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Materials and M ethods

A set of non-Helmholtz coils are used to add or subtract auidit axial confinement in the
hybrid magnetic plus optical dipole trap used in the expenmThe radial trapping frequency
wy is determined from atom loss by parametric excitation, déedaixial trapping frequenay,

is determined from collective dipole oscillations.

Deter mination of Scattering L ength

Thes-wave scattering lengthis controlled via a magnetic Feshbach resonaBtk {Ve extract

a (for a > 0) as a function of magnetic fiellfrom the axial size of a Bose-Einstein condensate
(2). The measured functional form afvs. B is well described by a Feshbach resonance
fit a(B) = ags[l + A/(B — Bx)], where the valuesgs = -245%39a,, A = 1923(3) G, and

B.. = 736.8(2) G were previously reported®f). The standard deviation of the residuals from
the Feshbach resonance fit is 15%dot 10° ag and 30% fora > 10° a, (Fig. S2).

To repeatably achieve very large valuesadf is necessary to have both high field stability
and accurate knowledge of the locatiorByf. We determine the shot-to-shot stability and cali-
bration of the magnetic field from radio frequency spectopyon thdl, 1) — |2, 2) transition.

We have improved the control of the current in the coils thrat/jgle the magnetic bias field in
our experiment such that a Lorentzian characterizing tlo¢-t&hshot field stability has a full
width at half maximum of 115 kHz, corresponding to 42 mG atasliield of 717 G (Fig. S3C).
With this improved field stability we have increased the fmien in the determination of the
resonance location tB,, = 73697(7) G. The uncertainty iB., is dominated by systematic
uncertainty in the extracted valuesafrom the measured axial sizeS2j. The fractional un-
certainty in the determination afis given bysa/a = 6B/(B - B.,) * 1.5x 10°° a/a,, wheresB

is dominated by the uncertainty By..

Since we have only measurador a > 0, we have no direct knowledge af< 0. However,

a coupled-channels calculatioB3] agrees with the Feshbach resonance fit to within 10% over
the range of 10< a/a, < 4 x 10* (Fig. S3) which gives us confidence that the Feshbach
resonance fit is equally reliable on thec 0 side of the resonance.



Determination of the L oss Coefficients

Extraction ofLz andL,4 from the measured atom number loss culNé3 requires the evaluation
of the spatially-averaged moments of the density distidoun?) and(n®). By comparing the
measured distributions with a Thomas-Fermi inverted paleain the case of a pure Bose-
Einstein condensate, we find to a good approximation thadlidtebutions remain in thermal
equilibrium throughout the decay process. For a condendeexial Thomas-Fermi radius is
R = (157%w?Na/mPwi)®, the peak density igy = (15Nw?)/(87Rw?), and(n?) = y#°>N*>,
wherey = (25nfPw?w?)/(6272V427°1%a%). The observed decay fits well to a purely three-body
loss process for a condensate, so we nedlgat this case. Since we are not explicitly fitting
for L4, four-body dfects if present may lead to an increase in the extracted &bty ().
The decay is then described by

1 dN 3
AL (S1)
which has the solution N
N(t) = 0 . (S2)
49(3)|—3 2/5014/5 o
(1+§ TR t)

Athermal gas is well described by a cylindrically-symme@aussian wherg?) = n2/ V27,
(n®) = n%/8, and the peak density i§, = N(w./w;)[Mw?/27ksT]*?. Heating due to recom-
bination is expected to become important wlkeg U (5). However, there is no appreciable
change observed in the Gaussian width during the decay boegh the loss mechanism pref-
erentially targets atoms at higher densities. This may leeaa lack of rethermalization during
the decay $). We find that both_; andL, contribute to the loss for the thermal gas. Since we
have not found a closed-form solution to Eq. 1, we insteadhusdollowing implicit solution
to extractLz andL,:

(S3)
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where we have assumgt) = 3! andg® = 4! for a non-condensed gas.

In Fig. 1 the vertical error bars correspond to the rangesifor which they? of the fit to
Eg. S3 increases by one, while simultaneously adjustinandN, to minimizey?. Systematic
uncertainties inw;, w,, N, andT, which are not included in these error bars, contribute ashmu
as a factor of 2 in the uncertainty bf. The representative horizontal error bars are due to shot-
to-shot variation in the magnetic field and the determimatiba from the Feshbach resonance
fit. Background loss limits the sensitivity of the measuratrte Lz > 2(1) x 1028cm®/s. The
error bars in Fig. 2 are similarly determined.



Comparing with Theory

The universal theoryg7) describing Efimov physics predicts that the three-body tate cofi-

cient is described bizz(a) = 3C(a)ra*/mwhereC(a) is a logarithmically periodic modulation.

The following expression describes this modulation:
4590 sinh(27)

sir? (spIn(a/a)) + sinkf -

(a<0)

C(a) = (S4)

67.12e721" [sin2 (s0In(a/a*)) + sint? '7+] +1684(1-e*")  (a>0),

where the first and second terms #or- 0 account for coupling to weakly- and deeply-bound
dimer states, respectivel${,8). The valuea~ denotes the resonance location when the energy
of the Efimov trimer is degenerate with the free atom continpand the valua® is the location
of a recombination minimun®). This expression is log-periodic wit(e"/%a) = C(a), where
the universal parametgg = 1.00624 is known from theorysy, S10).

The four-body loss cdicientL, is predicted to have a similar form to thatlof:

hla)’ sinh(27)

Ty _
h@.a) =4Cs m sir? (s In(a/a’)) + sintf -

(a<0), (S5)

whereC, is a theoretically undetermined universal const&ifl). Eq. S5 is phenomenologi-
cally derived from the theory of Ref. S1812). We find thatC, = 16(8)x 10* in the region
1000< —a/ag < 2500, assuming that = 0.13, as for the three-body resonance. In Fig. 2 we
plot %{L4(a, 0.90a)) + L4(a, 0.43a;)} where we have replace with the predicted locations
of the two tetramer states linked to the first trimer st&k $11).
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Fig. S1. Loss dynamics at two values af< O for a thermal gas. The dots are data. The dotted
red line is a fit of the data to the solution of Eq. 1 with onlyetiwbody loss accounted for, the
dashed blue line is the fit when only four-body loss is inctljdend the solid green line is a
fit accounting for both #ects (Eq. S3).A) a = —1800ay, where three-body losses dominate;
(B) a = —3300ay, neara{1 where four-body losses dominate.
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Fig. S2. (A) a extracted from the axial size of Bose-Einstein condensasea function of
magnetic field. Results of a coupled-channels calculatiershown by the solid red line. The
dashed black line is the Feshbach resonance $ij. Data previously reported with trapping
frequenciesw, = (2r) 193Hz andw, = (2r)3Hz (X2). Data withw, = (27)236 Hz and
w, = (21) 4.6 Hz (¢) or w, = (27) 16 Hz (m). Beyond mean fieldféects become important when
noa® > 0.1 (S13). We apply a mean field correction for data with & nya® < 1, and omit data
with nga® > 1 in the Feshbach resonance f2). (B) Full range of data spanning 7 decades
in a. (C) Fractional residuals of the extracted valuea &fom the Feshbach resonance fit.
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Fig. S3. (A) avs. magnetic field from a coupled-channels calculati@).Rractional diference
between the coupled-channels calculation and the Feshibachance fit used to determiae
(solid red linea > 0, dashed blue lina < 0). (C) Radio frequency spectroscopy signal at 717 G
showing a full width at half maximum of 115 kHz.
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Fig. $4. The dfective rangeR. (solid red) and scattering lengéh(dashed blue) vs. magnetic
field, extracted from a coupled-channels calculation thhoa low energy expansidacots =
—1/a+ R.k?/2, whereys is the scattering phase shigl)). The dotted vertical line is the location
of Be,.
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