
2µm. Under π pulse excitation [21] with a repetition rate of
76 MHz, the QD-micropillar emits 25.6 MHz polarized sin-
gle photons at the end of the single-mode fiber, which are di-
rectly used for boson sampling without any spectral filtering
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FIG. 1: (a) Experimental setup for lossy boson sampling. The setup contains four parts. The first part is a single-photon source from a
quantum-dot micropillar. It is placed inside a 4.2K cryostat, and a confocal microscopy is used to excite the quantum dot and collect its
resonance fluorescence. The second part is six cascaded demultiplexers that separate the single photon stream into seven different spatial
modes. Seven single-mode fibers with different lengths are used to compensate the time delay among seven different modes. The third part
is the ultra-low-loss photonic network; the demultiplexed single photons are injected into a 16 × 16 mode square-shaped photonic network,
which contains 113 beam splitters and 14 mirrors. The last part is the detection; 13 superconducting nanowire single-photon detectors and
3 silicon-based avalanche detectors are used to detect photons, and a home-made coincidence-count unit registers all no-collision events (not
shown). (b) The equivalent photonic circuit of our 16 × 16 mode interferometer, which is fully-connected and has a transmission rate above
99%. (c) Enlarged ultra-low-loss photonic network with a size of 50.91 mm×45.25 mm×4.00 mm.

[14]. The measured second-order correlation function g2(0)
and photon indistinguishability are 0.027(1) and 0.939(3), re-
spectively. The high quality of single photons benefits from a
large Purcell enhancement (a factor of 7.6) of the microcavity
which enhances the radiative rate [10]. The cavity Q factor
is ∼6400 which is helpful to suppress the phonon sideband-
s [13].

We actively demultiplexed the single-photon pulse stream
into seven different spatial modes (see Fig. 1 and [20]). The
demultiplexers consist of six cascaded Pockels cells and po-
larizing beam splitters (PBSs). Driven by half-wave voltage
(∼1800 V), a Pockels cell (with its axis aligned at π/4) can
rotate the polarization by 90◦, and a PBS is used to separate
the single-photon stream. With the demultiplexers operated at
a repetition rate of 0.775 MHz, every 98 pulses are separat-
ed into seven segments equally. That is, 14 sequential pulses
will go out from each of seven different spatial modes [20].
Then we use seven single-mode fibers with different lengths
to ensure that each segment of the pulse trains arrive at in-

terferometer simultaneously. Translation stages were used to
finely adjust the arrival time with a precision of 0.03 ps. Ow-
ing to the high transmission rate (>99%) of the Pockels cells,
an extinction ratio of 100:1, and the high single-mode fiber
coupling efficiency (92%), the average efficiency of the de-
multiplexers is ∼85%.

The single photons are fed into a 16×16 mode square-
shaped photonic network [19], which has the feature of high
stability, ultra-low loss, and matrix randomness (see Fig. 1 and
[20]). Comparing to the triangle-shaped design by Reck et
al. [18], this square-shaped design achieves minimal optical
depth, which requires less beamsplitters and phase shifters,
and has less optical losses. On the other hand, this symmetry
design is more robust to the optical losses [19]. It has a size
of 50.91 mm×45.25 mm×4.00 mm which was fabricated by
bonding 16 tiny trapezoids together. Every surface between
a pair of trapezoids are optically coated with polarization-
dependent beam-splitting thin films, while the top and bottom
surfaces were total-reflecting coated. This network equiva-
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FIG. 2: Experimental results for four-, five- and six-photon boson sampling with one photon lost. The upper part of each graph are the
experimental results, and the bottom part are the theoretical results, given by calculating permanents. All no-collision output combinations
are denoted by {i, j, · · · } where i, j, is the i-th, j-th, · · · output port. There are 560, 1820 and 4368 output combinations for the four- (a),
five- (b), and six-photon (c) boson sampling with one photon lost; the measured distances are 0.085(1), 0.106(2) and 0.201(3), and measured
similarities are 0.994(1), 0.989(2) and 0.960(4), respectively.

lently contains 113 beam splitters and 14 mirrors, which acts
as a unitary transformation to the input Fock states. Note that
our photonic circuit has a negligible loss (transmission rate
>99%). In this case, it is reasonable to consider it as a u-
nitary matrix, which avoids the complex computation caused
by path-dependent loss in the photonic network. Recently, we
noticed that two works [22, 23] already talked about the path-
dependent loss in the photonic circuit.

Thirteen superconducting nanowire single-photon detectors
and three silicon-based avalanche detectors are used to detect
the photons, and a 64-channel home-made coincidence count-
ing unit is applied to register all no-collision events. We clas-
sify losses in the photonic paths into two groups: loss at the
source—all losses before the photonic network, and loss at
the detectors—all losses after the photonic network. Imagine
that we have n+ k input ports in front of photonic circuit, but
we only detect n-fold coincidence counts. So, k photons may
randomly be lost at the source, or at the detectors, or both can
happen. Random loss at the single-photon source has been
discussed in Ref [17], and the output probability is given by

Φ(A) = (1/ |S|)
∑

S |Perm(AS)|2, where A is a n × n sub-
matrix, S are all input combinations, and |S| equals

(
n+k
n

)
. It

is intuitive that, in this case, the output distribution is exactly
the average of all possibilities that come from different input
combinations. In this work, we give a clear formulation of the
output probability when photons are lost at the detectors or
both at single-photon sources and detectors [20]. We give the-
oretical and numerical evidence that, path-independent loss,
wherever it happens, is equivalent to a uniform loss at the
single-photon source. Note that path-independent losses in-
clude all coupling loss through the optical path and the inho-
mogeneous loss at the detectors. So, for the following exper-
iments, we just calculate Φ(A) and then modified it with the
efficiency of the corresponding input ports and output ports,
as in the theoretical distribution.

We first studied boson sampling with one photon lost. We
sent four, five and six photons into the sixteen-mode photonic
network, but only extracted three-, four- and five-fold coinci-
dence counts at the output ports of the interferometer. There
are 560, 1820 and 4368 no-collision output combinations for
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FIG. 3: Validation of lossy boson sampling. (a) Extended likelihood ratio test to discriminate experimental data from a distinguishable sampler;
(b) Application of extended RNE test to exclude the uniform distribution. The solid lines in (a) and (b) are tests applied on experimental data,
and the dotted lines in (a) and (b) are tests applied on simulated data generated from a distinguishable sampler and a uniform sampler,
respectively. The increasing difference between them indicate that experimental data are highly likely from a genuine boson sampler.
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FIG. 4: (a) The count rate comparison between experimental data and theoretical predictions. The excellent matches show that lossy boson
sampling will have an exponential speed-up over the standard scenario by a factor of

(
n+k
n

)
. (b) The sampling rate of 50-photon boson sampling

when the number of lost photons increase from zero to five. Note that, the assumed parameters of efficiency are 0.8 for single-photon sources,
0.9 for interferometer, and 0.9 for single-photon detectors, respectively. Allowing two photons lost will make this experiment feasible, while
it’s not realistic to perform standard boson sampling experiment with the same efficiency parameters. (c) Ascending ordered distributions of
three-photon standard boson sampling (red), five-photon boson sampling with two photons lost (black) and seven-photon boson sampling with
four photons lost (blue). If more photons are lost, the distribution will be closer to uniform distribution (pink).

four-, five- and six-boson sampling with one photon lost. The
observed probability corresponding to each output combina-
tion is shown in the upper part of Fig. 2, while the bottom part
is the theoretical probability given by calculating the corre-
sponding submatrix.

A total of 402586 three-photon events, 198920 four-photon
events, and 33587 five-photon events were obtained in an ac-
cumulation time of 5 s, 50 s, and 150 s, respectively. To quan-
tify the match between experimental distribution (qi) and the-
oretical distribution (pi), we calculated the total variation dis-
tance, defined as D = (1/2)

∑
i |qi − pi|, and the similari-

ty, defined as F =
∑

i

√
qipi. The obtained D is 0.085(1),

0.106(2), 0.201(3), and the F is 0.994(1), 0.989(2), 0.960(4)
for four-, five-, and six-photon boson sampling with one pho-
ton lost, respectively. These two measures provide a first con-
firmation of the correct operation of the quantum devices.

Next, we study the boson sampling with two photons lost.
In our study, we sent five, six, and seven photons into the
interferometer, and at the output, we registered three-, four-
, and five-photon events (the detailed data of the distribution
can be seen in [20]). We found the measures of distance are
0.071(1), 0.097(2) and 0.178(3), and measures of similarity
are 0.996(1), 0.992(2) and 0.967(4) for the five-, six-, and
seven-photon boson sampling with two photons lost, respec-
tively.

To give further supporting evidence that our experimental
results are from genuine boson sampling, we applied several
statistical tests to rule out possible alternative hypotheses. We
first excluded the hypothesis that distinguishable single pho-
tons or spatial-mode mismatched interferometers were used,
by performing a new version of a standard likelihood ratio
test [24, 26]. The correctness of this method was shown by
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the simulated results [20]. Figure 3(a) shows an increasing
difference between experimental data and simulated data by
distinguishable bosons. The Aaronson and Arkhipov test, or
row-norm estimator (RNE), is designed to distinguish boson
sampling from a uniform distribution [25, 26]. Here, we ex-
tend it to the lossy boson sampling [20], and Fig. 3(b) clear-
ly shows the difference between boson sampler and uniform
sampler.

Like scattershot boson sampling [27, 28], lossy boson sam-
pling is expected to show an speed-up over standard boson
sampling. In our experiments,the rate of three-photon boson
sampling is 19.9 KHz, which is over 105 times faster than al-
l previous boson sampling experiments based on the SPD-
C sources. When we increase the number of lost photons
from one to four, the rates change to 87.8 KHz, 187.9 KHz,
357.7 KHz, 673.0 KHz, which are 4.4, 9.4, 17.9, 33.8 times
faster than standard boson sampling, respectively. In Fig. 4(a),
we present the sampling rates of all conditions up to six-
photon boson sampling, and the data is in excellent agreement
with theoretical prediction. Next, we will discuss 50-photon
boson sampling with photon loss. The assumed realistic pa-
rameters of efficiency are 0.8 for single-photon sources, 0.9
for a interferometer by our integrated bulk optics approach
(including the efficiency of coupling the photons into single-
mode fibers), and 0.9 for single-photon detectors. In this con-
dition, the rate for standard 50-photon boson sampling is 10−6

Hz. However, if we have 52 input ports, and allow two photon
loss, the rate becomes∼0.005 Hz, which is already feasible to
do such an experiment. In Fig. 4(b), we present sampling rate
of lossy boson sampling with up to five photons lost, which
is likely to be a scalable approach to demonstrate quantum
supremacy.

Last but not the least, we discuss the open theoretical ques-
tions in lossy boson sampling. As discussed in Ref. [17], if k
is fixed, lossy boson sampling remains in the same complexity
class as standard boson sampling in the limit n→∞. However,
it’s still an open question what complexity it retains in a realis-
tic loss regime, say, k =

√
n or k = ln (n). What will happen

when the number of lost photons k increases? Intuitively, it
will make the problem easier since the dimension of the sub-
matrices become smaller. On the other hand, since the sum is
taken over

(
n+k
n

)
input combinations, the distribution will be

much flatter than standard boson sampling, so there may exist
some approximate algorithms to simulate this distribution. As
an example, we sent up to seven photons into interferometer
and only detected three-fold coincidence counts. Fig. 4(c) is
the reordered distribution (ascending order) of three-photon
boson sampling with three (red), five (black) and seven (blue)
input ports, respectively. It shows that, when the number of
lost photons increases, the distribution will be closer to the u-
niform distribution (pink). Where is the threshold value of k
so that lossy boson sampling is intractable for classical com-

puters is an important open question, since k is the key for the
least demanding efficiency. Our experiment shows a possi-
ble way to increase the multiphoton boson sampling efficien-
cy which could be helpful to achieve quantum supremacy with
single photons and linear optics. We hope that our experiment
will inspire more work on lossy boson sampling.
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