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Testing Higher-Order Quantum Interference with Many-Particle States
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Quantum theory permits interference between indistinguishable paths but, at the same time, restricts its
order. Single-particle interference, for instance, is limited to the second order, that is, to pairs of single-
particle paths. To date, all experimental efforts to search for higher-order interferences beyond those
compatible with quantum mechanics have been based on such single-particle schemes. However, quantum
physics is not bound to single-particle interference. We here experimentally study many-particle higher-
order interference using a two-photon-five-slit setup. We observe nonzero two-particle interference up to
fourth order, corresponding to the interference of two distinct two-particle paths. We further show that fifth-
order interference is restricted to 1073 in the intensity-correlation regime and to 1072 in the photon-
correlation regime, thus providing novel bounds on higher-order quantum interference.
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Interference phenomena for both light and matter are an
intrinsic property of quantum physics. They occur when
indistinguishable paths exist, as in Young’s paradigmatic
double-slit experiment [1]. From a fundamental point of
view, quantum interference stems from coherent super-
positions of states and thus from the linearity of quantum
theory [2]. However, quantum mechanics not only enables
but also restricts interference [3]. For instance, according to
Born’s rule, which relates detection probabilities to the
modulus square of the wave function [4], single-particle
interference is limited to the second order, that is, to two
interfering single-particle paths. In a multislit setup, inter-
ference is therefore expected to occur only between pairs
of indistinguishable paths, and all higher orders in the
interference hierarchy vanish [3].

The physical origin of the lack of higher-order quantum
interferences is not yet understood [3]. Their existence
would have profound implications for quantum theory,
including nonlocality and contextuality [5-8]. They have
indeed been linked to violations of the spatial [5] and
temporal [6] Tsirelson bounds, as well as to a weakening
of noncontextuality bounds [7]. They would hence reveal
entanglement stronger than predicted by quantum theory.
They would further permit perfect interaction-free measure-
ments [8]. For this reason, a growing number of single-
particle experiments have been realized in the past years to
detect such higher-order interference, using photons in the
optical [9-12] and microwave [13] domain, as well as
molecules [14], atoms [15], and spin systems [16,17].
However, while high-sensitivity tests of the linearity of
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quantum mechanics have been performed [18-24], similar
experiments on higher-order interference are missing.

Quantum physics goes beyond single-particle interfer-
ence by allowing for many-particle interference in the case
of indistinguishable particles. A prominent example is
provided by the Hong-Ou-Mandel experiment, in which
two noninteracting photons can influence each other via
two-particle interference [25]. Many-particle interference,
described by Glauber’s theory of quantum optical coherence
[26], is mathematically richer and physically more subtle
than single-particle interference [27-30]. It has found wide-
spread applications in metrology [31,32], imaging [33-35],
and quantum information processing [36,37]. Recently, the
interference hierarchy has been theoretically extended to the
general case of M-particle interference with N modes [38].
In this situation, Born’s rule allows for higher-order path
interference of up to order 2M. In addition, owing to the
much larger number of interfering paths, many-particle
interference has been predicted to offer increased sensitivity
to deviations from quantum theory compared to its single-
particle counterpart [38].

We here report the first experimental investigation of
many-particle higher-order quantum interference using a
two-photon-five-slit setup. We determine single-particle
and two-particle interferences up to fifth order, both in
the intensity and in the photon-counting regimes. To this
end, we measure and evaluate first-order and second-order
(spatial) correlation functions for a total of 2° = 32
different interference configurations. While single-particle
interference vanishes at the third order, we show that two-
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FIG. 1. (a) Setup to measure the interference hierarchy in
single-particle and two-particle interferences. Coherent photons
are sent through two slit masks, S1 and S2, and measured in the
far field, either (i) by a charge coupled device (CCD) or (ii) by
two single photon avalanche diodes (SPADs). (b) Fixed base slit
mask S1 with dimensions a =25 um, b =200 ym, and
d = 500 pym. The dimensions of the movable slit mask S2 are
2r = 400 um with a spacing A = 1000 um. (c) The layout of slit
mask S2 contains 33 configurations.

particle interference only cancels at the fifth order, in
agreement with standard quantum theory.

Experimental setup.—In order to assess single-particle
and two-particle interference orders, we realize and analyze
different experimental arrangements [Fig. 1(a)]: Photons, in
a coherent state |a) with mean photon number 7i = |a|?, are
provided by a HeNe laser at A = 633 nm. These photons
are scattered at two slit masks S1 and S2 [Figs. 1(b)
and 1(c)]. The base slit mask S1 is a five-fold slit (denoted
ABCDE), while the movable blocking slit mask S2 consists
of 33 configurations. Both masks have the same distance
of adjacent slits d = 500 ym. By moving the blocking slit
mask S2 in front of the fixed slit mask S1, we can
implement all possible slit arrangements from one to five
slits. For instance, in Fig. 1(a), slits A and E of SI are
blocked by S2 such that the three-slit configuration BCD is
realized. The measurement is conducted in the far field at a
distance L = 1.7 m behind the first slit mask, in either
(1) the intensity regime by a specialized, high-performance
14-bit charge-coupled device (CCD) camera or (i) the
photon-counting regime by two fiber-coupled single pho-
ton avalanche diodes (SPADs) whose signals are time-
registered and correlated [39]. In this far-field regime,
effects coming from nonclassical looped paths [40-42] are
negligible [38].

During a measurement sequence, the source, the base
mask S1, and the detection systems are fixed, while the
blocking mask S2 is scanned in a fully automatized way to
reduce alignment errors [39]. Data acquisition is also fully
automatized. A second five-fold slit ABCDE has moreover
been added at the top of S2 to compare the interference
patterns at the beginning and the end of mask S2 and thus
verify the initial alignment of the setup [39].

The measurement results can be interpreted in the few-
particle regime by expanding the coherent state as

la) = col0) + ¢1|1) 4+ ¢5|2) + ..., (1)

where p, = |c,|?, (n =0,1,2,...), is the Poissonian prob-
ability of the n-photon state to occur. Whenever we register
a photon at only one of the two SPADs, the effective state is
given by |1), which has been coherently distributed over the
slits, leading to single-particle interference. For a coinci-
dent detection at both detectors, the effective state is |2),
yielding two-particle interference. Accordingly, we can
measure both interference hierarchies simultaneously
and differentiate between them by filtering the events via
postselection [43].

Interference hierarchy.—Although they are noninteract-
ing, identical photons can influence each other via inter-
ference of distinct but indistinguishable M-particle paths.
Such M-particle paths lead to (spatial) correlations between
field modes that can be conveniently captured, on the
photon as well as on the intensity level, by the Mth-order
correlation function [26],

GM(§y,....8y) « (&]...a%ay...a1), (2)
where a; = a(§;) is the annihilation operator of the spatial
mode 6; = kd sin 6;, determined by the wave vector k, the
slit distance d, and the angle of the ith detector 6,
Interference in such M-particle correlations can be classi-

fied into various orders IEVM), depending on how many
different input modes (A, B, ...) interfere with each other.
For single particles (M = 1), the first-order interference
is trivially given by the (relative) detection probability in
the far field, 1(11) =P, = GS), for a single slit A. The
second-order interference is obtained by comparing
the quantum-mechanical double-slit (AB) signal with the
classical sum of the two single slits (A and B) [3],

1 1 1 1
1) =Gy~ 16y + Gy, (3)

Higher orders can be constructed accordingly [3,38],
and the explicit expressions are given in Fig. 2. For
single-particle correlations, all higher-order terms vanish,
Ig1> = Iil) = Ié” = ... =0 [3]. The single-particle inter-
ference hierarchy hence truncates at the third order.
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FIG. 2. Interference hierarchy in (a) the intensity-correlation and (b) the photon-correlation regime from (i) second order to (iv) fifth

order (related formulas are taken from Ref. [38]). (a) Experimental data (solid) and quantum theory (dashed) of single-particle (blue, left)
and two-particle (red, right) interference orders. Fourth-order two-particle interference exhibits a tiny modulation, clearly visible with a
good signal-to-noise ratio and most pronounced at the center (inset). (b) Histograms of the single-particle (blue) and two-particle (red)

interference hierarchy at 6 = 0 in the photon-counting regime.

By contrast, for two particles (M = 2), nonzero inter-
ference occurs up to the fourth order [38],

7501

V20,18 SIS

V2 0;

Born’s rule hence allows for the interference of two two-
particle paths, and the two-particle interference hierarchy is
only truncated at the fifth order [44].

The vanishing of many-particle higher-order interference
is captured by the M-particle Sorkin parameter defined as
the normalized (2M + 1)th interference order [38],

M)
M) — 2M+1 (5)
M b
Gyie. (0,0,0,..)

where the first member (M = 1) is the single-particle
Sorkin parameter [3]. According to quantum mechanics,
Eq. (5) is zero for all M.

Experimental results.—To obtain the complete interfer-
ence hierarchy of single-particle and two-particle correla-
tions, we perform 31 + 1 + 1 (correlation) measurements.

The latter consist of the measurement of 31 different slit
configurations needed to evaluate the interference orders,
one additional measurement for the second ABCDE
arrangement added at the top of the slit mask S2, and
one final measurement of the background (0), where the
mask S2 blocks all slits of the base mask S1. These 33
measurements form a measurement set.

At the beginning of such a set, the measurement
sequence is randomized to reduce systematic errors.
A motorized translation stage addresses the slit mask S2
and implements the drawn slit configuration X €
{ABCDE(1),A,B,...,ABCDE(2),0}. In the intensity
regime, we take 250 CCD images of each slit configuration.
The integration time #; = 2 ms is fixed for all configura-
tions and fully covers the CCD’s dynamical range when
measuring ABCDE. In the photon-counting regime, the
two SPADs register the single-photon and two-photon
events within a fixed total time of 7 =120 s per slit
configuration. Time tags of the photon events are registered
by a time-to-digital converter and correlated within a time
frame of 7, =1 ns. We ensure that the count rates are
<100 kHz such that detector nonlinearities can be
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neglected [39]. We record the data in the autocorrelation
scheme, where both detectors are effectively at the same
position (8; = §, = §). This scheme is least sensitive to
alignment errors. For intensity measurements, each pixel of
the CCD can be regarded as an independent detector, and
the autocorrelation function is measured by correlating
pixels of the same optical phase § from neighboring lines of
the CCD [39]. On the other hand, for photon-counting
measurements, the autocorrelation is implemented by a
fiber beam splitter at 5, connected to the two different
SPADs.

In total, we perform 100 such measurement sets, each with
a different sequence, in the intensity regime as well as in the
photon-counting regime. For each set, the data is averaged per
slit configuration and corrected by subtracting background
and detector noise. From the corrected data, we evaluate the
two-particle interference orders / f), 1 g2>, If), 1 gz), as well as

the single-particle interference orders 1 gl) Vi gl) ) 5‘1) V) gl ) , from

(a subset of) the data as indicated in Fig. 2. We normalize the
interference orders by the central value of the configuration
with the most slits within a given order to remove any
experiment-specific proportionality factors [14,15,42].

For example, for two slits A and B, we use 7233 =

I%B / G%(O, 0), where we have explicitly indicated the
involved slits. For the fifth order in two-particle correlations,
this corresponds to the normalized two-particle Sorkin

parameter of Eq. (5), k® =1 22).

In the intensity regime, the CCD covers the interval 6 €
[—37, +37] of the interference pattern and thus reveals the
spatial behavior of the interference orders. The results for
single-particle and two-particle correlations are shown in
Fig. 2(a): Solid lines correspond to experimental data and
dashed lines to quantum theory. Single-particle interference

(blue, left) vanishes starting with the third order, 75\}) =0
for N > 3, with an uncertainty of 1073, essentially limited
by the relative misalignment of the slit configurations. By

contrast, two-particle interference 753) (red, right) also
exhibits a nonzero third and fourth order, while only the
fifth order disappears. The modulation of the fourth-order
two-particle interference [inset of Fig. 2(a)] is of the
order of 107!, clearly identifiable with a good signal-to-
noise ratio.

The difference between single-particle and two-particle
correlations can be seen most prominently at 6 = 0, also in
the photon-counting regime [Fig. 2(b)]. While single-
particle and two-particle correlations exhibit both nonzero
interference of the second order (though with a different
value due to the normalization), the difference between the

two is clearly visible for the third-order term with 7 gl) =

~0.03 £ 0.07 being effectively zero and 71 = 0.35 + 0.08
being statistically different from zero [45]. The same
holds true for the interference of the fourth order with

(a) Intensity correlations

w2 = (—4.41+6.62) 1073

(b) Photon correlations
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FIG.3. Two-particle Sorkin parameter x?) from Eq. (5) for 100
measurement sets in (a) the intensity-correlation regime and

(b) the photon-correlation regime. In (b), the error bars are
enlarged by a factor of 100.

1) =0.03+£0.04 and 7 =0.10 +0.07 [46]. On the
other hand, the fifth-order interference is effectively zero
for both single-particle and two-particle correlations.

The fifth-order term I 52 can be used to rule out higher-
order interference in two-particle correlations via the Sorkin
parameter of Eq. (5). The experimental findings for ?) are
shown in Fig. 3 for (a) intensity correlations (with statistical
errors resulting from averaging over different pixels) and
(b) photon correlations (with Poissonian errors), each con-

sisting of 100 independent sets of measurements. We obtain

k2 = (—4.41 £6.62) x 10 in the intensity-correlation

(IC) regime and ko =(—1.7346.95)x 102 in the photon-
correlation (PC) regime.

Conclusions.—We have performed a detailed experi-
mental study of many-particle higher-order interference
using a two-photon-five-slit setup, both in the intensity and
in the photon-counting regimes. We have observed for the
first time fourth-order two-particle interference, corre-
sponding to the interference of two different two-particle
paths employing four distinct modes [44]. We have,
moreover, established the absence of the corresponding
fifth-order interference at the level of 1072-1073. The
precision of our experiment may be improved further by
reducing measurement errors using, for instance, a more
stable integrated photonic network scheme with lower
losses compared to our free-space setup [47]. The present
two-particle interference scheme leads to a tenfold increase
in sensitivity [48] to deviations from quantum theory
compared to existing single-particle experiments [38].
Because of the exponential increase of interfering paths
with growing particle number, this sensitivity is expected to
increase significantly: from 1 order of magnitude for
the considered two-particle example up to 12 orders of
magnitude for -eight-particle interference [38]. Since
eight-particle experiments have already been realized
[49], many-particle interference appears to be a promising
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approach for high-sensitivity tests of higher-order quantum
interference. An extension toward continuous variables
might also be worthwhile for future investigations [50-52].
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