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These supporting online materials contain a complete theoretical analysis of our experiment.
In Sec. S1 we develop the analytical model used for calculating the theoretical curves in Fig. 3
of the main text. A brief discussion of the overall setup transmission and its importance is given
in Sec. S2. In Sec. S3 we illustrate the feasibility of nine-photon NOON state generation in our

setup using the theoretical model.

S1 Analytical Model

The experimental results in Fig. 3 of the main text contain multiphoton coincidence rates as a
function of the Mach-Zehnder (MZ) phase . The probability for detecting /N; photons in D,
and NN, photons in D, simultaneously (S7) (see experimental setup in Fig. 2 of the main text) is
given by

P () = Tr [U () [a) {ale @ [€)(ELU (9) 7k, 73, (s



where U () is a unitary operator describing the MZ using angular momentum notation (S2)
U (90) — 67,(7r/2)jg;e—zgojze—z(ﬂ/Z)jz' (Sz)

The coherent and down-conversion input states |«),|£) are defined in the conventional way,
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and 7?11\;2) are the positive-operator-valued measures (POVM) ($3) of detectors D7) defined,
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The POVM introduces experimental imperfections via two matrices, C'y; and L(7). Using the
abstract loss model (§4) we account for all the sources of loss in the experiment using a single
parameter 7) representing the overall transmission. The non-zero loss matrix elements are given
by

m— 1

Ll = (

Each of our photon number resolving detectors consists of two (D)) or three (I)) avalanche

)ﬂ1%1—mm” nm=12.... (S5)

n—1

photodiodes (APD) such that the incoming photons are distributed equally between them. This
construction is reflected in the POVM via the matrix C'y;, where M represents the number of

sub-detectors. The non-zero matrix elements of C; for M = 2, 3 are given by

k=23... (S6)
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[Cslzp =1~ 33 X (2F1); k=34... (§7)

(Csla =1 = [Cslar — [Cslak;

Finally, to obtain the measured count rate, the probability of Eq. (S7/) should be multiplied by

the repetition rate of 80.07 MHz.

S2 Overall Transmission

The overall transmission 7 is an important experimental factor which determines the obtainable
visibility of super-resolution. In our setup, we find n = 0.12 by inserting down-conversion
only and measuring the coincidence to singles ratio. Roughly, this transmission has three mul-
tiplicative contributions 17 ~ 77 X 12 X n3. The first contribution 17; ~ 0.5 results from the
fiber pair-coupling ratio. The band-pass filter induces an additional effective loss, 72 ~ 0.5, and
finally the detector efficiencies together with various coating imperfections contribute 73 ~ 0.5.

Most of the photons in our experiment originate from the coherent (classical) light source
which is practically unlimited in intensity. In fact, it can be shown that vy ~ N/2 for large N
where 7y is the optimal pair amplitude ratio for a given photon number /N. Thus, the coherent
state’s two photon probability is approximately N?/4 times higher than that of the SPDC i.e.
the higher the value of N the larger the ratio of classical to quantum resources. Therefore,
measuring larger states does not require a brighter SPDC source. Thus, the only limiting factor
is the overall transmission, 1. Simulations show that using an overall transmission of n = 0.5,
nine photon entanglement is readily observable even with the current, relatively modest, SPDC

flux. In this respect, our experiment highlights the need for high purity SPDC sources which

3



can be spectrally mode matched to a coherent state. Improved transmission can be obtained
by way of SPDC generation in separable spectral modes (S5-57) allowing removal of the 3nm
band-pass filter. In addition, improved single mode coupling of the photon pairs and use of high

efficiency photon number resolving detectors ($S8-S9) are instrumental.

S3 Nine Photon NOON State

In this section we show that our setup is capable of generating nine photon NOON states when
using a reasonable overall transmission 1 = 0.5. This transmission could be obtained by using
improved photon number resolving detectors, improved pair coupling to the fiber and using
down-conversion which is separable in frequency modes. The analytical model of Sec. S1
allows us to investigate the behavior of our setup using any chosen overall transmission 7. We
note that for N = 9, the pair amplitude ratio is 79 = 3.9 implying that the coherent light photon-
pair probability is 72 = 15.3 times higher than for the down-conversion. In supplementary
Fig. S1 we show the nine-photon coincidence rate employing our current down-conversion
flux while using n = 1 (Fig. S1A) or n = 0.5 (Fig. S1B). This illustrates that our setup
allows measurement of nine photon super-resolution originating from NOON states when using

a feasible transmission.
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Figure S1  Simulation of nine-photon coincidence rates showing super-resolution. Nine-fold

coincidence rates vs. MZ phase using two overall transmission values. In this case we chose

Ny =6, N, = 3. A, withp = 1, B, with n = 0.5.
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