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1.1 Useful notions for quantum metrology

1.1.1 Shot-noise limit
The notion of photon shot-noise limit (also called Poisson noise) is very important for quantum
metrology when dealing with single photon measurement.
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We recall that shot-noise is a type of noise following a Poisson process (see section 1.1.1.C of part
1 SI). As photons behave like particles when detected by a single photon detector, shot-noise is
relevant for photon counting. Let us consider an experiment with N photons detected. When N is large
enough, the Poisson statistics tends to follow a normal distribution around its mean. In this case, the
signal-to-noise ratio-SNR is given by:
N
VN

1.1.2  Single photon component characterisation

The characterization of single-photon components is crucial for benchmarking and evaluating these
components for certain applications. A baseline characterization tool is the measurement of the
single-photon detector efficiency. Decades of work on optical power metrology resulted in optical
power measurement capabilities with uncertainties on the order of 0.01 % in the microwatt regime
[HouO1] but range from the single photon regime [Lop15,Tho19] to hundreds of kilowatts of laser
power [Wil17] albeit with higher uncertainties. Due to the history of and the tremendous capabilities
in optical power metrology, we currently use a detector-based optical power traceability chain to
establish a baseline characterization tool for single photon detection: a calibrated single-photon
detector (SPD). Once the SPD is accurately characterized, accurate characterization of a photon source
or a quantum state of light and a comparison of a quantum-enhanced protocol to be best classical
protocol is possible [Lun09,Gio12,Akh11]. Eventually, this detector-based method may be replaced by
a source-based method utilizing single-photon counting, and therefore also offering the unique
capability of measuring optical power by counting photons [Che07].

Low-uncertainty measurements of the detection efficiency of an SPD are challenging. We define
detection efficiency of an SPD as the probability of detecting a photon incident on the detector
resulting in a discernible output signal. One common method of calibrating an SPD is to use of an
attenuated laser source [Mar13,Lop15,Chul4]. This measurement requires accurate knowledge of the
laser power at microwatt levels or lower, achieved via a calibrated optical power meter traceable to a
primary standard and subsequent calibration of either variable or fixed attenuators to achieve a
photon flux comparable to a stream of single photons in the femtowatt regime. A similar method
makes use of an optical beamsplitter which serves to track the optical power emitted by the source
[Tho19]. In this case, no attenuator calibration is required. However, the beamsplitting ratio must
accurately be determined and kept stable over the course of the calibration. Besides an absolute
optical power meter calibration, both methods described also require a non-linearity correction of
their reference power meters [Vay00]. A direct optical power meter calibration transfer from an
optical power meter to a single-photon detector was recently achieved using strong coherent laser
pulses and by saturating the response of a superconducting nanowire single photon detector (SNSPD)
connected to a fibre time-multiplexing loop [Tie19]. Assuming linearity of the detector response and
mapping the average detector click rate as a function of loop roundtrip number allowed to extract the
SPD detection efficiency. The optical power incident on the SPD was several hundreds of nanowatts.
Another direct optical power transfer was achieved by calibrating an optical power meter down to the
picowatt regime and transferring the optical power onto a low-efficiency, high-count rate SNSPD
[Mue1l7]. Also, Miiller et al. have demonstrated a method for SPD calibration with a synchrotron light
source [Mul12,Mul14]. The synchrotron photon flux is linear with ring current, and thus by
measurement of the ring current the synchrotron’s photon flux can be tuned over many orders of
magnitude without the need of attenuator calibrations. The ring current is linear with output photon
flux, and therefore a non-linearity correction is not required. Another method uses a correlated
photon source based on yet another spontaneous parametric down-conversion
[Mig02,Pol07,Avel1,Kly80] (see Figure S1). The photon pair created allows coincident detection of
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both photons to retrieve the overall path efficiencies for either of the two photons. This is inherently
absolute, albeit for the efficiency of the entire source-to-detector system. Thus, when performing an
experiment using correlated or entangled SPDC, the overall system loss can easily be estimated, and
no independent calibration of components is necessary. Figure S1 shows the method of measuring
the overall system loss using SPDC, also generally referred to the Klyshko efficiency measurement
[Kly80].
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Figure S1: Klyshko efficiency measurement using spontaneous parametric down-conversion (SPDC).

Also, the international system of units (Sl) has been recast based on fundamental constants and laws
of nature [Wan17,Abul7]. Part of the new quantum Sl could be a source- or detector-based single-
photon standard. For the latter two reasons, many national metrology institutes around the world are
pursuing the establishment of single-photon-based traceable or absolute calibrations of single-photon
detectors and sources [Kan19,5ab19,Ade09,Jak86,Hou01,Mar85,Lop15].

Figure S1 shows a so-called Klyshko efficiency measurement using SPDC. A pump laser photon
generates two daughter photons (signal and idler) obeying energy conservation, w, = ws + w; and
momentum conservation, k_p> = k_; + H In the non-degenerate frequency case, the signal photon
refers to the higher energy photon. The pump beam is blocked by either a beam block (shown) or a
spectral filter (not shown). Signal and idler photons are focused into single-mode fibre via a lens. The
source-to-fibre loss is modelled by an imaginary beam splitter with transmissivity g and 7y, for signal
and idler, respectively. The single-photon detector (SPD) efficiency is given by n4_and ng4, for the
signal and idler SPD, respectively. Singles detection rates (S and S;) and coincidence (C) detection
rate can be written as: S = Rg * g, * Nay; Si = Ro * Mg, Na;p €= Ro * Mg, * Nag * Ny, * Na;» Where Ry is
the intrinsic SPDC generation rate at the source. The ratios C/S; and C/Ss yield: n¢_ - nq, = 15 and
g, - Ma; = Mi, hence the overall efficiencies of the signal and idler arms, respectively. This method is
used in many quantum optics experiments to quantify the overall system loss/efficiency. It also is, to
first order, insensitive to the laser power, as the single pair rate (R) scales approximately linearly with
laser power in the low pair-generation regime. In this regime higher-order pair generation is usually
negligible and the errors caused by these events are small.

1.2 Exploring the foundations of quantum mechanics — non-classical nature of single

photons
The notion of a wave packet for describing a photon was mentioned previously and we refer the
reader to the Supplementary Information of the part 1 of the review for a more general description
of a single photon in terms of wave packets rather than ‘simply’ a number N describing N photons.



What we can learn is that the wave function of a N-photon Fock state factorizes into the product of
identical single-photon wave functions where each individual (single photon) wave function obeys the
Maxwell’s equations. This explains, for instance, why the statistical distribution of spots (flashes)
recorded by Taylor in 1909 [Tay09] with a dimmed light source statistically in a two-slit experiment a
la Young reproduces the continuous distribution derived from Maxwell’s theory. This also explains
why, in many situations (where thermal and laser light sources are used for instance), Maxwell’s
theory suffices to account for the observations. However, whenever we consider at least two single
photons, entanglement is likely to be present, and a classical description @ la Maxwell in the physical
3D space must be replaced by a description in the configuration space. This is exemplified, for instance,
by the Hong-Ou-Mandel experiment which cannot be explained in terms of Maxwell fields [Gra86].
However, already in the single photon case, non-classical features such as complementarity and
contextuality are present, which mark a departure with the classical description from Maxwell’s
equations.

1.2.1 Complementarity

Complementarity is the notion that a single measurement context usually does not exhaust
information about the behavior of a quantum system [Boh49]. The best-known case is that of wave-
particle duality in which interference fringes are the hallmark of the wave character, whereas
information about the path a particle took through an interference setup asserts the particle
character. Beyond the simple extreme cases of either perfect interference or perfect path information,
an inequality [Gre88,]ae95,Eng96] bounds the sum of the squares of wave and particle characters as
measured by the interference visibility and the trace distance of the different path information states,
respectively. This inequality was verified for photons by Schwindt et al. [Sch99] using a Mach-Zehnder
interferometer and also by B. Dopfer et al. [Dop98,Zei99] for the double slit case.

1.2.2 Quantum eraser

The quantum eraser belongs to a family of puzzling experiments where the single particle trajectory
is entangled with either another quantum system as in the original proposal [Scu91], or with another
of the particle’s internal or external degrees of freedom. Measurements of this second observable and
the choice of basis in which to measure it, will then determine whether an interference pattern is
visible or not, whether the path information has been erased or not. There are various opinions on
exactly what constitutes a quantum eraser experiment, which are discussed in [Kwi92]. Consequently,
a series of single photon experiments [Dop98,Scu91,Kwi92,Zaj91,Her95,Pit96] demonstrated
guantum erasure in different ways either via the polarization or via a correlated partner photon as a
path marker.

1.2.3 Delayed choice

The idea of a quantum eraser is interwoven with the idea of a delayed choice experiments [Whe78],
where the wave or particle character of the photon is decided only after the passage through (part of)
the apparatus, which suggests a paradoxical back-action of the future on the past. This has been
pushed to the point where the “decision” is delayed until after detection. The situation only appears
paradoxical if one considers a dualist — either wave or particle — picture of the evolution. The
guantum mechanical wavefunction evolves entirely unitarily up until detection. In delayed choice
experiments [Dop98,Kim00,Jac07] the data is simply pre- or post-selected by the detection process
according to whether path information could be obtained or not e.g. in [Dop98] and [Kim0O0], a
beamsplitter either sends the photon to path detection or not. In [Jac07], a quantum random number
generator makes the choice. Finally in two more recent experiments [Per12,Kail2] using explicit
entanglement with another photon leaves the “choice” to the partner photon in a nonlocal way, which



can now even “choose” to reveal only partial path information. From a global viewpoint it is only the
correlation with the “choice” result that filters the data to reveal an interference pattern or not.

1.2.4 Interaction-free measurement

In the same vein, the probability of firing of a detector put at the output of an interferometer (such as
a Mach-Zehnder) is not the same according to our choice to block (or not) one of its arms. This makes
it possible to detect the presence of an obstacle along one arm, for instance a bomb, without sending
a photon at it [Eli93]. Combined with the quantum Zeno effect this idea led to the possibility of
detecting the presence of an obstacle with probability close to one, accompanied by a probability for
the obstacle to absorb a single photon close to zero [Kwi95a,Kwi95b,Kwi99]. Extended to scanning an
object, the use of multimode interferometers, or correlated imaging, this idea leads to the field of
quantum imaging, which is beyond the scope of this Review but nevertheless very interesting (see
[Mor19] for instance).

1.2.5 Hardy’s paradox and contextuality

Quantum contextuality is a feature of quantum mechanics whereby measurements of quantum
observables cannot simply be thought of as revealing pre-existing values. Any attempt to do so leads
to values that are dependent upon which other measurements are being performed (the
measurement context). More formally, the measurement result of a quantum observable is
dependent upon which other commuting observables are within the same measurement set. As has
been shown by Hardy [Har92], quantum correlations between entangled systems violate bounds
constraining non-contextual models with nonzero probability. This property has been checked with
path-polarisation entangled single photons [Kar14]. It has also been confirmed by experiments with
pairs of identical single photons [Kar14,Irv05,Lun09].

1.2.6 de Broglie-Bohm interpretation and single particle non-locality

Whenever one photon at a time is sent through a Mach-Zehnder interferometer for instance (this
experiment was realized by Grangier et al. several years ago [Gra86]) everything happens as if the
photon was simultaneously present in both arms of the interferometer (bi-located) unless which-path
information suffices to know through which arm the photon travels. Even in a hidden variable
approach a la de Broglie- Bohm [Hol93], the pointlike particle supposedly passes through one slit
(through one arm of the interferometer) only, but its trajectory undergoes the influence of the pilot
wave which passed through the other slit (arm), so that even in this particular interpretation, some
form of multilocality appears, even when only one particle is present. In the case of single photons, a
more subtle form of non-locality is present [Flal6]: photon trajectories are not invariant under Lorenz
transformations.

It is worth noting that in the case of fermions, it is possible to define Lorentz covariant single
electron trajectories, because when the wave function of the electron obeys Dirac equation the 4-
component object built with the conserved density and the current vector transforms as a Lorentz 4-
vector [Hol93,Boh87]. As shown by Hardy [Har92], when more than one particle is present, a Lorentz
covariant description of the trajectories is impossible and one has to invoke the existence of a
privileged frame.

References

[Ade09] Adesso, G., et al., Optimal estimation of losses at the ultimate quantum limit with non
Gaussian states. Physical Review A, 2009. 79(4): p. 040305.



[Akh11] Akhlaghi, M.K., A.H. Majedi, and J.S. Lundeen, Nonlinearity in single photon detection:
modeling and quantum tomography. Optics Express, 2011. 19(22): p. 21305-21312.

[Avell] Avella, A., et al., Self consistent, absolute calibration technique for photon number resolving
detectors. Optics Express, 2011. 19(23): p. 23249-23257.

[Boh49] Discussion with Einstein on epistemological problems in atomic physics. Bohr, N. in Schilpp,
P. (ed.) Albert Einstein: Philosopher-Scientist, vol. VIl of Library of Living Philosophers, 199,
241 (Open Court, Peru, IL, USA) (1949).

[Boh87] A causal interpretation of quantum fields. Bohm, D., Hiley, B. J. & Kaloyerou, P. N., Physics
Reports 6, 349 (1987).

[Che07] Cheung, J.Y., et al., The quantum candela: a re-definition of the standard units for optical
radiation. Journal of Modern Optics, 2007. 54(2-3): p. 373-396.

[Chul4] Chunnilall, C.J., et al., Metrology of single-photon sources and detectors: a review. Vol. 53.
2014: SPIE. 1-17, 17.

[Dop98] Zwei Experimente zur Interferenz von Zwei-Photonen Zustanden: ein Heisenbergmikroskop
und Pendellosung. Dopfer, B., Ph.D. thesis, Universitat Innsbruck (1998).

[Eli93] Quantum mechanical interaction-free measurements. Elitzur, A. C. & Vaidman, L., Found.
Phys. 23,987 (1993).

[Eng96] Fringe visibility and which-way information: An inequality. Englert, B.-G., Phys. Rev. Lett. 77,
2154 (1996).

[Fla16] Weak measurement and its experimental realisation. Flack, R. & Hiley, B., J. Phys.: Conf. Ser.
504 (2016).

[Gio12] Giorgio, B., et al., Quantum characterization of superconducting photon counters. New
Journal of Physics, 2012. 14(8): p. 085001.

[Gra86] Experimental evidence for a photon anticorrelation effect on a beam splitter: A new light on
single-photon interferences. Grangier, P., Roger, G. & Aspect, A., Europhys. Lett. 1,173
(1986).

[Gre88] Simultaneous wave and particle knowledge in a neutron interferometer. Greenberger, D. M.
& Yasin, A., Physics Letters A 128, 391 (1988).

[Har92] Quantum mechanics, local realistic theories, and lorentz-invariant realistic theories. Hardy,
L., Phys. Rev. Lett. 68, 2981 (1992).

[Her95] Complementarity and the quantum eraser. Herzog, T. J., Kwiat, P. G., Weinfurter, H. &
Zeilinger, A., Phys. Rev. Lett. 75, 3034 (1995).

[Hol93] The Quantum Theory of Motion: An Account of the de Broglie-Bohm Causal Interpretation of
Quantum Mechanics. Holland, P. R., Cambridge University Press (1993).

[HouO01] Houston, J.M. and D.J. Livigni, Comparison of Two Cryogenic Radiometers at NIST. Journal of
research of the National Institute of Standards and Technology, 2001. 106(4): p. 641-647.

[IrvO5] Realization of hardy's thought experiment with photons. Irvine, W. T. M., Hodelin, J. F.,,
Simon, C. & Bouwmeester, D., Phys. Rev. Lett. 95, 030401 (2005).

[Jac07] Experimental realization of wheeler's delayed-choice gedanken experiment. Jacques, V. et
al., Science 315, 966 (2007).

[Jae95] Two interferometric complementarities. Jaeger, G., Shimony, A. & Vaidman, L., Phys. Rev. A
51, 54 (1995).

[Jak86] Jakeman, E. and J.G. Rarity, The use of pair production processes to reduce quantum noise in
transmission measurements. Optics Communications, 1986. 59(3): p. 219-223.

[Kail12] Entanglement-enabled delayed-choice experiment. Kaiser, F., Coudreau, T., Milman, P.,
Ostrowsky, D. B. & Tanzilli, S., Science 338, 637 (2012).

[Kan19] Kaneda, F. and P.G. Kwiat, High-efficiency single-photon generation via large-scale active
time multiplexing. Science Advances, 2019. 5(10): p. eaaw8586.



[Kar14] Hardy's paradox tested in the spin-orbit hilbert space of single photons. Karimi, E. et al.,
Phys. Rev. A 89, 032122 (2014).

[Kly80] Klyshko, D.N., Use of two-photon light for absolute calibration of photoelectric detectors. Sov
J Quantum Electron, 1980. 10(9).

[Kim0O0] “Delayed choice" quantum eraser. Kim, Y.-H., Yu, R., Kulik, S. P., Shih, Y. & Scully, M. O., Phys.
Rev. Lett. 84, 5 (2000).

[Kwi92] Observation of a quantum eraser": A revival of coherence in a two-photon interference
experiment. Kwiat, P. G., Steinberg, A. M. & Chiao, R. Y., Phys. Rev. A 45, 7729 1992).

[Kwi95a] Experimental realization of interaction-free measurements. Kwiat, P. G., Weinfurter, H.,
Herzog, T., Zeilinger, A. & Kasevich, M., Annals of the N.Y. Acad. of Sciences 755, 383
(1995).

[Kwi95b] Interaction-free measurement. Kwiat, P., Weinfurter, H., Herzog, T., Zeilinger, A. &
Kasevich, M. A., Phys. Rev. Lett. 74, 4763{4766 (1995).

[Kwi99] High-effciency quantum interrogation measurements via the quantum zeno effect. Kwiat, P.
G. et al.,, Phys. Rev. Lett. 83, 4725 (1999).

[Lop15] Lépez, M., H. Hofer, and S. Kiick, Detection efficiency calibration of single-photon silicon
avalanche photodiodes traceable using double attenuator technique. Journal of Modern
Optics, 2015. 62(20): p. 1732-1738.

[Lun09] Experimental joint weak measurement on a photon pair as a probe of hardy's paradox.
Lundeen, J. S. & Steinberg, A. M., Phys. Rev. Lett. 102, 020404 (2009).

[Mar13] Marsili, F., et al., Detecting single infrared photons with 93% system efficiency. Nat Photon,
2013. 7: p. 210.

[Mig02] Migdall, A., et al., Intercomparison of a correlated-photon-based method to measure detector
quantum efficiency. Applied Optics, 2002. 41(15): p. 2914-2922.

[Mor19] P.-A. Moreau, E. Toninelli, T. Gregory, M. J. Padget, Imaging with quantum states of light,
Nature Review Physics 1, 367 (2019).

[Muel7] Mueller, 1., et al., Verification of calibration methods for determining photon-counting
detection efficiency using superconducting nano-wire single photon detectors. Optics
Express, 2017. 25(18): p. 21483-21495.

[Mul12] Mdiller, L., et al., Traceable calibration of Si avalanche photodiodes using synchrotron
radiation. Metrologia, 2012. 49(2): p. S152.

[Mul14] Mdller, 1., R.M. Klein, and L. Werner, Traceable calibration of a fibre-coupled
superconducting nano-wire single photon detector using characterized synchrotron
radiation. Metrologia, 2014. 51(6): p. S329.

[Per12] A quantum delayed-choice experiment. Peruzzo, A., Shadbolt, P., Brunner, N., Popescu, S. &
O'Brien, J. L., Science 338, 634 (2012).

[Pit96] Can two-photon interference be considered the interference of two photons? Pittman, T. B. et
al., Phys. Rev. Lett. 77, 1917 (1996).

[Pol07] Polyakov, S.V. and A.L. Migdall, High accuracy verification of a correlated-photon- based
method for determining photoncounting detection efficiency. Optics Express, 2007. 15(4):
p. 1390-1407.

[Sab19] J Sabines-Chesterking, AR McMillan, PA Moreau, SK Joshi, S Knauer, E. Johnston, J. G. Rarity
and J. C. F. Matthews (2019), Twin-beam sub-shot-noise raster-scanning microscope, Optics
Express 27, 30810-30818.

[Sch99] Quantitative wave-particle duality and non-erasing quantum erasure. Schwindt, P. D. D.,
Kwiat, P. G. & Englert, B.-G., Phys. Rev. A 60, 4285 (1999).

[Scu91] Quantum optical test of complementarity. Scully, M. O., Englert, B.-G. & Walther, H.,
Nature 351, 111 (1991).



[Tay09] Interference fringes with feeble light. Taylor, G. I. Proc. Camb. Phil. Soc. Math. Phys. Sci. 15,
114 (1909).

[Tho1l9] Thomas, G., et al., Calibration of free-space and fiber-coupled single-photon detectors.
Metrologia, 2019.

[Tiel9] Tiedau, J., et al., A high dynamic range optical detector for measuring single photons and
bright light. Optics Express, 2019. 27(1): p. 1-15.

[Vay00] Vayshenker, I., et al., Optical Fiber Power Meter Nonlinearity Calibrations at NIST. NIST
Special Publication 250-56, 2000.

[Wan17] High-efficiency multiphoton boson sampling, Hui Wang, Yu He, Yu-Huai Li, Zu-En Su, Bo Li,
He-Liang Huang, Xing Ding, Ming-Cheng Chen, Chang Liu, Jian Qin, Jin-Peng Li, Yu-Ming He,
Christian Schneider, Martin Kamp, Cheng-Zhi Peng, Sven Hofling, Chao-Yang Lu & Jian-Wei
Pan, Nature Photonics volume 11, pages 361-365 (2017)

[Whe78] The "pastand the "delayed-choice"double-slit experiment. Wheeler, J. A,, in Marlow, A. R.
(ed.) Mathematical Foundations of Quantum Theory, 9 (Academic, New York) (1978).

[Will7] Williams, P., et al., Portable, high-accuracy, non-absorbing laser power measurement at
kilowatt levels by means of radiation pressure. Optics Express, 2017. 25(4): p. 4382-4392.

[Zaj91] Quantum eraser. Zajonc, A. G., Wang, L. J., Zou, X. Y. & Mandel, L., Nature 353, 507 (1991).

[Zei99] Experiment and the foundations of quantum physics. Zeilinger, A., Rev. Mod. Phys. 71,
$288 (1999).





