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Few-body and many-body physics with Rydberg polaritons
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Photons can be made to strongly interact by dressing them with atomic Rydberg states under

conditions of electromagnetic induced transparency (EIT), as shown schematically in Fig. 1. In

this talk, we will discuss several theoretical advances in the understanding of few-body and many-

body physics of the resulting hybrid photon-Rydberg excitations called Rydberg polaritons. In

particular, we will discuss correlated dissipative dynamics [1], optimized operation of a single-

photon switch [2], N-body forces, and N-photon bound states [3].
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We study non-perturbative e ffects in N -body scattering of Rydberg polaritons using e ffective field
theory (EFT). We develop an EFT in one dimension and show how a suitably long medium can
be used to prepare shallow N -body bound states. We then derive the e ffective N -body interaction
potential for Rydberg polaritons and the associated N -body contact force that arises in the EFT.
We use the contact force to find the leading order corrections to the binding energy of the N -body
bound states and determine the photon number at which the EFT description breaks down. We
find good agreement throughout between the predictions of EFT and numerical simulations of the
exact two and three photon wavefunction transmission.
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Photons can be made to strongly interact by dress-
ing them with atomic Rydberg states under conditions
of electromagnetic induced transparency (EIT) [1–3].
Probing such Rydberg polaritons in the few-body limit,
recent experiments were able to observe non-perturbative
effects including the formation of bound states [4], single-
photon blockade [5–7] and transistors [8–10], and two-
photon phase gates [11]. Theoretical work on quantum
nonlinear optics with Rydberg polaritons has focused on
two-body effects or dilute systems [2–5, 12–17]; however,
these theoretical methods often fail in dense systems with
more than two photons.

E ffective field theory (EFT) aims to describe low en-
ergy physics without resorting to a microscopic model at
short distances or high energies [18]. In few-body sys-
tems, it is a useful approach to describe particle scat-
tering and bound states when the momentum k involved
is much less than the inverse range of the interactions
[19, 20] At the two-body level, the EFT depends only
on the scattering length a2 . For scattering at momenta
ka2 1, one can solve the EFT perturbatively [20, 21].
However, describing unitarity ( a2 � ∞ ) or bound states
requires inclusion of all orders in perturbation theory,
which can be re-summed, provided the EFT parameters
are properly renormalized [22, 23].

In this Letter, we develop an EFT for dispersive N -
body scattering of Rydberg polaritons. We calculate the
two-photon transmission and compare to numerical sim-
ulations, finding good agreement when the photon sepa-
ration is less than the EIT group delay. We then show
how a long one dimensional (1d) medium can be used
to prepare shallow N -body bound states. We derive the
N -body interaction potential that arises from Rydberg
blockade. We show how these potentials give rise to a
contact forces in the EFT, which lead to perturbative
corrections to the N -body binding energy up to a critical
value of N , past which the EFT breaks down.

A schematic of a Rydberg polariton transmission ex-
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FIG. 1: (a) Rydberg polariton transmission experiment: an
atomic cloud is probed with a few-photon beam, focused into
a 1d channel, and a classical control field. Under dispersive
conditions, the total energy ν and number N of probe pho-
tons are conserved. (b) Interaction potential V ( r ) = C 6 /r
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for two 100S 1/ 2 Rydberg states in 87 Rb. The range is given
by the blockade radius r b. (Inset) Level diagram of an in-
teracting atom for di fferent r . (c) Dimensionless density
n(z ) /n (0) = exp( − z2 / 2σ2

ax ) and inverse scattering length
r b/a 2 (z ) for σax = 36 µm, r b = 18 µm, OD = 25, Ω/ 2π =
5 MHz, and ∆ / 2π = 20 MHz.

periment is shown in Fig. 1(a) [14]. A spatially inhomo-
geneous atomic cloud is probed with a classical control
field, with frequency ωc and Rabi frequency Ω, and a
few-photon probe beam focused into a 1d channel. The
control and probe beams are configured for EIT on a two-
photon resonance from the ground state |g to a Rydberg
state |s via an intermediate state |p . We analyze the
dispersive limit where the detuning of the control field
∆ = ωps − ωc is much greater than the p-state halfwidth
γ ; here ωab is the atomic transition frequency from |a
to |b . For large enough atomic density n(z), the probe
photons transform into Rydberg polaritons upon entering
the medium because the collective, single-photon Rabi
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FIG. 1: Rydberg polariton transmission experiment: an atomic cloud is probed with a few-photon beam,

focused into a 1D channel.
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