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In this Supplemental Material, we expand upon experimental and theoretical aspects of this
work. In Sec. I, we describe experimental methods for atom preparation, two-photon excitation,
light collection, and correlation function measurements. In Sec. II, we present the Fermi’s Golden
Rule calculation and some associated analytical expressions.

I. EXPERIMENTAL METHODS

A. Atom preparation

We load 87Rb atoms into a magneto-optical trap from
background vapor for 250 ms. We use a Λ-gray mo-
lasses [S1] scheme on the D2 transition to cool the atoms
down to 10 µK, and confine them in an optical dipole
trap made of 1003-nm light. The trapped atomic cloud
has dimensions σr = 20 ± 2 µm in the radial direc-
tion, and an axial extension along the probe propaga-
tion of σz = 42 ± 2 µm. The resulting optical depth is
OD = 37 ± 4 with ≈ 105 atoms. The dipole trap con-
sists of three beams that intersect at the probe beam fo-
cus. Two of the beams form a ≈ ±11◦ crossed trap with
respect to the z-axis (along the probe direction), while
a third elliptical shaped beam travels in the y-axis; all
beams lie on the same (z-y) plane. We optically pump the
atoms into the stretched state

∣∣5S1/2, F = 2,mF = 2
〉
,

using σ+-polarized light blue-detuned from the F = 2
to F ′ = 2, D1 transition.

B. Two-photon excitation

We couple the ground and Rydberg state with a
two-photon transition. A 780-nm weak probe field ad-
dresses the transition from the ground state, |G〉 =∣∣5S1/2, F = 2,mF = 2

〉
to the intermediate state, |P 〉 =∣∣5P3/2, F = 3,mF = 3
〉
; a strong control field addresses

the transition from the intermediate state to the Rydberg
state, |S〉 =

∣∣82S1/2, J = 1/2,mJ = 1/2
〉
with a wave-

length of 479 nm.
The probe and control lasers are frequency stabilized

via a Pound-Drever Hall lock scheme using an ultra-low
expansion (ULE) cavity with a linewidth < 10 kHz. We
use the probe light that has been transmitted and filtered
by the ULE cavity to reduce phase noise during the two-
photon excitation [S2].

The measured linewidth for both the |G〉-|P 〉 and |P 〉-

|S〉 transitions are Γ/(2π) = 7 ± 1 MHz and γ/(2π) =
0.4± 0.1 MHz, respectively. The latter is broadened be-
yond the natural linewidth by various dephasing mecha-
nisms e.g. differential light shifts and Doppler broaden-
ing.

We focus the probe beam down to a 1/e2 waist of
wp ≈ 3.3 µm to ensure the system is effectively one
dimensional (wp < rb), where the blockade radius rb
ranges from 7 to 10 µm. The control beam is counter-
propagating to the probe and focused to a beam waist of
wc ≈ 19 µm. The larger beam waist provides an approx-
imately uniform control field across the probe area.

We interrogate the atoms continuously for 100 ms be-
fore we repeat the loading and cooling cycle, resulting in
an experimental duty-cycle of ' 0.13.

C. Light collection and filtering

After exiting the chamber, the probe light passes
through a polarization beam splitter (PBS), and a narrow
1-nm spectral filter (Alluxa 780-1 OD6 [S3]) to reduce
the amount of background light reaching the detectors,
due to e.g. leakage of room light and broad-band fluores-
cence from the control laser. The probe is equally split
in three using an arrangement of half-waveplates and two
PBS, and is then coupled to multi-mode fibers and sent
to single-photon avalanche photo detectors (SPAD) Ex-
celitas SPCM-780-13 [S3]).

D. Correlation measurements

The detection events from the SPADs are recorded as
time-stamps by a triggered time-tagger device (Roithner
TTM8000 [S3]). We calculate the second-order correla-
tion function as,

g(2)(τ) =
N12(τ)

1
8

∑4
m=1N12(τ ±mT )

, (S1)
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where N12(τ) are the measured coincidences as a func-
tion of the relative time τ of detection between each
SPAD pair accumulated for 1500 experimental cycles.
The normalization is done by counting the coincidence
events for τ + mT , where T = 100 µs and m is an in-
teger number. The coincidences for large τ are given by
N12(τ ±mT ) = N1N2∆τ/T exp. Here, ∆τ is the binning
time (which corresponds to 20 ns in the experimental
data shown in the main text), and Nj is the average de-
tection counts for the j-th SPAD in a time-bin ∆τ , and
T exp=100 ms is the total experimental time. This nor-
malization allows to cancel slow experimental drifts with
time scales longer than T , that could be imprinted in the
correlation measurements.

The third order correlation function is calculated as,

g(3)(τ1, τ2) =
N123(τ1, τ2)

1
56

∑4
m=1,n=1,m 6=nN123(τ1 ±mT, τ2 ± nT )

,

(S2)
where N123(τ1, τ2) are the measured coincidences as a
function of two relative times τ1 and τ2, and is given by
N123(τ1, τ2) = N1N2N3(∆τ/T )2. For the normalization
of g(3)(τ1, τ2), we ignore the indexes where m = n, since
g(3)(τ, τ) = g(2)(0).

II. FERMI’S GOLDEN RULE CALCULATION

Here, we present the Fermi’s Golden Rule calculation
described in the main text. For Rydberg polaritons, only
interactions between Rydberg levels are non-negligible.
Therefore, in the basis of atomic and photonic states,
only the T -matrix between Rydberg states is non-zero.

The Lippmann-Schwinger equation for the two-body
T -matrix is shown in Fig. S1(a), where in all diagrams
henceforth the rectangles denote two- and three-body T -
matrices.

From Ref. [S4], we know that the T -matrix equation
for the two-body scattering problem can be rewritten us-
ing effective interactions Ve, see Fig. S1(b). This ap-
proach has the advantage that effective interaction is non-
divergent in the relative distance between the polaritons,
in contrast to the initial T -matrix equation written in
terms of V . Note that, in this case, the two-body prop-
agator (depicted as two green horizontal lines between
Ve and T ) includes only the poles that have a nontriv-
ial momentum dependence (the momentum-independent
spin-wave contribution χ̄ to the two-body propagator χ
is taken into account in Ve).

The equations for the three-body T -matrix are called
Faddeev equations. The three-body T -matrix is written
as an infinite sum of diagrams involving two-body T -
matrices, Fig. S1(c), in a mathematically consistent way.

To estimate β, for ϕ < 1, we can consider only dia-
grams contributing in the leading second order in Ve ∼ ϕ,
see Fig. S1(d). In other words, we replace the two-body

FIG. S1. T -matrix representation of the two-body (a-b)
and three-body (c-d) problem. Wiggly black line depicts Ve,
whereas polygonal blue line depicts V . See main text for the
details.

T -matrix by the first term Ve on the right-hand side of
the two-body Lippman-Schwinger equation in Fig. S1(b).

For the calculation of β, we are interested in the T -
matrix elements between incoming dark polaritons and
outgoing lossy polaritons. For this purpose, it is useful
to consider the T -matrix in the polaritonic basis; and,
in the expressions for β, we include only the connected
diagrams with the additional condition that they do not
end in the three dark polaritons. Finally, as explained
in the main text, we find that the leading contribution
to the Fermi’s Golden Rule scattering rate β comes from
the scattering to the DDU channel–the corresponding
diagrams are shown in Fig. 4 of the main text.

A. Additional analytical expressions

Here we present expressions for the single-body prop-
agator and for ω+, as well the expressions used to justify
that the resonance in the Fermi’s Golden Rule integral
caused by the density of states can be neglected.

For the sake of brevity, all the expressions in this sub-
section are presented for γs � Γ. In order to arrive
at more general expressions, one should replace ∆ by
∆̃ = ∆− iγs/2.

The single-body propagator Gss[k, ω], used in the main
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text, is given by

(ω − ck) (∆ + ∆s + ω)− g2

(∆s + ω) ((ω − ck) (∆ + ∆s + ω)− g2) + 1
4Ω2(ck − ω)

.

(S3)

while ω+ is given by

ω+ =
1

2

(
−∆ +

√
∆2 + 2∆∆s + ∆2

s + Ω2 + ∆s

)
. (S4)

Next we discuss the cancellation of the resonance from the density of states with a zero from 1/χ̄ within the Fermi’s
Golden Rule calculation. Expression for 1/χ̄[−ω+] takes the form(
−3∆ +

√
(∆ + ∆s) 2 + Ω2 − 3∆s

)(
−3∆2 + 3∆

√
(∆ + ∆s) 2 + Ω2 + 3∆s

√
(∆ + ∆s) 2 + Ω2 − 10∆∆s − 5∆2

s + 3Ω2

2

)
2
(
−8∆2 + 4∆

√
(∆ + ∆s) 2 + Ω2 + 3∆s

√
(∆ + ∆s) 2 + Ω2 − 13∆∆s − 5∆2

s + Ω2

2

) ,

(S5)
which, for ∆s → 0, equals (√

∆2 + Ω2 − 3∆
) (

3∆
√

∆2 + Ω2 − 3∆2 + 3Ω2

2

)
2
(
4∆
√

∆2 + Ω2 − 8∆2 + Ω2

2

) . (S6)

The density of states is proportional to 1/vg(−2ω+), which, for g � Ω, |∆s|, |∆|, is equal to

g2
(

∆−
√

∆2 + 2∆∆s + ∆2
s + Ω2

)
2 + g2Ω2

4

c
(

3∆2 − 3∆
√

∆2 + 2∆∆s + ∆2
s + Ω2 + 2∆∆s + ∆2

s + 3Ω2

4

)
2
, (S7)

which, for ∆s → 0, in turn equals

g2
(
−2∆

√
∆2 + Ω2 + 2∆2 + 5Ω2

4

)
9c
(
−∆
√

∆2 + Ω2 + ∆2 + Ω2

4

)2 . (S8)

The divergence from the denominator of Eq. (S8) at ∆ ≈ Ω/2
√

2 cancels with the square of
(√

∆2 + Ω2 − 3∆
)
from

the numerator of Eq. (S6). For nonzero ∆s, this cancellation is approximate. Furthermore, the dependence of rb
on χ̄ also leads to a residual divergence. Both effects, however, are not significant due the non-negligible imaginary
component of the detunings.
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