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Two-Body Contact Dynamics in a Bose Gas near a Fano-Feshbach Resonance
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We investigate the real-time buildup of short-range correlations in a nondegenerate ultracold Bose gas
near a narrow Fano-Feshbach resonance. Using rapid optical control, we quench the closed-channel
molecular energy to resonance on submicrosecond timescales and track the evolution of the two-body
contact through photodissociation losses. Repeated pulse sequences enhance sensitivity to early-time two-
body losses and reveal long-lived coherence between atom pairs and molecular states. The observed
dynamics are accurately reproduced by our dynamical two-channel zero-range theory, which explicitly
accounts for the resonance’s narrow width and finite closed-channel decay, establishing a predictive
framework for correlation dynamics in quantum gases near Fano-Feshbach resonances.
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Understanding and predicting out-of-equilibrium
dynamics in quantum many-body systems is one of the
central challenges of modern physics. Ultracold gases offer
a pristine test bed to address this challenge, with
well-defined initial states, tunable interactions, and micro-
scopic dynamics that can be resolved directly in experi-
ment. This unique level of control has enabled landmark
observations of nonequilibrium phenomena in quantum
gases [1-9].

Among the various nonequilibrium settings explored so
far, a paradigmatic case is the three-dimensional Bose gas
quenched from the weakly interacting regime to the
maximally interacting unitary limit, whose experimental
study [10-15] stimulated extensive theoretical activity
[16-30]. The dynamics of this system are governed by
the buildup of short-range two-body correlations, which are
naturally described in terms of Tan’s contact C, [31-38], a
unifying concept in quantum gases with close connections
to nuclear physics [39-42]. The contact C,, proportional to
the probability of finding two atoms at short interparticle
distances, connects microscopic and thermodynamic quan-
tities through exact relations. While C, has been measured
at equilibrium [11,43,44], its nonequilibrium dynamics
remain elusive [10,14], most likely because of additional
three-body contributions [28,45].

A natural probe of C, is provided by microscopic loss
mechanisms, such as photodissociation of closed-channel
molecules, which have long served as sensitive diagnostics
of short-range correlations at equilibrium [46—49]. These
processes directly reflect the amplitude of short-range
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correlations while minimally perturbing the many-body
state, making them a promising route to probe correlation
dynamics in real time. However, exploiting them to follow
the growth of correlations requires interaction control on
timescales shorter than the buildup time, which remains a
significant experimental challenge.

Probing the dynamics of C, can be carried out near both
broad and narrow Fano-Feshbach resonances (FFRs).
While broad resonances are fully characterized by the
scattering length [50], narrow resonances enrich this
description by introducing an additional length scale R*
set by the effective range and inversely proportional to the
resonance width [51-53]. This distinctive feature makes
them a powerful platform to explore effective-range effects,
which are of central importance in low-energy nuclear
systems [54-56].

In this Letter, we implement a new approach based on
optical tuning of the closed-channel molecular state,
enabling genuine sudden quenches on submicrosecond
timescales and providing access to previously unresolved
contact dynamics. This fast control is achieved via spin-
dependent light shifts arising from the large vectorial and
tensorial polarizability of lanthanide atoms [57-60]. By
periodically cycling between resonant and weak inter-
actions, we enhance sensitivity to early-time two-body
losses and resolve the buildup of short-range correlations
following an interaction quench. We develop a two-channel
model that incorporates the narrow resonance width and
molecular-state dissipation, relates the two-body loss rate to
the instantaneous contact C, (), and accurately reproduces
the observed dynamics. Finally, by varying the off-resonant
time, we observe oscillations of the two-body loss rate,
extending previous observations of interference effects

© 2026 American Physical Society


https://orcid.org/0009-0002-7947-5211
https://orcid.org/0009-0008-7911-9739
https://orcid.org/0009-0009-1979-4991
https://orcid.org/0009-0006-7598-5440
https://orcid.org/0000-0001-8469-3913
https://orcid.org/0000-0002-5631-9024
https://orcid.org/0000-0002-9715-4633
https://orcid.org/0000-0003-3877-8478
https://ror.org/01h14ww21
https://ror.org/04ex24z53
https://ror.org/04ex24z53
https://ror.org/02feahw73
https://ror.org/05a0dhs15
https://ror.org/05a0dhs15
https://ror.org/02en5vm52
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/02feahw73
https://ror.org/00w67e447
https://crossmark.crossref.org/dialog/?doi=10.1103/prf8-3q27&domain=pdf&date_stamp=2026-02-26
https://doi.org/10.1103/prf8-3q27
https://doi.org/10.1103/prf8-3q27

PHYSICAL REVIEW LETTERS 136, 083404 (2026)

- -1 E
a .
AT 1 1A 1c)
PR L. S.T
J= 1 2,2
— O g
T W %) &1-8)
7= T -n 1-e)
LOPTS T BARRaLF ey s ko, |
* I
- I
=} 0.6 D¢ 1
5 B [:]' =]
Z, SLS on :D
0.2} | o SLS off E:D
Il Il Il 1 Il Il
5.0 B, By 5.2
B(G)
FIG. 1. Fano-Feshbach resonance displacement induced by a

spin-dependent light shift. Top: illustration of the coupling
between the ground-state manifold with total angular momentum
J = 8 and the excited-state manifold associated with the tran-
sition at wavelength 4 = 530.306 nm, with J' = 7. This coupling
induces a light shift that displaces the energy of the closed-
channel molecular state |C), while the open-channel collisional
state |O) remains unaffected. Bottom: loss features in the
presence (disks) and absence (squares) of the spin-dependent
light shift (SLS) laser, showing the optical displacement of the
magnetic Fano-Feshbach resonance from B to B; for a thermal
sample of '’Dy with N =3 x 10* atoms and temperature
T =1.24 pK. In the “SLS on” (resp. “SLS off”) case we hold
the sample for 15 ms (resp. 150 ms).

arising from the coherent superposition of dimer and
unbound atomic states [61-63].

We perform the experiment with '’Dy atoms and use a
laser beam detuned by A = 2z x 20 GHz from the optical
transition at 1 = 530.306 nm, which couples the ground-
state manifold with total angular momentum J = 8 to an
excited state with J' = J — 1 [64] (see Fig. 1). This beam is
linearly polarized along Z, resulting in a light shift for most
closed-channel molecular states [65,66]. By contrast, the
open-channel state, composed of atoms in the spin con-
figuration | — 8) ® | — 8), remains effectively decoupled
from the light field. As a result, we do not observe heating
or atom loss due to spontaneous emission when operating
far from the FFR.

This spin-dependent light shift (SLS) leads to a dis-
placement of the FFR pole from its original position B, to a
new magnetic field B;. The shift is given by
B, — By « —I/(Aéu), where I is the laser intensity and
opu > 0 the differential magnetic moment between the
molecular and atomic states.

Our experiments start with a thermal sample of typically
10° atoms. As shown in Fig. 1, the SLS beam shifts the FFR
loss feature from By = 5.15 G to B; = 5.07 G. This shift
enables a rapid change in scattering length, from a =~
140 a, to resonance (a — o), within 200 ns [2,67]. In
addition to shifting the resonance, the laser also induces
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FIG. 2. Probing two-body loss dynamics. Atom number as a
function of exposure time, fex, = fonNcycles» fOr three different
values of #,, (see legend), at a temperature 7 = 0.34 pK, and
initial atom number N, ~ 2 x 10*%. Here, t,;; = 26 ps. Solid lines
are fits using Eq. (1). Inset: schematic of the pulsing protocol.

two-body losses due to photodissociation of closed-channel
molecules, which we use here as a tool for probing short-
range correlations. The laser-induced energy shift of the
closed-channel molecule and the associated two-body loss
thus provide a method to probe the dynamics of short-range
two-body correlations.

To better resolve the dynamics we employ a repeated
pulsing protocol that improves the detectability of two-
body losses by accumulating their effects over many
interaction quenches near resonance (see Fig. 2 inset).
This approach enhances sensitivity to small loss rates
without modifying the underlying inelastic mechanism.
Specifically, we prepare a thermal gas at the magnetic field
By, and apply a sequence of optical pulses: the SLS beam is
turned on for a duration ¢,,, followed by an off period 7.
long enough to ensure that successive pulses act independ-
ently. This sequence is repeated N s times, resulting in a
total exposure time Ze, = fonNeyeres [69]-

In Fig. 2, we show the atom number evolution as
a function of 7., for a thermal sample with temperature
T = 0.34(1) pK and three values of 7,, with 7,5 = 26 ps.
For a fixed f.,,, we observe a monotonic increase in atom
loss with increasing ¢, a signature that the two-body loss
rate is dynamically evolving. We fit the data using a two-
body loss model,

dN
—— = —L,(tyn, tost) 1N, 1
dl‘exp 2( on ff)n ( )

where 72 = ny/+/8 is the spatially averaged density, assum-
ing a Gaussian spatial distribution with peak value n,. We
extract the effective two-body loss coefficient L, (oy, fogt),
defined as

1 (ton+tnff)Ncycles
L2<ton’ toff) = t_\/ow £2(t>dt, (2)
exp

where £, is the instantaneous loss rate such that locally
i = —L,n?. The right-hand side of Eq. (2) would be
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FIG. 3. Two-body contact dynamics. (a) Measured two-body

loss coefficient L, for different temperatures (see legends). Solid
lines are fits using Eq. (4). The shaded region indicates the value
of L, plus or minus one standard deviation. (b) Evolution of
C,(1), scaled by its stationary value, for R* - 0 and I', =0
(black dashed line), R* — oo and I'},/27 = 300 kHz (red line),
for a thermal sample at 1.4 pK. (c) Same comparison for a
thermal sample at 0.4 pK. (d) Temperature dependence of
Cs/n?, deduced from L,, and compared with the theoretical
prediction from Eq. (5). The blue dashed line shows the
prediction from Eq. (5), with the values of R* and I'})" given
by Eq. (7) and the corresponding error bars reflected by the
shaded area.

independent of both 7., and 7.5 if £, was constant during
ton and zero during f.. Accordingly, L, allows us to
quantify deviations from this simple scenario. Since atom
loss is accompanied by heating, we restrict our fit to data
where the temperature increase is below 15% and take into
account the small resulting change in effective volume due
to thermal expansion of the cloud [69].

As shown in Fig. 3(a), for 7, = 26 ps, L2 increases with
t,n at short times and saturates for #,, = 20 ps to an
asymptotic value L5*. We independently confirm this
saturation behavior using a continuous-probe configura-
tion, where L, = L, (t, = 0), shown as the shaded region
in Fig. 3(a). The measured value of L, agrees with L5®
within experimental uncertainty, reinforcing our interpre-
tation that the pulsed sequence faithfully captures the
buildup dynamics of two-body losses.

To model the observed dynamics, we reduce the
many-body problem to a two-body problem, which can
be justified in the nondegenerate regime by a virial

expansion [22], and we adopt a zero-range two-channel
description. In this framework, the wave function of the
relative motion in the open channel ¥(r, ¢) is coupled to the
closed-channel amplitude ¢(¢), with coupling strength
characterized by the range parameter R* > 0. We find that
¢ is related to the 1/r singularity of ¥ by the equation
¢(t) = VArR* lim,_ r¥P(r,1). As a consequence, the
two-body contact is proportional to the density n; of
closed-channel molecules, C,(t) = (8x/R*)n, (1), a result
previously established at equilibrium [47,72,73]. Since
n,(t) equals n?/2 times the thermal average (|¢(t)[*)7,
and with each molecule being lost at a rate T'y(¢), the
instantaneous atom loss rate constant is [74]

R* Cz()

Lo(1) =T (1) 4~ =Ly(0) (|6(O)r- (3)

The problem of calculating the loss rate thus reduces to
determining ¢(7) for a pair of particles in a unit volume. We
find (see Ref. [69]) that the evolution of ¢(¢) for two
identical bosons with nonzero relative momentum k is
governed by

. h3/2
i (1)~ Efoptn -1 [ AL
__” 2*6 = @)

where Ey(t) = —h?/[md’(t)R*] — iAl',(t)/2 is the com-
plex closed-channel molecular energy detuning, and
1/d(¢) is the real part of the inverse scattering length.

In the stationary regime, substituting ¢p(1) = ¢*@te=k1/m
into Eq. (4) yields an algebraic equation, whose solution
gives the stationary contact density

. 304/ 2x2e="/(27)

C;tat:nzﬂ'rz/ dx ] B *fxze 2
o (Ar/d +x*R*/i1)*+ (5 ToArR* +x)

(5)

where A = /27h?/(mkgT) is the thermal de Broglie
wavelength. Equation (5) shows that C5* depends on three
dimensionless parameters characterizing, respectively, the
dimer detuning, the resonance width, and the loss strength.
For a broad lossless resonance (R* — 0, — 0), C3*
becomes independent of the sign of @’ and peaks at the
resonance position, where we recover the universal result
C3 = 327n°Ap? [45]. By contrast, near a narrow resonance,
the maximum of C3*" (and hence of L5*) shifts to a finite
negative scattering length (Ar/a’ < 0) [69].

When o and Ty are suddenly quenched, the field ¢
evolves toward a new stationary state. As one can see from
Eq. (4), the dynamics and associated timescales depend on
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several parameters. For a single quench at r = 0 from a very
large initial detuning to a value E| close to resonance we
can neglect ¢(¢) at r < 0 and solve Eq. (4) analytically by
the Laplace transform technique. One can check that the
transform of ¢(¢) explicitly reads

/L ©
(k* — ims/h)(s + iEy/h + \/ihs/m/R*)

The corresponding inverse Laplace transform is in general a
bulky but analytic expression written in terms of error
functions. It depends on the dimensionless parameters
mE,/h*k* (which is complex) and kR*, and we can
choose, for example, m/#hk> as the overall timescale. For
thermally averaged quantities we use the same parameter
space with m/hk?* replaced by 7 = f/kgT. Let us discuss
the dynamics after a quench to resonance, i.e., Re(Ey) = 0,
in two opposite limits described by compact formulas.

In the lossless (I'y < 1/77), broad-resonance
(R* < Ap) limit, we can neglect the first two terms in
Eq. (4), or the corresponding terms in Eq. (6), and arrive
at  (4z/R*)|p(1)|* = 32#°|Exf+/—ihk’t/m|*/k*, where
Exf is the error function. This quantity oscillates in time,
but averaging over momenta leads to C,(f) =
64n)1? arctan(t/77) [27].

As a second example, we consider the lossy
([, > 1/71), narrow-resonance limit (R* > Ar), where
we can neglect the integral term in Eq. (4). Then, ¢(7) =
i/87/R* (e "1/m _ o~Tut/2) /(T /21 — ik?) and, after
thermal averaging, we obtain C,(t) = (1 — e™/2)2 Csiat,
We note that, in this case, C,(t) o« #* at short times [25],
different from the C, () ¢ scaling in the broad-resonance
case [17,18,24,27]. In Figs. 3(b) and 3(c) we present a few
examples of the time dependence of the contact density
predicted for various experimental parameters following a
single quench to resonance.

Using the periodic pulse protocol, we now experimen-
tally and theoretically reveal the dynamics of the two-body
contact. We examine the temperature dependence of the
two-body loss rate dynamics by probing thermal samples
from 0.30 to 1.24 pK. These temperatures are low enough
to avoid contamination from nearby higher-partial-wave
FFRs [75] while remaining high enough to ensure non-
degenerate samples. We fit the data, treating R* and I', as
adjustable parameters, with a Floquet-based numerical
approach that solves Eq. (4) with periodic Ey(z) and
deduces L, from Egs. (2) and (3) [69,76]. The model
reproduces the measurements across the entire temperature
range; see Fig. 3(a). From the fits we extract the on-
resonance decay rate of the closed-channel molecule I'}"
and the range parameter R*, which are both nearly temper-
ature independent and given by [69]

|
0 8 16 24
torr (1s)

FIG. 4. Coherent oscillations of the two-body loss rate. Nor-
malized loss rate L,/L$™ as a function of 7,y for a fixed
ton = 3 ps. The solid line corresponds to numerical solutions
of Eq. (4) using the parameters from Eq. (7). The values of
(T,Re(EST)/h) are (0.41 pK,—436 kHz) for (a), (0.41 pK,
—560 kHz) for (b), and (1.24 pK, —560 kHz) for (c).

o/ (27) =123(38)kHz and R* =10.0(23),qw.  (7)

where £ ,gw = 4.12 nm is the van der Waals length [77].
As an independent check we perform bound-state spec-
troscopy, which yields I}"/27 = 112(30) kHz and
R* =10.8(2.1)%,qw, consistent with Eq. (7), as well as
the values of the differential magnetic moment
ou = 4.15(18)up and the FFR position B, such that
Re(Ey) = 6u(B — By) (see End Matter).

We show in Fig. 3(d) the two-body contact density
C52/n?, deduced from L, using Eq. (3), as a function of
temperature. The measurements are well reproduced by
Eq. (5) (dashed blue line), evaluated with the parameters
from Eq. (7); the shaded band reflects the uncertainties in
these parameters. These findings demonstrate a high degree
of control over the observed two-body losses and establish
their direct connection to the two-body contact density,
whose dynamical evolution we resolve [69].

Finally, we study the dependence of L (7, fost) ON Z,f at
fixed 7,, =3 ps. The data, shown in Fig. 4, reveal
oscillations of the two-body loss rate, normalized by the
asymptotic value L*'. We attribute these oscillations to the
fact that, between pulses, the system is quenched out of
resonance to the negative Re(EJ™) side, where the closed-
channel molecular state lies far below the open-channel
threshold and is thus protected from dissociation. During
this period, the closed-channel amplitude acquires a phase
—iE 1o/

factor ~e , interfering with the open-channel com-

ponent, which accumulates a phase &~ e~ "%/ The loss
of contrast arises from thermal averaging over k and from
the finite closed-channel decay rate '™, which remains
relatively small in our case (see End Matter).

083404-4



PHYSICAL REVIEW LETTERS 136, 083404 (2026)

Similar oscillations have been observed in double-pulse
experiments [61-63]. A distinguishing feature of our
experiment is the use of a periodic sequence of pulses.
As shown in Fig. 4(a), the resulting oscillations deviate
markedly from a simple sinusoid, exhibiting an extended
minimum followed by a sharp, asymmetric peak. This
waveform reflects interference between multiple pathways
for molecule formation, each associated with one of the
N¢yele On-resonant pulses.

To gain a more quantitative insight on these oscillations
we numerically solve Eq. (4). The theory curve shown in
Fig. 4(a) fits the data for a detuning Re(EJT)/h =
—436(7) kHz, in good agreement with the expected detun-
ing at the field B;, Re(ESM)/h=6u(B,—By) =
—470(40) kHz for the parameters determined in the End
Matter. We then increase the SLS intensity by 40%, shifting
the resonance pole to a lower magnetic field, B, < By,
such that the off-resonant dimer energy is
~ — h x 560 kHz. As a result, we observe faster oscilla-
tions, as shown in Fig. 4(b), confirming that the oscillation
frequency is set by the off-resonant dimer energy.

As we have mentioned, the reduction of contrast with
increasing . is attributed to the finite temperature of the
gas and to the intrinsic loss rate of the off-resonant
molecular state, quantified by I'?™ (see End Matter). To
check this, we repeat the measurement at a higher temper-
ature, T = 1.24 pK. As shown in Fig. 4(c), the contrast
decays more rapidly, as predicted by the numerical model,
confirming that it is the thermal decoherence that plays the
key role in the observed damping.

In conclusion, we achieve a direct measurement of the
real-time buildup of two-body correlations in a thermal
Bose gas near a narrow resonance, enabled by submicro-
second interaction quenches. By connecting the temporal
evolution of the two-body loss rate to Tan’s contact, we
establish controlled dissipation as a powerful probe of
short-range correlations, extending earlier studies of
strongly interacting gases at equilibrium into the dynamical
regime. The excellent agreement with a two-channel model
demonstrates its predictive capacity and paves the way for
exploring new quench protocols, pulse sequences, and
interaction regimes. Looking ahead, the experimental
and theoretical advances demonstrated here open promis-
ing routes to probe the nonequilibrium dynamics of Tan’s
contact in degenerate Bose gases, including the most
challenging strongly correlated regime.
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End Matter

Determination of Ty, and R* from spectroscopy
of the dimer energy—To determine the closed-channel
dimer energy as a function of magnetic field, we apply
the SLS beam with a temporal intensity profile
I(t) = Iy + I,sin>(Q¢/2). For half of the data we use
Io=0and I, = 1.0 pW/um? (SLS off in Fig. 5), which
places the FFR pole at By~ 5.15 G. For the other
half we set I, =15 pW/um?> and I, = 1.5 pW/pm?
(SLS on in Fig. 5), shifting the pole to B; ~5.07 G.
In both cases the average intensity is Iy+1,/2.
We then scan the frequency € around the molecular
binding energy and observe resonant atom loss
when 7€ matches the real part of the closed-channel
binding energy, signaling the formation of weakly
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FIG. 5. Determination of the narrow Fano-Feshbach resonance
properties. Top: resonance spectra of atom losses as a function of
the modulation frequency € for various magnetic fields (see
legend). For visual clarity, the different curves are vertically offset
by consecutive integer values. The solid lines are fits to the data
using Eq. (4). Bottom: resonance frequency as a function of
magnetic field, for I, = 0 (SLS off) and I, = 15 pW/um? (SLS
on). The solid line shows the expected dressed Feshbach dimer
energy dependence on magnetic field with the parameters listed
in Table I

SLS off

|
5.10 5.15

bound molecules that subsequently decay (see Fig. 5,
top panel). The extracted binding energies as a
function of magnetic field are shown in Fig. 5 (bottom
panel).

The only differences between the two datasets are the
effective resonance position, determined by the SLS beam,
and the inverse lifetime of the molecular state, I'y, which
increases with SLS intensity. The value of % is much
smaller than I'})", yet remains finite. Its value is likely set by
photodissociation from the infrared trapping lasers. We
observed that 'Y remained unchanged for /; up to
2.0 pW/pm? (a factor of 2 increase), indicating that the
contribution from the residual SLS average intensity, 1,/2,
is negligible in this regime.

The best-fit parameters characterizing the resonance
spectra are reported in Table I. The line shown in Fig. 5
corresponds to the following expression for the real part of
the dressed Feshbach dimer energy [79]:

2 2
Re(E,) = ~ IR <\/1 +4R*/d — 1) . (A1)
m
with
2
a = h (A2)

- mR*du(B - Bres) '

where B, is the position of the FFR; B, = B, (resp.
B, = By) when the SLS is off (resp. on).

TABLE 1. Values of the FFR position, B, differential mag-
netic moment, Sy, and R* in the presence and absence of the spin-
dependent light shift.

I, = 0 (SLS off) I, # 0 (SLS on)

Su(up) 4.35 (16) 4.15 (18)
B..(G) 5.154 (2) 5073 (2)
R*(£yaw) 10.2 (1.8) 10.8 (2.1)
I,/ (27) (kHz) 20 (10) 112 (30)
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