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Collisional resonances are important tools that have been used to modify
interactionsin ultracold gases, for realizing previously unknown Hamiltonians in
quantum simulations, for creating molecules from atomic gases? and for

controlling chemical reactions. So far, such resonances have been observed for
atom-atom collisions, atom-molecule collisions®” and collisions between Feshbach
molecules, which are very weakly bound®°. Whether such resonances exist for
ultracold ground-state molecules has been debated owing to the possibly high
density of states and/or rapid decay of the resonant complex™ ™. Here we report a
very pronounced and narrow (25 mG) Feshbach resonance in collisions between two
triplet ground-state NaLi molecules. This molecular Feshbach resonance has two
special characteristics. First, the collisional loss rate is enhanced by more than

two orders of magnitude above the background loss rate, which is saturated at the
p-wave universal value, owing to strong chemical reactivity. Second, the resonance
islocated at amagnetic field where two open channels become nearly degenerate.
This implies that the intermediate complex predominantly decays to the second
open channel. We describe the resonant loss feature using a model with coupled
modes that is analogous to a Fabry—-Pérot cavity. Our observations provide strong
evidence for the existence of long-lived coherent intermediate complexes evenin
systems without reaction barriers and open up the possibility of coherent control of

chemical reactions.

Collisional resonances profoundly change the properties of ultracold
gases. Magnetically tunable Feshbach resonances have been used to
modify interactions between ultracold atoms from strong to weak
and attractive to repulsive, as well as to coherently convert atomic
gases into molecular gases?. Collisional resonances have become an
importanttool not only for creating previously unknown Hamiltonians
in quantum simulations' but also for investigating and understanding
interatomic potentials and interactions.

It has beenalong-standing goal for the field of ultracold molecules
to harness the power of collisional resonances. Ultracold molecules
provide opportunities to study quantum-state-controlled chemistry'®?,
quantum simulation'®2° and quantum information processing? .
Recent progress in the production of ultracold molecules from ultra-
cold atoms* or direct laser cooling of molecules®*® has laid the
groundwork for achieving atom-like control of ultracold molecules.

For molecular systems, collisional resonances can provide micro-
scopicinformationabout collision complexes and they canbe used to
alter chemical reactions. However, Feshbach resonances have previ-
ously been observed only intwo systems of atom-molecule collisions
(NaK +K (refs. *>*) and NaLi + Na (ref. ®)) and for collisions involving
Feshbach molecules, which are vibrationally excited molecules close to
the dissociation continuum with resonances close to atomic Feshbach
resonances® . It has even been an open question as to whether

collisional resonances can be observed at all for ultracold, tightly
bound molecules owing to the high density of states and rapid decay
of resonant states ™.

We report the observation of a pronounced, isolated Feshbach
resonancein collisions between fermionic NaLi molecules in their tri-
plet rovibronic ground state. The magnetically tunable resonance is
extremely narrow (about 25 mG) and enhances the loss rate by more
thantwo orders of magnitude, providing strong evidence for astable,
long-lived collision complex. The existence of long-lived complexesin
amolecular system of high reactivity suchas NaLi+ NaLiis unexpected
and has strongimplications for controlling ultracold chemistry through
scattering resonances. Thelong-lived state shown by our experiments
is coherently excited, whereas all other observations of collisional
complexes in molecule-molecule collisions** are compatible with
anincoherent population.

The observed resonanceis special in two regards. In simple models,
resonantly enhanced losses are only possible if the background loss rate
is much lower than the so-called universal limit*°. A loss rate near the
universallimitimplies almost completeinelasticloss at short range and
should suppress any long-lived resonant state. However, we observe loss
rates close to the universal limit outside the narrow resonance. Second,
the NaLi + NaLiFeshbach resonanceis observed at a specific magnetic
field where two open channels become degenerate. Itis possibly anew
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type of Feshbach resonance with a mechanism different from those
observed so far in ultracold atomic systems. This mechanism cannot
be realized in ultracold collisions of alkali-metal atoms because the
required single-particle-level degeneracies do not occur at practicable
field strengths. By contrast, degeneracies between two-particle thresh-
old energies are commonly found in molecule-molecule collisions
and have been used to engineer shielding interactions in ultracold
KRb + KRb and CaF + CaF collisions* *, Our results indicate that this
new type of degeneracy-induced magnetic resonance could be ubiqui-
tousinultracold molecular physics, offering apowerful new mechanism
for tuningintermolecular interactions with external electromagnetic
fields. We explain the observed behaviour with simple models.

The experiment is carried out with 2>Na‘Li(a*L*) molecules in the
rovibrational triplet ground state. The molecules are prepared with
all spins aligned in the lower stretched hyperfine state. Following the
techniques described inref. 3, we prepare 6 x 10* molecules at 1.8 pKin
a1,596-nm 1D optical lattice potential (further details in Methods). We
coarsely search for resonant loss by sweeping the bias field in 600 ms
by 3 Ginsteps of 2 G. Any loss feature in the 3-G range will showup as a
reduced molecule number at the end of the sweep. Only one feature was
observedintherange40.5 G <B<1,401.6 G. By performing finer scans
aroundthisloss feature, the Feshbach resonance was identified to have
awidth of 25 mG centred at 334.92 G (Fig. 1a). The molecules become
almost completely depleted at this field in 50 ms, whereas more than half
ofthemolecules survive at the background after1s, asshowninFig. 1b.
We show that the losses are due to two-body p-wave collisions by inves-
tigating the density and temperature dependences of the decay rate.

To characterize the loss mechanism, the molecular decay rate, R,, is
measured as afunction of theinitial density, n,,and compared with the
behaviour n Y expected for decay by collisions involving y particles.
Apower-lawfitgives y =1.85(9), which confirms that the observed decay
is due to binary collisions. Next, we map out the temperature depend-
ence of the molecular decay rate constant and compare with the Wigner
threshold law**. We generate molecular gases at different temperatures
by varying the initial temperature of the Na/Li atomic mixture. The
observed decay rate depends linearly on temperature, as expected from
the p-wave Wigner threshold law** for collisions between two identical
fermions (see Methods for the characterization of the decay in detail).

Natural comparisons for the observed decay rates are the universal
limit and the unitarity limit. The universal limit assumes perfect
absorption of scattering flux at short range and is given by g:""'=

=1
1,513&3’(‘;,—T =1.2x10"2 (cm® s (Ty,/11K) for identical NaLi p-wave

2
collisions, inwhich a = 4nRvdw/l'(§) ,withthe van der Waals (vdW) length

1/4
Rygw= %(22#) =664, (ref.*°). Here u = my, /2 is the reduced mass

and we use an approximate value of the NaLi-NaLilong-range disper-
sion coefficient (C; = 5,879 a.u.) obtained by summingall C; coefficients
between the two constituent atoms®. When reflected flux at close/short
range destructively interferes with the reflected flux at long range, loss
rates can exceed the universal limit but are always limited by the uni-
tarity limit*. Our experiments in a 1D optical lattice are carried out in
the crossover between 2D and 3D physics. For a quasi-2D trap, the uni-
tarity limitis givenby g0 = 4% (JT L) (ref.¥). We see that ﬁ;g“' scales
linearly with the oscillator length in the tightly confined direction,
lo= (h/my, w,)"% By contrast, the 3D unitarity limit neglects the zero-

point motion owing to 2D confinement and is given by B;’;“' =6" Ay,

in which A4 is the thermal de Broglie wavelength A 45 = /2nh2/kByT.
Our experiments were carried outin the regime in which the zero-point
energy is larger than the thermal energy, and rates should be limited
by the 2D limit because the 3D unitarity limit is higher.
Thebackground loss-rate constants (at 745 G) were obtained for vari-
ous molecule temperatures and estimated to be 1.7(5) x 107 (cm?®s™)
(Tha/1 1K) fromalinear fit. This background loss-rate constant matches
the p-wave universal value within the uncertainty. The rate constant, §,
increases by more than two orders of magnitude as the bias field

a !
1.0 % }
bt
5 /
: Pl
; (O
€ \
3 \
E E:
3 06 \ ]
P4 \ /
\\ /
é/
| | |
334.8 334.9 335.0
Bias field (G)
b
30 ® 334.92 G
30 - [ m 334.82 G
2 5 A 74500 G
\ € =
Q \\ E \1:.\\\‘_.
< \ = AX "
8 N 210 ~a g ®--m
c \ [ A~
© N pd FY -
> 20| ¢’ P TS [ 1
g 0 1 2
9] N Hold time (s)
Q N
[ ~e
2 p—
S 10k k3 e
] ———
b4 T g
| | |
0 0.02 0.04
Hold time (s)

Fig.1|Resonant molecularloss. a, The remaining molecule number after
holding for 30 ms at atarget field is mapped out for various magnetic fields
near334.9 G.Molecule numbers are normalized by the number without the
hold. Each data pointrepresents three to six measurements with and without
30-mshold and the error bars are one standard deviation. The dashed black line
isaGaussianfit. Thevertical blue (green) lineindicates the field in which the
molecular decay curveinblue (green) isobtained inb. b, The main plot shows
the decay curve near the centre of the resonance (334.92 G) within 50 ms. The
inset shows decay curves away from theresonance at 334.82 G (greensquares),
at745.00 G (red triangles) and at 334.92 G (bluecircles) over 2 s. Dashed lines
are fits toasimple model for two-body loss using mean square regression

(see Methods for details). Data values represent the average and error bars
representone standard deviation of the mean, estimated from statistical
errors of three to sixmeasurements.

approaches 334.918(5) G fromnear the p-wave universal value to above
thes-wave universal value. Loss-rate coefficients are plotted as a function
of magnetic field and fitted to a Lorentzian function for two tempera-
tures, 1.8 uKand 4.2 pK, inFig. 2. The loss-rate-constant contrast is =150
for1.8 puKand=230for 4.2 pK. Therate constants at the peaks are below
the 3D unitarity limits but approach the 2D unitarity limits. The width of
the resonance is comparable with the inhomogeneity of the magnetic
field across the molecular sample, =25 mG. Lorentzian widths from the
fits for both 1.8 pK and 4.2 pK are also =25 mG and are probably broad-
ened by the field inhomogeneity. The result at 4.2 pK shows an overall
higher loss-rate constant compared with that of 1.8 pK, as expected from
the p-wave threshold law at the resonance, § < T, mentioned earlier.
We now develop amodel that addresses our main experimental find-
ings. The universal limit assumes that the loss rate is given by all the
flux that has not been quantumreflected, thatis, has tunnelled through
the centrifugal barrier located at =2.2R, 4,. Rates higher than the uni-
versal limit as observed here are only possible if the losses occur at
longrange (outside the p-wave barrier) orif substantial back reflection
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Fig.2| Two-bodyloss-rate coefficient. Theinitialtwo-body loss-rate coefficients
are plotted as afunction of the bias field for initial temperatures =4.2 pK
(bluesquares) and=1.8 pK (green circles). Data points were obtained using a
simple two-body loss model (see Methods) from five to eight different hold times
ateachbiasfield; three tosix measurementsatagiven hold time were averaged.
Errorbarsrepresentonestandard deviation of a fitted decay parameter.
Solidlinesare Lorentzianfits. The dotted red lineis the s-wave universal value for
distinguishable NaLi ;" = 2%6 =1.85x10"°cm>3s ' and dash-dotlines are p-wave
universalvalues ;" =1, 51363'“2—7 =1.2x1072 (em3 s 1) (Ty /1 pK) for T=4.2 uK
(blue)and T=1.8 uK (green). The dashed horizontal lines are the 3D unitarity limits
andthesolid horizontallines are the 2D unitarity limits.

from behind the centrifugal barrier destructively interferes with the
reflection at long range. Spin-flip processes can, in principle, happen
atlong range owing to the magnetic dipole-dipole interaction, but
for the nearly degenerate hyperfine states in our system (see Methods
for the hyperfine structure of NaLi), the quantum numbers for the
z-component of the electron spin differ by two from the input channel,
so coupling by single spin flips is forbidden. Higher-order spin flips
owing to the intramolecular spin-spin and spin-rotation couplings
are too weak: a loss-rate constant greater than 107° cm®s™ requires a
coupling strength onthe order of 16 kHz at long range (about 100 nm).
However, the strongest higher-order process has a coupling strength of
around 0.05 kHz (further details in Methods). We therefore assume that
we have ap-wave resonance enabled by high reflectivity at close range.
In principle, the observed resonance could be an ordinary p-wave
resonance. However, the fact that this resonance occurs exactly at
the magnetic field where the input channel becomes degenerate with
another open channel suggests anew mechanism for which we intro-
duce a minimal model. This model assumes two nearly degenerate
states, |1y and |2), coupled to a quasi-bound state, |3), in which two
molecules are held together by the p-wave barrier and reflection at
shortrange (see Fig. 3a). The transferred flux from the incoming flux /
in state |1) to state |2) depends on the coupling strengths y;between
channel |3) and the open channels [1) and |2) and on the energy differ-
ence between the incoming state fw and the quasi-bound state fiw,:
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The processis fully analogous to a harmonic oscillator with resonance
w, and damping rate y, driven at frequency w by means of a frictional
input coupling y;. The power dissipated through y, (normalized to a
quarter of the drive power at zero amplitude of the harmonic oscillator)
isexactly given by equation (1) (see Methods for details).

Itiseven moreintuitive to generalize the optical analogue we devel-
oped in a previous paper’, which treated long-range quantum reflec-
tion and reflection at short range as the two mirrors of a Fabry-Pérot
interferometer. In our optical analogue, the coupling to the second
open channelis represented by transmission through the inner mirror,
as shown in Fig. 3b. In the simplest model, we assume no further loss
for state 3 at short range.

Tuning the coupling term, y,, now leads to apronounced resonance-
type feature in the Fabry-Pérot transmission. For small y,, transmis-
sionis proportional toy,. However, for large y,, the quality factor of the
resonanceis reduced, thereis less and less build-up of light inside the
resonator and the transmission decreases with y,. For resonant cou-
pling (w — w, < y;), the maximum transmission is100% (7,,.s = /) when
Y. = Y1, Whereas for off-resonant coupling (w — @, > y,), the maximum
transmission is at the reduced value of y,/(w — w,) when y, =2(w — w,),
asshowninFig. 3c.

We are using a generalization of the model from ref. *® in the treat-
ment of atomic p-wave Feshbach resonances, which canbe used to con-
nect the parametersinequation (1) toamicroscopic scattering theory
(see Methods for details). The scaling of y, comes from the threshold
behaviour of p-wave inelastic collision rates (< k’?) and the density of
states of an open channel (=< k). When the external magnetic field is
lowered, it tunes channel |2) from above to below the energy of the
input channel |1). Initially, channel |2) is closed. When it opens, it has
zero coupling strength owing to the k> term. For a magnetic field AB
below the threshold, the coupling strength grows < AB*?, which tunes
theloss across its maximum, as in Fig. 3c.

Using a similar scaling for y, = k%, in which kis the wavevector in the
input channel |1), we obtain the inelastic loss rate:

Ky,

o 2
(E-Ep)* +[(y,+y,)/21* @

5

in which E is the incident energy and E, is the resonant energy. In
Methods, equation (2) is derived using a T-matrix formalism. Note that
the numerator scales with k*instead of k*>, whichis differentinstructure
fromequation (1). The reasonis that, for particle collisions, the initial
channel has a specific wavevector, so we see threshold p-wave scaling
(k%) for the input coupling. Inelastic decay from the closed channel
proceedsinto a continuum of states, whichadds another power of k for
the density of statesin the continuum. The experimentally observed k*
dependence of the loss-rate constant implies that y, never dominates
the other terms in the denominator of g,. Derivation of equation (2)
and the more general formalism including an extra loss channel for
state 3 at short range are included in Methods.

We suggest that this mechanism is responsible for the observed
resonance. For this, we assume that the incoming channel couplestoa
long-lived collision complexindependent of the applied magnetic field,
which would be the case for identical or similar magnetic moments
in the two states. The magnetic field tunes the coupling to a second,
nearly degenerate open channel. This may seemto call for aremarkable
coincidence, but molecule-molecule collisions are predicted to have
a high density of resonances™ ™, so it is reasonable to assume that a
near-threshold p-wave bound state is readily available at almost any
magnetic field and collision energy.
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Fig.3|Three-state model for the resonance and optical analogues.

a, Schematic of the resonance model with two open channels and a p-wave
bound state trapped behind a centrifugal barrier. Channels |1) and |2) are the
open channels coupled toa closed channel |3). Channel |1) corresponds to the
initial scattering channel with two NaLi moleculesin the lower stretched
hyperfine state. Channel |2) corresponds to another open channelinwhich
molecules areinadifferent hyperfine state energetically close to theincident
scatteringstate. b, Fabry-Pérot cavity model for molecular collisions. Two
mirrors M; and M, couple lightinto and out of the Fabry-Pérot resonator
created by these mirrors with coupling strengths y,. When the spacing between
the mirrorsistuned toforma cavity mode resonant to theincoming light,

The model presented so far can explain aresonant enhancement of
the loss as a function of magnetic field, but an enhancement by a fac-
tor of 1/y would lead to an off-resonant suppression of loss below the
universal limit by afactor of y on the basis of the results of the quantum
defectmodel’*° (yis the standard short-range absorption parameter).
However, we observe abackground loss comparable with the universal
loss rate. One possible explanation is that the incoming flux is split
into two or more (orthogonal) components: one part has the resonant
behaviour described above whereas the other part has non-resonant
universal loss (that is, full transmission at short range). For example,
if one-tenth of the scattering flux is coupled to the resonance, but its
lossis enhanced by afactor of 1,000, the total loss canbe 100 times the
universallimit. Outside the resonance, most of the flux (assumed here
to be 90%) provides the background loss near the universal rate. The
optical analogy for this is the addition of a polarizing beam splitter to
the Fabry-Pérotinterferometer, shownin Fig.3d. If most of theincom-
ing flux matches the polarization that is reflected out of the cavity by
thebeam splitter, we would see alarge background loss rate. Actually,
for this polarization, we have the optical analogue of the universal
limit at which the ‘inner mirror’ is absent owing to rapid short-range
loss. If the molecule-molecule collision follows several paths split by
some internal-state quantum numbers, this can explain the peculiar-
ity of a large resonant enhancement above the universal limit from a
background near the universal limit.

We estimate the lifetime of the complex using the analogy with
the photon lifetime in a cavity, that is, the round-trip time multi-
plied by the resonant enhancement divided by 4. Using the observed
loss-enhancement factor of 230, we obtain an estimated lifetime of
320 ns. Weregard this as alow estimate. Even if the p-wave resonance
is at resonance, owing to thermal broadening, the maximum loss
enhancement is reduced by a factor iy,/k;T. For a collision energy of
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transmission lossis enhanced by constructive interference of light amplitudes
inside the cavity. ¢, Transmission probability of a cavity as a function of mirror
coupling strengths. For given coupling strength of the first mirror, y, =1
(inarbitrary units), the transmission probability reaches unity for resonant
coupling (blueline) at y, =y, but maximizes to y,/(@ — w,) for far of f-resonant
coupling (blacklines) aty, = 2(w - w,). d, Schematic of a Fabry-Pérot cavity with
apolarizingbeamsplitter (PBS). Two mirrors formaresonator at which the
p-polarization component of the light amplitude is enhanced near aresonance.
There aretwo pathsforlight to travel that are decoupled by the beam splitter.
Thes-polarization componentisreflected by the PBS and lost from the cavity.

4.2 pK, the reduction factor is approximately 0.1, which implies a ten
times larger lifetime. Furthermore, if we assume that the loss enhance-
mentis possibly not 230 but 2,300 for 10% of the incident flux (model
with polarization beam splitter), then the lifetime would be another
factor of ten higher and could be tens of microseconds. The observed
enhancement of 230 provides an upper bound for the short-range
absorption coefficient y < 0.0043 (see Methods for details).

The most surprising aspect of our results is the existence of a
long-lived collision complex in NaLi + NaLi collisions, which allow
barrier-free chemical reactionsinall channels*. Along-lived complex
is necessary for the existence of a high-Q resonance, such as we have
observed, independently of any detailed model. Our observation of
resonant behaviour is very different from other recent experiments
reporting long-lived collision complexes in molecule-molecule colli-
sions, observed by means of photoionization** or inferred as the source
of opticaltraploss®**. These observations were fitted to rate equations
and are most probably related to ‘sticky’ collisions ™ connected with
ahigh density of states. Such complexes are formed incoherently and
lead toloss at the universal rate. By contrast, anenhancement above the
universal rate (as observed here) is only possible when the flux reflected
atshortrange destructively interferes with the quantum-reflected flux
and, therefore, requires full phase coherence.

In summary, we report an unexpected new type of Feshbach reso-
nance in ultracold molecule-molecule collisions, the first observed
between rovibrational ground-state molecules at ultracold tempera-
tures. The resonance arises from a background loss at the universal
limit, which isimpossible with the most commonly studied models of
ultracold collisions. The observed more than hundredfold enhance-
ment of loss implies the existence of a remarkably long-lived colli-
sion complex in a system with barrier-free reactions in all channels.
The observed resonance could be an ordinary p-wave resonance.
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However, we propose amore plausible mechanism that operates near
asingle-molecule degeneracy. This suggests that one should look for
new collisional properties near known degeneracies in other molecular
systems focusing on points with sufficient nuclear spin overlap.
Although we explain the unusual features with a phenomenological
model, they raise many questions for future work. Are narrow reso-
nances such as ours unique to molecules with light atoms and therefore
alower density of states? Are resonant quasibound states coexisting
with lossy channels a common feature of molecular systems that has
so far gone undetected? In our case, we could detect the quasibound
state only by modifying the coupling to a second, nearly degenerate
openchannel, anditis possible that many more long-lived states exist at
other magnetic-field values. Resonant states with low loss should have
adistinct signature on elastic-scattering properties, which, however,
may be difficult to measure in the presence of strong loss. Or does
the non-observation of any other magnetically tunable molecule-
molecule Feshbach resonance imply that those resonances are, in
general, very dense, or broadened by strong coupling to other states
or decay channels, and therefore not resolved? Our and other recent
results®* emphasize that the properties of collision complexes—even
for the simplest molecular systems—are far from being understood.
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Methods

Experimental sequence

Our experiments use ground-state ?Na°Li(a*L") moleculesin their lower
stretched hyperfine state (|F, M) =17/2,-7/2)),inwhich all nuclear and
electron spins are anti-aligned to the bias magnetic field direction,
trapped in alD optical lattice made with 1,596-nm light. As described
previously>?>*°, we first produce loosely bound molecules through
magnetic association at a Feshbach resonance near 745 G, followed
by stimulated Raman adiabatic passage to the rovibrational ground
state. These triplet ground-state molecules arein the upper stretched
hyperfinestate (|F, M) =17/2,7/2)). The bias field isreduced from 745 G
to alow field near 8 Gin15 ms, at which a magnetic-field sweep in the
presence of radiofrequency waves coherently transfers them from the
upper stretched state to the lower stretched state.

After state preparation, the magnetic field is ramped to a target
value in 15 ms. A search for scattering resonances is done for the bias
field range of 40.5 G < B<1,401.6 G. After waiting a certain time for the
molecules to collide with one another at the target field, we reduce the
field back to 8 G for reverse state transfer (17/2,-7/2) > 17/2,7/2)). The
field is raised back to 745 G, at which the molecules are dissociated.
We use absorptionimaging of the resulting lithium atoms to measure
molecule number and temperature. A hold time of 15 ms <t <30 ms
after each magnetic-field ramp was sufficient for the bias field to set-
tle within the range of the magnetic-field inhomogeneity across the
molecular sample.

Characterization of the decay
We investigate the effect of impurities to confirm that the enhanced
loss near 334.92 Gis due to collisions between fermionic moleculesin
asingle state. A small amount of impurities owing to imperfect state
preparation could cause rapid initial decay resulting from s-wave colli-
sionsthatare not suppressed by Pauliexclusion. However, after arapid
loss of these impurities, the fast decay would stop. By observing almost
full decay of the molecular sample, we rule out that the fast decay is
related to impurities. Figure 1b shows that about 30 molecules per
lattice site decay to approximately seven molecules in 40 ms and are
depleted to abarely detectable level in less than 100 ms.

Furthermore, the density dependence and the temperature depend-
ence ofthe decay rate shown in Extended Data Fig.1prove that theloss
occurs owing to two-body collisions. The molecular decay rate, R, is
measured as afunction of the initial density, n,,and compared with the
behaviour Bngy‘l)expected for decay by collisions involving y particles.
In general, the loss-rate constant 8 is dependent on temperature. To
avoid a more complicated analysis, we controlled the initial tempera-
tures of the moleculesto be the same within15%. Extended DataFig. 1a
shows that the observed decayis due to binary collisions (a power-law
fit gives y =1.85(9)). Next, the molecular decay rate constant, 5(7), is
measured as a function of temperature. We generate molecular gases
at different temperatures by varying the initial temperature of the
Na/Li atomic mixture. Initial molecule temperatures ranging from
0.74(8) pK to 3.88(36) pK and from 1.33(7) pK to 4.40(25) pK are
achieved away from (745 G) and at the resonance (334.92 G), respec-
tively. The observed decay rate in Extended Data Fig. 1b depends linearly
ontemperature. A power-law fit §= CT',in which Tis the temperature,
resultsin/=1.4(2) at the resonance and /= 0.98(19) at 745 G.

We model two-body loss with a differential equation that takes the
time dependence of temperature into account™:

(1)

n(e) =-B(T©)n(t) - %n(t)m, 3)

in which Bis the two-body loss-rate constant, n is the mean density
and Tis the temperature of the molecules. Molecules are lost prefer-
entially from the highest density region. This ‘anti-evaporation’ causes

temperature increases of up to 50% within one molecular decay time
near 334.9 G. We fit measured temperatures to alinear function of time,
T(t) = Ht + T,,inwhich His the heating rate and T is the initial tempera-
ture.Bothaway from and near to the resonance, the loss-rate coefficient
hasatemperature dependence that canbe expressed as = ,(T(6)/T,),
inwhich f,is theinitial loss-rate coefficient when the temperatureis Ty,
Todetermine the rate coefficient from equation (3) requires accurate
knowledge of the molecular density. The mean molecular density can
be expressed with the effective number of particles, N, and the mean
volume, V., of molecules for a single pancake as n = N/ V.

We obtained the effective particle numbers for asingle pancake from
the measured number of molecules, N**, and the number distribution
over pancakes. The observed axial profile of NaLi follows a Gaussian
form with width 0=450(60) um, so we assume a Gaussian distribution
ofthe particlenumber per pancake. As the average weighted over aGauss-
ian, the effective particle number per pancakeis N = Nt - a/(2.JTT - 0),
in which the lattice constanta=1/2andA=1,596 nm.

Thetrap volume of each pancake, Vg, is determined from the meas-
ured molecule temperature and trap frequencies. For apurely harmonic
trap, one obtainsV Q= w3(4mk,T /m)*? in which the geometric mean
of the NaLi trap frequencies @ = (w,w,,)">. However, there are two
corrections that we determine separately: (1) the confinementineach
pancakeis moderately anharmonicand (2) the systemisin the crosso-
ver regime between quasi-2D and 3D, k; T = hw,.

First, theanharmonicity of the trapping potential leads to a modified
mean volume V'

I/V(l) ~ J‘d Ve—z/iU(r,z)

eff = W (4)

inwhich U(r, z) isthe potential of asingle lattice site, ris the radial coor-
dinate, zis the axial coordinate along the beam directionand 8= (k, 7).
We use the same trap model validated in ref. ° to determine U(r, z) and
the sameintegration limits. With typical conditions for molecular loss
measurements, the mean volume v is larger than V) by less than
25%. However, some measurements at lower density required weaker
optical traps, for which the anharmonicity correctionis larger and had
to be taken into account for proper density calibration.

Second, the tight confinement in the lattice direction makes the clas-
sical thermal distribution for harmonic trappingin the pancakesinvalid
forlow molecular temperatures. We estimate the corrected volume as

fav|

l

oo 2
EOp<r>|¢,~<z>|2eﬁ(""%)hw’j

YV = )

oo 2
de Y p(r)|¢i(z)|2eﬁ(”"%)h“’2}
i=0

in which ¢(2) is the ith eigenstate of the axial harmonic oscillator and
p(r)isthe classical thermal distribution in the radial direction, whichis
aGaussian function. We confirmed that, for allthe experimental condi-
tions, V9 differs from the more accurate V&) by less than 20%.
Asitisunclear how this correction mightinteract with the larger correc-
tionfromV %, weincludeV % only as an enlargementin the uncertainty.

Hyperfine structure of NaLi
The Hamiltonian thatincludes hyperfine coupling and Zeeman energy
isgivenas

H= HHF + HZeeman
(6)

> > > > My, > > > >
=a;S I, ta,S it ?(gss +g/Na’Na+g/U’Li)'B

in which a; =433.2(1) MHz and a, = 74.6(1) MHz (ref. *). There are
36 states in the ground rotational state manifold (V= 0). The states
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converge to eight hyperfine thresholds in the zero-field limit owm%to
the conservatign of the totalangularmomentum F= | F | = |S +jy, + |,
inwhich § = |§ | =1is the total electron spin of NaLi(a’%") and I, = 3/2
and/;=1arethenuclear spins of Naand Li, respectively. The hyperfine
splitting owing to the Nanucleusis muchlarger thanthat owing to the
Linucleus,so =[S + /Iy, =1/2,3/2,and 5/2isanapproximately good
quantum number that characterizes the largest-scale hyperfine split-
tingsin the zero-field limit in Extended DataFig. 2. The hyperfine struc-
ture of NaLiin an external magnetic field is obtained by diagonalizing
the Hamiltonian givenin equation (6). A total of nine hyperfine states
cross the lower stretched state at bias fields between 320 Gand 340 G.
There are three states that cross at fields within a few hundred mG of
the resonance. Owing to the uncertainty of the hyperfine constants,
the uncertainty of their energies relative to the stretched state is
+400 kHz and therefore each of them is a possible candidate to cross
the stretched state at or near the observed Feshbach resonance at
334.92G.

The state a in Extended Data Fig. 3 is the lower stretched state
(IF=7/2, M= -7/2)), which has the spin character |M,, M., M, )=
|-1,-3/2,-1). The three states close in energy near the resonance are
indicated as b,, b, and b, in Extended Data Fig. 3. The most probable
candidate to couple to the stretched state is the state b, = |F=5/2,
Mg=-3/2), as its nuclear spin character overlaps with the stretched
state by 50%, whereas for the other two states, in leading order, the
spin overlapis zero. Non-zero nuclear spin overlap less than 0.1% may
arise from smallintramolecular spin-spin and spin-rotation couplings.
More explicitly, the state b, has spin contributions of 0.503 of |1, -3/2, -1),
0.3240f |0, -1/2,-1),0.163 of |-1,1/2, -1) etc.State b, = |F = 5/2, M= ~1/2)
has 0.583 of |0, 1/2, -1y, 0.301 of |1, -1/2, -1), 0.097 of |-1, 3/2, -1) and
some other minor contributions. State b, = |F=5/2, M, =1/2) has 0.837
of |0, 3/2, 1), 0.145 of |1, 1/2, 0) and some other minor contributions.
The difference in M- to the lower stretched state is the smallest for
state b, whichis 2.

Long-range interactions of NaLi(a*t") molecules
Here we show that the long-range coupling between the two hyperfine
states |a) and |b,) involved in the crossing shown in Extended DataFig. 3 is
tooweak to explainthe observedlossrates. To explain the observed Fesh-
bachresonance, itis therefore necessary toassumethe presence of ashort-
range loss mechanism. A minimal model for such amechanism involves
abound state (channel |3)) coupled to the open channels (|aa) and |ab,)).
Long-range coupling would occur outside the centrifugal p-wave
barrieroftheinputchannel. Thepeak of thebarrierisat24%* R 4, ~ 7.8 nm,

4
at which thevdWlengthR, 4, = (2’;?”) and the inner turning point

is at 100 nm at a temperature of 3.35 pK. In the Born approximation,
for a potential of average strength V, in an effective volume 477R3/3,

3
the total low-energy elastic-scattering cross-section g = 4 @

(identical to the solution for a spherical square well potential with
radiusR,). Applying this relation to the observed nearly unitarity limited
cross-section of 2.95 x 10 cm? corresponding to the loss-rate constant
of107™° cm?®s™ at 1 uK and using the position of the inner turning point
toestimate R, =100 nm provides a coupling matrix element V,0f 16 kHz.
Thisis the required value for coupling outside the p-wave barrier to be
compatible with the observed loss rates. For inelastic collisions with
final wavevector k’, the rate has an extrafactor k’/k owing to the density
of states, but for large k’, the matrix element will decrease with k’, so
our rough estimate for the required spatial coupling matrix element
should also apply to inelastic collisions.

First, we show that magnetic dipolar interactions® that lead to spin
exchange and dipolar relaxation and often limit the lifetime of mag-
netically trapped atoms are very weak outside the barrier. At the posi-
tion of the p-wave barrier (R, =100 nm), the interaction between two
spins with magnetic moments 2y, in which y, is the Bohr magneton, is
V..op = 0.052 kHz, whichis already small. However, owing to the selection

rules of the magnetic dipolar interaction (|AM| =1), asingle spinflip can-
not provide coupling between the near-degenerate hyperfine states of
interest |a) and |b;), which correspond to M =1and My =1, respectively
(seeabove). Therefore the coupling mustinvolve anintermediate state |k),
whichisoff-resonantbyitsZeemanenergy A, ~ 11, X 300 G ~ 400 MHz.
This further reduces the magnetic dipolar coupling between the open
channels by the factor (V,,pp/Ag) ™ =7.7 x 10° to much lower than1mHz.
We can thus rule out the magnetic dipolar interaction as asource of the
observedloss.

Spin flipsin collisions of X molecules can also occur by means of cou-
pling of theincident channels |a) and |b,) to excited rotational states™**.
This mechanism is similar to that of magnetic dipolar relaxation dis-
cussed above, with the excited rotational states (N > 1) playing therole of
theintermediate Zeeman states. A distinctive feature of thismechanism
is that it is mediated by the anisotropy of the electrostatic interaction
between > molecules (which couples the N=0 incident statesto N> 1
closed-channelstates of the same M) and the spin-rotationand spin-spin
interactions inthe N > 1 manifolds, which couple states of different M.

Below we quantify this molecular spin-relaxation mechanism by
estimating the magnitude of the anisotropic coupling between the
degenerate open channels |a) and |b;) owing to the excited rotational
statesat R =100 nm. We find that the strongest coupling resulting from
theelectric dipole-dipoleinteractionisonly 0.05 kHzand is therefore
too small to explain the observed loss rate.

Coupling matrix elements between degenerate open channels
laay and |ab,) owing to rotationally excited states

Here we estimate the matrix elements betweenthe degenerate open chan-
nels|aa) and |ab,) owing to long-range interactions between NaLi(a’L")
molecules. Theinteractions are described by the multipole expansion®

VR, t,, 1) = (4m)*> Z Wi ag AR Ta TR)A L 20 (R, 7y, Fp) (7)

AadgA

inwhich 4, ; ) (R, Fy, 75) arethe angular functions, V; ;. (R, 1y, 1)
are the radlal expansion coefficients®, R=R/R and fi=t/r.Toleading
order, the expansion (7) contains the electric dipole-dipole, dipole-
quadrupole and quadrupole-quadrupole interactions. We assume
thattheinternuclear distances of NaLimolecules are fixed at their equi-
libriumvalues. Therigid rotor approximationis expected to be extremely
accurate because the long-range NaLi-NaLi interactions at R=R,,
(see below) are thousands of times smaller than the spacing between
the ground and thefirst excited vibrational states of NaLi (hw,, =40.2 cm™
(ref.>®)). Because we are interested in long-range physics outside the
p-wavebarrier, we will also neglect the spin dependence of the NaLi-NalLi
interaction, whichis notable only at very close range (R <10 a,).
Theradial expansion coefficientsinequation (7) are expressed in terms
of the multipole moments Qhoofthe interacting molecules (i=A, B)

Q1,0Q4,0 (-pM
R TMAB90 +1)(24,+1) (24 +1)]V2

@, +2,+11 ]
1)1,

Vaapa(Ro T4 Tg) =

®)

Theleading terms for two interacting neutral polar molecules such
asNalLiare

A B
VHZ(R)=—%E (dipole - dipole),

d'Q5
Vips(R) =— 420 (dipole - quadrupole), ©

Vyua(R) = QZOQ F(quadrupole quadrupole).



inwhichd'and Q"zoare the electric dipole and quadrupole moments of
the ith molecule. Note that the long-range interaction (equation (7))
is spin-independent and hence can only couple the states of the same
M, M, and M, We use the accurate ab initio value of the molecule-frame
electric dlpole momentdy,; = 0.167 D (ref. **) and an approximate value
of the electric quadrupole moment ©,,,; =10 a.u. on the basis of the
calculated values for Na,and Li, fromref. ”. Our estimates are not sen-
sitive to the precise magnitude of O, ; because the dominant contribu-
tionat R= R, is given by the electric dipole-dipole interaction.

Extended DataFig. 4 shows theradial dependence of the long-range
interactions between two NaLi molecules. Although the dipole-dipole
interaction dominates outside the p-wave barrier (R =100 nm), both
the dipole-quadrupole and quadrupole-quadrupoleinteractions grow
in magnitude as R becomes shorter. At R=100 nm, the magnitude of
the electric dipole-dipole, dipole-quadrupole, quadrupole-quad-
rupole and magnetic dipole-dipole interaction terms in equation (9)
are (inkHz) Vyp = —3.446, Vg = -0.339, Vo = 0.0273 and V., = 0.0519,
respectively.

Equating the barrier energy plotted in Extended DataFig. 4 and the
end points of the experimental range of collision energies (1.8-4.2 pK),
we obtain the corresponding range of distances of closest approach
of two NaLi molecules in the p-wave channel as R, = 89.3-136.4 nm.
For simplicity, we will use a value close to the middle of this interval,
R, =100 nm =1,890q,, to estimate the magnitude of all long-range
coupling matrix elements.

Having parameterized the anisotropic long-range interaction
betweentwo NaLi molecules (equation (9)), we now proceed to evalu-
ateits matrix elements between the degenerate open channels |a) and
|b,). The general matrix elements are given by:

Wlmynl VR, 1y, 1) [V gl min’> (10)
inwhich (y y,Imn| are the properly symmetrized basis states for two
identical molecules (7 =-1foridentical fermions), y,and y;refer to the
internal hyperfine-Zeeman states of the molecules, /is the orbital angu-
lar momentum for the collision and m;, is its projection on the
space-fixed quantization axis defined by the external magnetic field**.
The initial scattering state of interest correspondstoy,=y,=a,[=1,
m;=0andn=-

The matrix elements are calculated by astraightforward extension of
the procedure described inref. > toinclude the hyperfine structure of
both NaLimolecules (see the Supplemental Material of ref. * for more
detailsabout the basis functions). Using aminimal basis including three
lowest rotational states of each of the NaLi molecules (N =0-2) and
two partial waves (/=1, 3) leads to the total number of coupled chan-
nels N, = 9,908 for the total angular momentum projection M, =-7.
We note that this basis set is expected to produce converged results
at R =100 nm, at which the largest anisotropic long-range coupling
| Vool = 3.446 kHz is much smaller than the spacing between the N=0
and N =1rotational levels (2B, = 8.4 GHz).

Extended DataFig. 5shows the matrix elements betweentheincident
channellaa, [=1, m;= 0)atR=100 nmand all final channels. The largest
of these matrix elements V,,; ~ 1.5 kHzis due to the long-range electric
dipole-dipole coupling between the ground and excited (N=1) rota-
tional states. Although these matrix elements do not directly couple
the degenerate channels |a) and |b,), they do contribute to indirect
second-order couplings estimated below. There are also direct cou-
plings between the incident channel and lower-lying relaxation chan-
nels (with single-molecule hyperfine-Zeeman states lower in energy
than the incident state |aa)), which occur between the/=1and (=3
partial waves. These couplings are mediated by the intramolecular
spin-spin interaction, which couples the different M;components of
the N=0andN = 2rotational states*. Asshownintheinset of Extended
DataFig.5, the largest of these direct couplings is about 0.04 kHz, which
istoo small to be responsible for the observed loss.

It remains to consider the second-order couplings between two
degenerate channels |a) and |b;) through rotationally excited states.
These couplings are suppressed by the factor (V,,/A,,) 7, in which
Ao = 2B, is the energy of N=1rotational states relative to the ground
rotational state. Using the values Ay, = 8.4 GHz and V,; =1.5 kHz, we
obtain (V,,/Aq) " = 5.6 x10° and thus the second-order couplings are
smaller than1 mHz and can be neglected.

Fabry-Pérot transmission

The transmission of flux through a Fabry-Pérot cavity with two mir-
rors, M, and M,, is exactly expressed by an Airy distribution in terms
of the incoming light intensity, /, mirror reflection and transmission
coefficients, r;and ¢, and single-pass phase shift ¢, as:

6t
(1-rry)? +4nnsin’g

11)

Ttrans =

This Airy distributionis well approximated by aLorentzianspectral line
shape neararesonance (w - @,) for highly reflective cavities (r2r3 < 1) as:

1 A2
(Wo-w) >+ [(y+1,)/21°

12)

Tirans=

in which y = -2Inr;/tx; are the mirror coupling strengths, 7y is the
round-trip time for a pulse travelling in the cavity, w, is the angular
frequency of the cavity mode and w is the angular frequency of the
incoming light®.

Equation (12) also describes the dissipation in a harmonic oscillator
driven by a friction force. A harmonic oscillator with resonance w,
and damping rate y, driven at frequency w through a frictional input
coupling y; is described by the differential equation:

d?q(0)
de? *

dq(t)

Yy dar (13)

Vldt[q(t) g,(01+ wiq(t) = 0.

Here we assume the drive g4(t) = g,sinwt. By rearranging the terms,
we obtain the standard equation of a driven harmonic oscillator with

dampingy=y,+y,

d’q@) , dq(t)

14
a2V de +wtq(0) = Vldtqd(t) 1)
The steady-state solution of equation (14) is
V4@
q(t)= 1d 5cos(wt— @) (15)

(0* - w3)*+ (yw)

inwhich ¢ is defined by tang = yw/(w* - ®3). The rate of energy dissi-
pationowingto y,is P, = yzq(t)z. The average dissipation power

Pou? = 10"

2 2 4
< quO )2 Sinz(a)f_ ¢)>

Y2 (@? - wd)?+(y

(16)

V1V2qow
8 (w-wo)2+¥/2)?
average dissipated power normalized by a quarter of the average
nominal drive power (drive power at zero amplitude of the harmonic

oscillator) is exactly given by equation (12).

is approximated to 1 near resonance. The ratio of the

Three-state T-matrix model of p-wave resonant scattering near
degeneracies

The main purpose of this section is to provide amicroscopic derivation
forequation (2) using an extended nonperturbative 7-matrix model of
p-waveresonantscattering®®. The modelincludes a single p-wave bound
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state (or closed channel) |3) coupled to two open channels: theincident
channel |1) and the outgoing inelastic channel |2) with threshold ener-
gies F,and E, (E; > E,), as illustrated in Fig. 3a. The open channels are
separated by theenergy gap A > Osuchthat £, = E, + A. Thetotal energy
of the two-molecule system before the collision is E,(k) = k*/2u = k*/m,
inwhich g =m/2is the reduced mass of the two identical molecules
of mass m, kis the wavevector in the incident open channel |1) and we
haveset F; = 0,sothat E,=-A. Theincident scattering state in channel
|1)is a plane wave |k) with energy E,(k) = k*/m multiplied by the internal
state vector of the colliding molecules |a).

By summing the diagrammatic expansion for the T matrix, one
obtains the following expression for the off-diagonal matrix elements
between the open channelsaand o’ (a, a’ =1, 2)*

C kK'F(k)F (k")
“ P E-6-%,-3, un
inwhich E= k*mis the collision energy in the incident channel |1y and
6> 0isthe energy of the bare p-wave bound state |3), L*is the quantiza-
tionvolume and C = cos#, in which fis the angle between the incoming
and outgoing wavevectors*®, The functions F,(k) quantify the coupling
betweentheopenand closed chanznels asafunction ofthe wavevector
kands (F)=*" SQmy 3Iq4dq @ g are the open-closed channel cou-
plingsinthe energy space. Thesé Lc’ouplmgs are crucial, as they deter-
mine the resonance width. They can be evaluated by regularizing the
diverging terms and then setting F(g) > F(0), which results in the fol-
lowing expression

T (E)=1 L (mlE- E,(0)])*?

“12m
85", [E-E,0)]

(18)

inwhich A, =|F,(0)|*are the g » O limits of the open-closed channel
couplings and the integrals

@_ (672) 'lj IF.(q)> mq2dgq (19)

n,= 613" [ IF@)1” mdg (20)
depend on the exact form of the coupling matrix elements between
the open and closed channels. Note that (1) £,(0) = 0 and £,(0) = -A by
definitionand (2) the first term on the right-hand side of equation (18)
is purely imaginary (because we assume A > 0) and thus gives rise to
resonance width

VE, D)= (y,+7,) +V,
=-23m(Z;+Z,) +Y, (21)

m*? 3/2 3/2
=H(A1£ +A,(A+E)77) +y,

inwhichwehaveintroduced the intrinsic width y, of the p-wave bound
state owing to the coupling to lower-lyinginelastic channels other than
|1y and |2) (see Extended Data Fig. 6a). Althoughref. “ assumes that A is
muchlargerthanallthe other energy scalesin the problem, we do not
make suchanassumption here.Indeed, in our model, the new Feshbach
resonance occurs when A > 0.

Defining the resonance shift 5, = 6, + 6¢ and neglecting the dimen-
sionless terms 1,, which are expected to be very small compared with
unity*®, we obtain from equation (17)

C kk'F,(0)F,(0)
TPE-(6- 8o) +iy(E,A)/2°

Toa (22)

Here we have also assumed that the bound-continuum coupling
matrix elements F(k) are well approximated by their zero-k values F,(0),
which is a good approximation in the limit k> O (note, however, that
thisapproximation starts to break down as kR, approaches1,inwhich
R;is the ‘size’ of the p-wave bound state, as shown below). The final
wavevector in equation (22) k’=./m(A + E) . We are interested in the
two-body inelastic rate for the transition [1) > |2) at fixed collision
energy, which is given by (up to a constant scaling factor)

&,(E,A) =T, ,Ip, (k")
- Km(@A+E)*PA0, (23)

2
[E= (6= 60017+ | "o 2,8 +E) Y oy | 14

inwhich p, (k') = (m/2)*2./2(A + E)/2m? is the density of states in the
final channel |2) (ref. °°). Equation (2) is identical to equation (23) up
to a constant overall scaling factor and with the intrinsic decay width
of state |3) y4 = 0. This provides a microscopic justification for the
Fabry-Pérot model ln particular, the Fabry-Pérot decay rates may be
5 2

expressedasy,="_ )[ E32 andy, = "—2,(A + E)*?, providing insight
into their collision energy and A dependence

We now discuss the main features of the expression for the two-body
inelastic rate equation (23). To this end, consider the expression for
the resonance width y(£, A) in the denominator of equation (23)
given by equation (21). As well as the intrinsic width y,, the width
contains contributions from (1) the coupling between the incident
open channel [1) with the p-wave bound state y, < F*2 < k*and (2) the
coupling between open channels [1) and |2) through the bound state
Voo (E+ AP (k)%

Equation (23) shows that the inelastic rate away from the resonance
(whenE - (6-6,) >y, +y,) orfory, >y, +y,exhibits the standard p-wave
scaling g, = k,(k’)? (ref. *®), as observed experimentally. Normal p-wave
threshold scaling will be modified if the denominator of equation (23)
becomes energy-dependent, which requires the detuning £ - (6 — 6,)
and y,to be small compared with y; + y,. Under these (rather unlikely)
conditions, the scaling changes to g,(E) < k*(k')*/[A,k3 + A,(k)?].

Tofurther explorethe properties of the inelasticrateinequation (23),
it is convenient to introduce the parameter A = A + £, such that the
translational energy in the outgoing channel |2) vanishes atA = 0(k’ = 0)
and inelastic scattering becomes energetically forbidden at A < 0. With
this definition, we obtain from equation (23) theinelastic rate as afunc-
tion of A

- (Z)S/Z
g,(8) ~ pv , 24
R e e ) @
inwhich6E=E - (6 - 6,) is the detuning from resonance, c = %;2/12 and

we have omitted the factors proportional to k, mand A;in the numera-
tor because we are interested in the inelastic rate at a fixed collision
energy.

Note that our ability to vary 6E by tuning an external magnetic
field may be limited, as the magnetic moments of the closed-channel
and open-channel p-wave states may be very close (as in the case of a
single-channel p-wave shaperesonance). We therefore donot assume
the resonance condition and keep the term 6E%in equation (24).

Extended Data Fig. 6b shows that the inelastic rate g, (&) hasapro-
nounced resonance structure asa function of A. The remarkable increase
of the inelastic rate with narrowing the energy gap between the open
channelsisaconsequence of the reduction of the total resonance width
(equation (21)) inthelimit A > O at whichy, > 0 (note that we also require
thaty, <y,). Thisreduction enhances the peak rate of inelastic decay of
the p-wave bound state into channel |2) above the universal limit.

Theresonance profiles shownin Extended Data Fig. 6b are the sharp-
est at zero energy detuning (6E = 0), at which the denominator of



equation (24) is most sensitive to A. As expected, the resonance
becomes more and more suppressed as one moves away from reso-
nance, owing to the growing background contribution from the 6F>
term in equation (24). In principle, the background contribution can
arise not only from a finite 6F but also from other mechanisms, such
astheintrinsic decay of the p-wave bound states to deeply bound chan-
nels (parameterized by y,), which may contribute to the overall decay
rate in equation (21).

Inthe experiment, the temperature and observed width of the Fesh-
bachresonanceare similar. Therefore the strong dependence observed
on A suggests that alternative decay mechanisms are slow compared
with the dominant decay channels, thatis, y, Sy;(i=1, 2).Inprinciple,
Y4 can be estimated from the line shape of the loss-rate constant in
Fig. 2 as in ref. 5. However, the resonance asymmetry is not resolved
because of the magnetic-field inhomogeneity, which is comparable
with or greater than the resonance width.

Derivation of F,(k) matrix elements
The p-wave bound state in channel |3) is described by the wavefunction
(R|3) = P5(R) of the intermolecular separation vector R. For a single
p-wave bound state, the radial and angular variables separate to
give, (R) =g, (R) Yim, (R), in which m,is the projection of the angular
momentum/=1ofthe bound state ona quantization axisu. Asinref. *5,
we assume that the bound stateis coupled toboth of the open channels
Ik, a) (@ =1, 2) by means of the coupling matrix elements (k, a|V|3m,),
in which |R|ka) = e®**|a) are the scattering states in the open chan-
nels a. Expanding the incoming plane wave in spherical waves, e/*=
2, i“famQl+ 1)), (kR)Y;o(0, @) inwhichjj(kR) is aspherical Bessel func-
tion, we observe that only the p-wave ({=1) components of theincident
and outgoing waves couple to the p-wave bound state owing to the
orthogonality of the spherical harmonics (and the assumption of
isotropic bound-continuum coupling).

For practical purposes, it is convenient to define the bound-
continuum couplings in k-space*®

. LT
F.(k) =412 (af V|3)EJ‘0 21 (R, (KRIRXAR 25)

in which (a|V|3) is a spin matrix element. The advantage of the F,(k)
matrix elementsis that they have awell-defined k > O limit. Expanding
J(kR) ~ kR/3 + O((kR)®), we get

F(0)=i124a| V|3>%I: g (RR*dR (26)

The approximation F(k) ~ F(0) isused in the previous sectionand in
ref. 8 to simplify the expression for the T-matrix elements near thresh-
old. This approximationis valid as long as kR, < 0.1, in which R, is the
characteristic size of the p-wave bound state (gl(R) ~ R2%e7R/R3) We find
that F(k) ~ F(0) isagood approximation for the incident collision chan-
nel (kR,~ 0.1for R,=100a, and E =10 kHz). This is no longer the case
when the open-closed splitting becomes large compared with the
collision energy (A/E > 30) or the p-wave bound state becomes
extremely delocalized, in which case the exact k-dependent matrix
element F(k) should be used.

Lifetime of collisional complex

For previously observed Feshbach resonances, one may estimate a
lower limit for the lifetime of the collision complex by converting the
observed width of the resonance to alifetime. For our case of a25-mG
width, we get 29 ps, using a magnetic-field sensitivity of 1 Bohr mag-
netonto convert frommagnetic field width to energy width. However,
according toour model, the observed width may not reflect the width
ofthelong-lived state but would dependinstead on the ratio of coupling
strengths for the two open channels. Amorereliable estimate uses the

classical round-trip time 7z for azero-energy particlein the combined
centrifugal and vdW potentzial, which is equal to 1z = A/E,qy = 5.6 NS
withthevdWenergyE 4, = Z—“ﬂ# Thephotonlifetimeinacavityisthe
round-trip time multiplied by the resonant enhancement divided by
4. Using this analogy and the observed loss-enhancement factor of
230, we obtain an estimate for the lifetime of the complex of 320 ns.
We regard this as a low estimate. Even at the peak of the p-wave reso-
nance, owing to thermal broadening, the maximum loss enhancement
isreduced by afactor fy,/k;T. y,is estimated by the classical round-trip
frequency 1/7y; multiplied by the quantum transmission probability
612 = 2a,a% (ref. ®"). For a collision energy of 4.2 pK, this is approxi-

mately 2mt x 9 kHz. Here @ = 4nRvdW/r(%)2, a,= ar(%) and kis the col-
lision wavevector. Therefore the reduction factor is approximately 0.1,
which implies a ten times larger lifetime. Furthermore, if we assume
that the loss enhancement is possibly not 230 but 2,300 for10% of the
incident flux (model with polarization beam splitter), then the lifetime
would be another factor of ten higher and could be tens of micro-
seconds. The observed enhancement of 230 provides an upper bound
for the short-range absorption coefficient y < 0.0043.
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Extended DataFig.1|Density and temperature-dependentlossrate.

a, Density dependency of molecular decay rate at 334.92 G. The initial decay
ratesare plotted asafunction of initial molecule mean density. The green, blue
andred dashed lines show the behaviour expected for single-molecule decay,
two-body and three-body collisions, respectively. b, Threshold laws of
molecule-molecule collisions. Initial rate coefficients are plotted as a
functionof theinitial temperature of NaLi molecules. Blue data points are
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measurements near the centre of the resonance and red data points are
measurements away fromresonance near 745 G. The lines show the linear
dependence expected for p-wave collisions. Data points were acquired from
fiveto eight different hold times at eachbias field; three to sixmeasurements at
agivenhold timewereaveraged. Error barsrepresent one standard deviation
ofafitted decay parameter.
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Extended DataFig.2|Ground-state hyperfine structureinan external of NaLihyperfinestatesfrom0to1,000 G, whereas the main plotis zoomed
magneticfield. The dashed vertical bluelineindicates the position of the intowhere there are nine near-degenerate hyperfine states (between 300 and

Feshbachresonance (about 334.92 G). The subplot shows the Zeeman energies 4000G).
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Extended DataFig. 3| Ground-state hyperfine structure near334.92G.
Stateainredisthelower stretched hyperfine state of NaLi molecules. States b;,
b,and bsinblue are other hyperfine states that are energetically close tostatea
near334.92G.
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Extended DataFig.4|Radial dependence of NaLi-NaLiinteractions. Radial
dependence of the dipole-dipole, dipole-quadrupole and quadrupole-
quadrupoleinteractions of NaLi(a’X") molecules. The p-wave centrifugal
barrieris alsoshown (dashedline). The upper and lower bounds onthe
experimental collision energies (4.2 pK and 1.8 pK) are marked by green
horizontal lines. The turning points at the centrifugal barrier for these collision
energiesare R,=89.3and 136.4 nm, respectively.
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Extended DataFig. 5| Matrix elements of NaLi-NaLiinteractions. Matrix
elements of the NaLi-NaLiinteractionat R =100 nmasafunction of the channel
index labelling the basis states |y,yzlmn). The initial channelis |aa, [=1, m,= 0)
and the total angular momentum projection M, = —7. The channelindex labels
closed channels, in which one or both NaLimolecules arein their N >1excited
rotational states. Only the matrix elements with the absolute magnitude
exceeding1Hzareplotted. The magnetic field B=333 Gis tuned near the
crossing between the |a) and |b,) hyperfine-Zeeman levels. Inset, histogram of
direct coupling matrix elements between the incident channel and lower-lying

open channels, inwhichboth NaLimolecules arein the ground N =0 rotational
states.



Extended DataFig. 6 |Degeneracy-induced resonance model. a, Schematic
oftheresonance model with two open channels and a p-wave bound state
trapped behind a centrifugal barrier. b, Inelasticrate g, () (inarbitrary units)
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plottedasafunction on/y1 for the different values of detuning from resonance
normalized by y,, 6E/y,. Note that for A < 0, the channel |2) becomes closed and

thus g, (&) =0.
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