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A new universal picture

van der Waals Universality

Theory: 

Wang, D’Incao, Esry, Greene, PRL 108, 263001 (2012)

Naidon, Endo, Ueda, PRA 90, 022106 (2014)

Schmidt, Rath, Zwerger, EPJB 85, 386 (2012)

Refers to the Efimov physics obtained using (single 
channel) vdW interactions, -C6/r^6, leading to a 
three-body parameter depending only on rvdW.
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Ultracold Gases Experiments
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LENS, Aarhus, JILA, Chicago,…

Refers to the Efimov physics obtained using (single 
channel) vdW interactions, -C6/r^6, leading to a 
three-body parameter depending only on rvdW.
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FIG. 3. Temperature dependence of the three-body loss coef-
ficient L3, scaling as a4 scaling (dashed) [40–42], is enhanced
near an Efimov ground state located at a�. For each tem-
perature, we fit our data using a zero-temperature zero-range
model (Eq. 1), limiting fits to a < �/10, to extract L3/a

4 peak
location and a finite-temperature zero-range model (Eq. 2,
solid) to extract the true a� value. The inset shows the
extracted peak locations (circles) and a� values (squares),
where both coincide at the lowest temperature. The observed
a� value significantly deviates from the a� = �627 a0 value
(inset dashed line) predicted by Van der Waals universality
[5].

is only valid for na3 ⌧ 1 and doesn’t incorporate devi-
ations from the Efimov scaling of 22.7, expected with a
non-universal a� location, we vary the fit range from all
a to only a < �/10 and take the maximal spread of all
fit errors as the uncertainty on a� and ⌘. Interestingly,
the observed a� = �915(10) a0 value is a 19� deviation
from the a� = �627±15% a0 value predicted by multiple
theories investigating van der Waals universality [3–6].

Three-body theory paragraph. Brief mention: initially
(shallow singlet and triplet potentials) theory predicts a�
value consistent with universal theory, then how d–wave
state shifts a� towards the observed value. Also mention:
the first time theory can predict ⌘. Further details will
be in supplemental.

In addition to finite-temperature e↵ects, we check the
e↵ect of high density on L3 measurements. We prepare
samples with varied densities yet similar temperatures
⇠ 200 nK. While measurements with the two lowest den-
sities, where initial na3 = 1.4⇥10�5 and 2.5⇥10�5 at a�,
are consistent, we observe a suppression and shift of the
Efimov resonance for our highest-density gas (see Fig. 4),
where na3 = 1.0⇥ 10�4 at a�. These trends are similar
to those seen in a recent study [22], whose unexpected
results are di�cult to interpret. We limit such nontrivial
e↵ects in our measurements for extraction of a� by the
use of non-degenerate dilute samples, with na3 spanning

FIG. 4. Suppression of the Efimov resonance in a high-density
gas. Measurements of high- and intermediate-density sam-
ples are performed with the same experimental conditions,
contrasting only in the initial atom number. As a result,
di↵erential comparison of L3 values between those two mea-
surements is of greatest interest. Small L3 deviations at low
a between the lowest-density data, same as in Fig. 3 and with
a corresponding fit (solid), and the other data are attributed
to di↵ering trap conditions that result in evaporation. How-
ever, a strong suppression of L3 amplitude near a = a� in the
highest-density data is unexpected.

5 ⇥ 10�6 to 3 ⇥ 10�5 and n�3 from 0.1 to 0.6 at a�. A
good agreement between the observed and predicted L3

values for all temperatures in our a� data, as evidenced
by the amplitude prefactor in the fit to Eq. 2 being on
O(1) for all data [30], indicates high na3 and n�3 e↵ects
are negligible.

To conclude, we precisely measure dimer binding en-
ergies, the Feshbach resonance location and the Efimov
ground location. Our results, in particular the unex-
pected observation of a nonuniversal Efimov state loca-
tion, suggest new theoretical advancements are needed to
fully understand universal few-body physics in ultracold
atomic systems.
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Refers to the Efimov physics obtained using (single 
channel) vdW interactions, -C6/r^6, leading to a 
three-body parameter depending only on rvdW.
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<latexit sha1_base64="w03V7hAKQ/2R/cpSAnKmFdcq+wA=">AAACInicbVBPS8MwHE39O+e/qkcvwSF40NGOiR4HXjxO3D9YR0nTdAtLm5Kkyij9FH4Fv4RXvXkTT4L4WUy7edjmg8DjvZf88ntezKhUlvVlrKyurW9slrbK2zu7e/vmwWFH8kRg0saccdHzkCSMRqStqGKkFwuCQo+Rrje+yf3uAxGS8qilJjEZhGgY0YBipLTkmhdO6jAd95F7f/7HWk7mCDocKSQEf3TS3CtU16xYVasAXCb2jFQaYIqma/44PsdJSCKFGZKyb1uxGqRIKIoZycpOIkmM8BgNSVosk8FTLfkw4EKfSMFCncuhUMpJ6OlkiNRILnq5+J/XT1RwPUhpFCeKRHg6KEgYVBzmzUCfCoIVm2iCsKD6hxCPkEBY6f7mpuRvCxnIrKwLsRfXXyadWtWuVy/v6pVGbVZNCRyDE3AGbHAFGuAWNEEbYPAEXsAreDOejXfjw/icRleM2Z0jMAfj+xc/JKUW</latexit>
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<latexit sha1_base64="zurTeF0SbH05FIH2dvgPairXvNU=">AAAB+3icbVC7TgJBFL2LL8QHqKXNRGJiI+4SREsSGktM5JEAktlhFibMPjJz14SQ/Qlb7eyMrR9j47c4CzSAN5nk5Jwz93HcSAqNtv1jZba2d3b3svu5g8Oj43zh5LSlw1gx3mShDFXHpZpLEfAmCpS8EylOfVfytjupp3r7hSstwuAJpxHv+3QUCE8wiobqXNcH1Rv1XB0UinbJnhfZBM4SFGuwqMag8Nsbhiz2eYBMUq27jh1hf0YVCiZ5kuvFmkeUTeiIz+ZbJuTSUEPihcq8AMmcXfFRX+up7xqnT3Gs17WU/E/rxujd92ciiGLkAVsM8mJJMCTpyWQoFGcopwZQpoTZkLAxVZShCWZlStpbaU8nOROIs37+JmiVS06ldPtYKdbKy2iycA4XcAUO3EENHqABTWAg4RXe4N1KrA/r0/paWDPW8s8ZrJT1/Qc7rpRK</latexit>

van der Waals 

Electronic Exchange

Vex(r) ⇡ Aexr
� exp[�r/�]

<latexit sha1_base64="wtwBJwlpexGKdI0vIxNBtVjsczE=">AAACK3icbVDLTgIxFO3gC/GFunTTSExwIc4QfCwxblxiIo+EQdIpd6ChM9O0HQMh/Im/4E+41Z0rjXHnf9gBYgJ6kyYn55zex/EEZ0rb9ruVWlpeWV1Lr2c2Nre2d7K7ezUVxZJClUY8kg2PKOAshKpmmkNDSCCBx6Hu9a8Tvf4AUrEovNNDAa2AdEPmM0q0odrZ81p75MoAw2Ccl8cuEUJGA3z1S8p7l5tuHeLCQDRP5KnrgSatdjZnF+xJ4b/AmYFcGU2r0s5+uZ2IxgGEmnKiVNOxhW6NiNSMchhn3FiBILRPujCaXDXGR4bqYD+S5oUaT9g5HwmUGgaecQZE99SilpD/ac1Y+5etEQtFrCGk00F+zLGOcBIR7jAJVPOhAYRKZjbEtEckodoEOTcl6S2Vr8YZE4izeP5fUCsWnFLh7LaUKxdn0aTRATpEeeSgC1RGN6iCqoiiR/SMXtCr9WS9WR/W59SasmZ/9tFcWd8/pfKoTw==</latexit>

rex ⇡ 20a0

(|VS(r)� VT (r)| = EvdW)

<latexit sha1_base64="ZOT1BfT3/hdVCaoSnQaJ5bO+cyw="></latexit>



Few-Body Physics for 39K Atoms

Atom-Atom Interaction

“Reduced” Atom-Atom Interaction

39K

<latexit sha1_base64="278SNDpleTRSFpJmuHiA6y/maFM=">AAACBHicbVDLTgIxFL2DL8QHqEs3jWDiiswgRt2RuDFxg4k8EkDSKR1o6EwnbcdIJrP1J9zqzp1x63+48VvsABvAmzQ5Oef0Po4bcqa0bf9YmbX1jc2t7HZuZ3dvP184OGwqEUlCG0RwIdsuVpSzgDY005y2Q0mx73Lacsc3qd56olIxETzoSUh7Ph4GzGMEa0P1C/mu74rnuPQYn18npbukXyjaZXtaaBU4c1Cswazq/cJvdyBI5NNAE46V6jh2qHsxlpoRTpNcN1I0xGSMhzSerpugU0MNkCekeYFGU3bBh32lJr5rnD7WI7WspeR/WifS3lUvZkEYaRqQ2SAv4kgLlN6OBkxSovnEAEwkMxsiMsISE20SWpiS9pbKU0nOBOIsn78KmpWyUy1f3FeLtco8miwcwwmcgQOXUINbqEMDCETwCm/wbr1YH9an9TWzZqz5nyNYKOv7D8JAl+Y=</latexit>

39K

<latexit sha1_base64="278SNDpleTRSFpJmuHiA6y/maFM=">AAACBHicbVDLTgIxFL2DL8QHqEs3jWDiiswgRt2RuDFxg4k8EkDSKR1o6EwnbcdIJrP1J9zqzp1x63+48VvsABvAmzQ5Oef0Po4bcqa0bf9YmbX1jc2t7HZuZ3dvP184OGwqEUlCG0RwIdsuVpSzgDY005y2Q0mx73Lacsc3qd56olIxETzoSUh7Ph4GzGMEa0P1C/mu74rnuPQYn18npbukXyjaZXtaaBU4c1Cswazq/cJvdyBI5NNAE46V6jh2qHsxlpoRTpNcN1I0xGSMhzSerpugU0MNkCekeYFGU3bBh32lJr5rnD7WI7WspeR/WifS3lUvZkEYaRqQ2SAv4kgLlN6OBkxSovnEAEwkMxsiMsISE20SWpiS9pbKU0nOBOIsn78KmpWyUy1f3FeLtco8miwcwwmcgQOXUINbqEMDCETwCm/wbr1YH9an9TWzZqz5nyNYKOv7D8JAl+Y=</latexit>

[Singlet: VS=0(r)⌘VS(r), Triplet: VS=1(r)⌘VT (r)]

<latexit sha1_base64="zICOhEjtPnearlmPZ4K6HI0wFP8="></latexit>

V̂ (r) =
X

SMS

|SMSiVS(r)hSMS |

<latexit sha1_base64="yDByFAv8PQUCj3Zw1N0Uzw51L1I="></latexit>

Reduced Model (2nd generation)

V ⇤
S/T : ab initio

<latexit sha1_base64="yFTfJXCDowCfIkeroeiiYz8f6f8=">AAACEnicbVDNSgMxGMz6W+vfqkcRgq0gHupuqSieCl48VuwftLVk02wbmk2WJCuWZU++gi/hVW/exKsv4MVnMdv20taBwDAzyZdvvJBRpR3nx1paXlldW89sZDe3tnd27b39uhKRxKSGBROy6SFFGOWkpqlmpBlKggKPkYY3vEn9xiORigpe1aOQdALU59SnGGkjde2jduCJpzhf78b359Xk4Sx/DZEHKafGT7p2zik4Y8BF4k5JrgwmqHTt33ZP4CggXGOGlGq5Tqg7MZKaYkaSbDtSJER4iPokHn8+gSdG6kFfSHO4hmN1JocCpUaBZ5IB0gM176Xif14r0v5VJ6Y8jDTheDLIjxjUAqZNwB6VBGs2MgRhafbFEA+QRFibvmampG9L5askawpx59dfJPViwS0VLu5KuXJxWk0GHIJjcApccAnK4BZUQA1g8AxewRt4t16sD+vT+ppEl6zpnQMwA+v7D6kwnTk=</latexit>

{�S ,�T } ! {aS , aT }

<latexit sha1_base64="w03V7hAKQ/2R/cpSAnKmFdcq+wA=">AAACInicbVBPS8MwHE39O+e/qkcvwSF40NGOiR4HXjxO3D9YR0nTdAtLm5Kkyij9FH4Fv4RXvXkTT4L4WUy7edjmg8DjvZf88ntezKhUlvVlrKyurW9slrbK2zu7e/vmwWFH8kRg0saccdHzkCSMRqStqGKkFwuCQo+Rrje+yf3uAxGS8qilJjEZhGgY0YBipLTkmhdO6jAd95F7f/7HWk7mCDocKSQEf3TS3CtU16xYVasAXCb2jFQaYIqma/44PsdJSCKFGZKyb1uxGqRIKIoZycpOIkmM8BgNSVosk8FTLfkw4EKfSMFCncuhUMpJ6OlkiNRILnq5+J/XT1RwPUhpFCeKRHg6KEgYVBzmzUCfCoIVm2iCsKD6hxCPkEBY6f7mpuRvCxnIrKwLsRfXXyadWtWuVy/v6pVGbVZNCRyDE3AGbHAFGuAWNEEbYPAEXsAreDOejXfjw/icRleM2Z0jMAfj+xc/JKUW</latexit>

VS/T (r) = V ⇤
S/T (r) +

�6
S/T

r12

<latexit sha1_base64="XilPRt6jL38JHs9XE1R+eAfwlMA=">AAACK3icbVDLSgMxFM34rPU16tJNsAhVoc6UWt0IBTcuK/YFnXbIpJk2NPMgyQhlmD/xF/wJt7pzpYg7/8NMO5u2HgicnHNzb+5xQkaFNIxPbWV1bX1jM7eV397Z3dvXDw5bIog4Jk0csIB3HCQIoz5pSioZ6YScIM9hpO2M71K//US4oIHfkJOQ9Dw09KlLMZJKsvVqy44fLxtJkZ/dZrR/ri4XlssRji2mWg1QZlSTmPdjs5wktl4wSsYUcJmYGSnUwAx1W/+xBgGOPOJLzJAQXdMIZS9GXFLMSJK3IkFChMdoSOLpVgk8VdIAugFXx5dwqs7VIU+IieeoSg/JkVj0UvE/rxtJ96YXUz+MJPHxbJAbMSgDmEYEB5QTLNlEEYQ5VT+EeIRUHFIFOTcl7c2FK5K8CsRcXH+ZtMols1K6eqgUauUsmhw4BiegCExwDWrgHtRBE2DwDF7BG3jXXrQP7Uv7npWuaNmbIzAH7fcPkP6nGg==</latexit>
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<latexit sha1_base64="zurTeF0SbH05FIH2dvgPairXvNU=">AAAB+3icbVC7TgJBFL2LL8QHqKXNRGJiI+4SREsSGktM5JEAktlhFibMPjJz14SQ/Qlb7eyMrR9j47c4CzSAN5nk5Jwz93HcSAqNtv1jZba2d3b3svu5g8Oj43zh5LSlw1gx3mShDFXHpZpLEfAmCpS8EylOfVfytjupp3r7hSstwuAJpxHv+3QUCE8wiobqXNcH1Rv1XB0UinbJnhfZBM4SFGuwqMag8Nsbhiz2eYBMUq27jh1hf0YVCiZ5kuvFmkeUTeiIz+ZbJuTSUEPihcq8AMmcXfFRX+up7xqnT3Gs17WU/E/rxujd92ciiGLkAVsM8mJJMCTpyWQoFGcopwZQpoTZkLAxVZShCWZlStpbaU8nOROIs37+JmiVS06ldPtYKdbKy2iycA4XcAUO3EENHqABTWAg4RXe4N1KrA/r0/paWDPW8s8ZrJT1/Qc7rpRK</latexit>

van der Waals 

Electronic Exchange

Vex(r) ⇡ Aexr
� exp[�r/�]

<latexit sha1_base64="wtwBJwlpexGKdI0vIxNBtVjsczE=">AAACK3icbVDLTgIxFO3gC/GFunTTSExwIc4QfCwxblxiIo+EQdIpd6ChM9O0HQMh/Im/4E+41Z0rjXHnf9gBYgJ6kyYn55zex/EEZ0rb9ruVWlpeWV1Lr2c2Nre2d7K7ezUVxZJClUY8kg2PKOAshKpmmkNDSCCBx6Hu9a8Tvf4AUrEovNNDAa2AdEPmM0q0odrZ81p75MoAw2Ccl8cuEUJGA3z1S8p7l5tuHeLCQDRP5KnrgSatdjZnF+xJ4b/AmYFcGU2r0s5+uZ2IxgGEmnKiVNOxhW6NiNSMchhn3FiBILRPujCaXDXGR4bqYD+S5oUaT9g5HwmUGgaecQZE99SilpD/ac1Y+5etEQtFrCGk00F+zLGOcBIR7jAJVPOhAYRKZjbEtEckodoEOTcl6S2Vr8YZE4izeP5fUCsWnFLh7LaUKxdn0aTRATpEeeSgC1RGN6iCqoiiR/SMXtCr9WS9WR/W59SasmZ/9tFcWd8/pfKoTw==</latexit>

rex ⇡ 20a0

(|VS(r)� VT (r)| = EvdW)

<latexit sha1_base64="ZOT1BfT3/hdVCaoSnQaJ5bO+cyw="></latexit>

Reduced Model (1st generation)

VS/T (r) = �C6

r6

 
1�

�6
S/T

r6

!

<latexit sha1_base64="XgXAL1Xe0nLWuinQWKNwye3DDfc="></latexit>

{�S ,�T } ! {aS , aT }

<latexit sha1_base64="w03V7hAKQ/2R/cpSAnKmFdcq+wA=">AAACInicbVBPS8MwHE39O+e/qkcvwSF40NGOiR4HXjxO3D9YR0nTdAtLm5Kkyij9FH4Fv4RXvXkTT4L4WUy7edjmg8DjvZf88ntezKhUlvVlrKyurW9slrbK2zu7e/vmwWFH8kRg0saccdHzkCSMRqStqGKkFwuCQo+Rrje+yf3uAxGS8qilJjEZhGgY0YBipLTkmhdO6jAd95F7f/7HWk7mCDocKSQEf3TS3CtU16xYVasAXCb2jFQaYIqma/44PsdJSCKFGZKyb1uxGqRIKIoZycpOIkmM8BgNSVosk8FTLfkw4EKfSMFCncuhUMpJ6OlkiNRILnq5+J/XT1RwPUhpFCeKRHg6KEgYVBzmzUCfCoIVm2iCsKD6hxCPkEBY6f7mpuRvCxnIrKwLsRfXXyadWtWuVy/v6pVGbVZNCRyDE3AGbHAFGuAWNEEbYPAEXsAreDOejXfjw/icRleM2Z0jMAfj+xc/JKUW</latexit>

…has some limitations (spin physics)



Few-Body Physics for 39K Atoms

Atom-Atom Interaction

39K

<latexit sha1_base64="278SNDpleTRSFpJmuHiA6y/maFM=">AAACBHicbVDLTgIxFL2DL8QHqEs3jWDiiswgRt2RuDFxg4k8EkDSKR1o6EwnbcdIJrP1J9zqzp1x63+48VvsABvAmzQ5Oef0Po4bcqa0bf9YmbX1jc2t7HZuZ3dvP184OGwqEUlCG0RwIdsuVpSzgDY005y2Q0mx73Lacsc3qd56olIxETzoSUh7Ph4GzGMEa0P1C/mu74rnuPQYn18npbukXyjaZXtaaBU4c1Cswazq/cJvdyBI5NNAE46V6jh2qHsxlpoRTpNcN1I0xGSMhzSerpugU0MNkCekeYFGU3bBh32lJr5rnD7WI7WspeR/WifS3lUvZkEYaRqQ2SAv4kgLlN6OBkxSovnEAEwkMxsiMsISE20SWpiS9pbKU0nOBOIsn78KmpWyUy1f3FeLtco8miwcwwmcgQOXUINbqEMDCETwCm/wbr1YH9an9TWzZqz5nyNYKOv7D8JAl+Y=</latexit>

39K

<latexit sha1_base64="278SNDpleTRSFpJmuHiA6y/maFM=">AAACBHicbVDLTgIxFL2DL8QHqEs3jWDiiswgRt2RuDFxg4k8EkDSKR1o6EwnbcdIJrP1J9zqzp1x63+48VvsABvAmzQ5Oef0Po4bcqa0bf9YmbX1jc2t7HZuZ3dvP184OGwqEUlCG0RwIdsuVpSzgDY005y2Q0mx73Lacsc3qd56olIxETzoSUh7Ph4GzGMEa0P1C/mu74rnuPQYn18npbukXyjaZXtaaBU4c1Cswazq/cJvdyBI5NNAE46V6jh2qHsxlpoRTpNcN1I0xGSMhzSerpugU0MNkCekeYFGU3bBh32lJr5rnD7WI7WspeR/WifS3lUvZkEYaRqQ2SAv4kgLlN6OBkxSovnEAEwkMxsiMsISE20SWpiS9pbKU0nOBOIsn78KmpWyUy1f3FeLtco8miwcwwmcgQOXUINbqEMDCETwCm/wbr1YH9an9TWzZqz5nyNYKOv7D8JAl+Y=</latexit>

[Singlet: VS=0(r)⌘VS(r), Triplet: VS=1(r)⌘VT (r)]

<latexit sha1_base64="zICOhEjtPnearlmPZ4K6HI0wFP8="></latexit>

V̂ (r) =
X

SMS

|SMSiVS(r)hSMS |

<latexit sha1_base64="yDByFAv8PQUCj3Zw1N0Uzw51L1I="></latexit>

-6

-4

-2

 0

 2

 0  0.1  0.2  0.3  0.4  0.5

VS(r) : Singlet

VT (r) : Triplet

V
(r
)
(1
06
E

v
d
W
)

r/rvdW

Falke, et al., PRA 78, 012503 (2008)
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<latexit sha1_base64="zurTeF0SbH05FIH2dvgPairXvNU=">AAAB+3icbVC7TgJBFL2LL8QHqKXNRGJiI+4SREsSGktM5JEAktlhFibMPjJz14SQ/Qlb7eyMrR9j47c4CzSAN5nk5Jwz93HcSAqNtv1jZba2d3b3svu5g8Oj43zh5LSlw1gx3mShDFXHpZpLEfAmCpS8EylOfVfytjupp3r7hSstwuAJpxHv+3QUCE8wiobqXNcH1Rv1XB0UinbJnhfZBM4SFGuwqMag8Nsbhiz2eYBMUq27jh1hf0YVCiZ5kuvFmkeUTeiIz+ZbJuTSUEPihcq8AMmcXfFRX+up7xqnT3Gs17WU/E/rxujd92ciiGLkAVsM8mJJMCTpyWQoFGcopwZQpoTZkLAxVZShCWZlStpbaU8nOROIs37+JmiVS06ldPtYKdbKy2iycA4XcAUO3EENHqABTWAg4RXe4N1KrA/r0/paWDPW8s8ZrJT1/Qc7rpRK</latexit>

van der Waals 

Electronic Exchange

Vex(r) ⇡ Aexr
� exp[�r/�]

<latexit sha1_base64="wtwBJwlpexGKdI0vIxNBtVjsczE=">AAACK3icbVDLTgIxFO3gC/GFunTTSExwIc4QfCwxblxiIo+EQdIpd6ChM9O0HQMh/Im/4E+41Z0rjXHnf9gBYgJ6kyYn55zex/EEZ0rb9ruVWlpeWV1Lr2c2Nre2d7K7ezUVxZJClUY8kg2PKOAshKpmmkNDSCCBx6Hu9a8Tvf4AUrEovNNDAa2AdEPmM0q0odrZ81p75MoAw2Ccl8cuEUJGA3z1S8p7l5tuHeLCQDRP5KnrgSatdjZnF+xJ4b/AmYFcGU2r0s5+uZ2IxgGEmnKiVNOxhW6NiNSMchhn3FiBILRPujCaXDXGR4bqYD+S5oUaT9g5HwmUGgaecQZE99SilpD/ac1Y+5etEQtFrCGk00F+zLGOcBIR7jAJVPOhAYRKZjbEtEckodoEOTcl6S2Vr8YZE4izeP5fUCsWnFLh7LaUKxdn0aTRATpEeeSgC1RGN6iCqoiiR/SMXtCr9WS9WR/W59SasmZ/9tFcWd8/pfKoTw==</latexit>

rex ⇡ 20a0

(|VS(r)� VT (r)| = EvdW)

<latexit sha1_base64="ZOT1BfT3/hdVCaoSnQaJ5bO+cyw="></latexit>
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<latexit sha1_base64="SANAvUnH0c6cVtDPrJil1BZWeHA=">AAACDXicbVDLSsNAFL3xWesr6kZwM1iEuglJH9iNUHShywr2AW0Jk+mkHTp5MDMRSoi/4E+41Z07ces3uPFbTNpu2npg4HDOmbl3jhNyJpVp/mhr6xubW9u5nfzu3v7BoX503JJBJAhtkoAHouNgSTnzaVMxxWknFBR7DqdtZ3yb+e0nKiQL/Ec1CWnfw0OfuYxglUq2fnpjx2ZyXS4b1VrJLFqVy7gnPHSX2HrBNMwp0Cqx5qRQhxkatv7bGwQk8qivCMdSdi0zVP0YC8UIp0m+F0kaYjLGQxpP907QRSoNkBuI9PgKTdWFHPaknHhOmvSwGsllLxP/87qRcmv9mPlhpKhPZoPciCMVoKwENGCCEsUnKcFEsHRDREZYYKLSqhamZG8L6coknxZiLX9/lbRKhlUxqg+VQr00ryYHZ3AORbDgCupwDw1oAoFneIU3eNdetA/tU/uaRde0+Z0TWID2/QdRrJma</latexit>

(sres ⇡ 2.57)

<latexit sha1_base64="RhC2cLhGyVbg6kyE/Bh2zvwNLW0=">AAACDXicbVDNSgMxGMz6W+vfqhfBS7AI9VJ2S0s9Frx4rGB/oFuWbJptQ7ObkGTFsqyv4Et41Zs38eozePFZzLa9tHUgMMxM8n2ZQDCqtOP8WBubW9s7u4W94v7B4dGxfXLaUTyRmLQxZ1z2AqQIozFpa6oZ6QlJUBQw0g0mt7nffSRSUR4/6KkggwiNYhpSjLSRfPu8rPzUkxGURGUeEkLyp2ql3rj27ZJTcWaA68RdkFITzNHy7V9vyHESkVhjhpTqu47QgxRJTTEjWdFLFBEIT9CIpLO9M3hlpCEMuTQn1nCmLuVQpNQ0CkwyQnqsVr1c/M/rJzq8GaQ0FokmMZ4PChMGNYd5CXBIJcGaTQ1BWFKzIcRjJBHWpqqlKfnbUoUqK5pC3NXvr5NOteLWKvX7WqlZXVRTABfgEpSBCxqgCe5AC7QBBs/gFbyBd+vF+rA+ra95dMNa3DkDS7C+/wA4wJtj</latexit>

(MF = �2)

<latexit sha1_base64="K0+NgKMJi6sxKdy9RMozgP1gM7I=">AAAB+3icbVBLS0JBGP2uvcweWi3bDElgi+ReMWoTCEG0CQzyASoyd5yrg3MfzHw3ELl/om3t2kXbfkybfktz1Y3aBwOHc858j+NGUmi07R8rs7G5tb2T3c3t7R8c5gtHx00dxorxBgtlqNou1VyKgDdQoOTtSHHqu5K33PFdqrdeuNIiDJ5xEvGeT4eB8ASjaKh26bF/f3tZuegXinbZnhVZB84CFGswr3q/8NsdhCz2eYBMUq07jh1hb0oVCiZ5kuvGmkeUjemQT2dbJuTcUAPihcq8AMmMXfJRX+uJ7xqnT3GkV7WU/E/rxOjd9KYiiGLkAZsP8mJJMCTpyWQgFGcoJwZQpoTZkLARVZShCWZpStpbaU8nOROIs3r+OmhWyk61fPVULdYqi2iycApnUAIHrqEGD1CHBjCQ8Apv8G4l1of1aX3NrRlr8ecElsr6/gOtPJPv</latexit>
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FIG. 3. Temperature dependence of the three-body loss coef-
ficient L3, scaling as a4 scaling (dashed) [40–42], is enhanced
near an Efimov ground state located at a�. For each tem-
perature, we fit our data using a zero-temperature zero-range
model (Eq. 1), limiting fits to a < �/10, to extract L3/a

4 peak
location and a finite-temperature zero-range model (Eq. 2,
solid) to extract the true a� value. The inset shows the
extracted peak locations (circles) and a� values (squares),
where both coincide at the lowest temperature. The observed
a� value significantly deviates from the a� = �627 a0 value
(inset dashed line) predicted by Van der Waals universality
[5].

is only valid for na3 ⌧ 1 and doesn’t incorporate devi-
ations from the Efimov scaling of 22.7, expected with a
non-universal a� location, we vary the fit range from all
a to only a < �/10 and take the maximal spread of all
fit errors as the uncertainty on a� and ⌘. Interestingly,
the observed a� = �915(10) a0 value is a 19� deviation
from the a� = �627±15% a0 value predicted by multiple
theories investigating van der Waals universality [3–6].

Three-body theory paragraph. Brief mention: initially
(shallow singlet and triplet potentials) theory predicts a�
value consistent with universal theory, then how d–wave
state shifts a� towards the observed value. Also mention:
the first time theory can predict ⌘. Further details will
be in supplemental.

In addition to finite-temperature e↵ects, we check the
e↵ect of high density on L3 measurements. We prepare
samples with varied densities yet similar temperatures
⇠ 200 nK. While measurements with the two lowest den-
sities, where initial na3 = 1.4⇥10�5 and 2.5⇥10�5 at a�,
are consistent, we observe a suppression and shift of the
Efimov resonance for our highest-density gas (see Fig. 4),
where na3 = 1.0⇥ 10�4 at a�. These trends are similar
to those seen in a recent study [22], whose unexpected
results are di�cult to interpret. We limit such nontrivial
e↵ects in our measurements for extraction of a� by the
use of non-degenerate dilute samples, with na3 spanning

FIG. 4. Suppression of the Efimov resonance in a high-density
gas. Measurements of high- and intermediate-density sam-
ples are performed with the same experimental conditions,
contrasting only in the initial atom number. As a result,
di↵erential comparison of L3 values between those two mea-
surements is of greatest interest. Small L3 deviations at low
a between the lowest-density data, same as in Fig. 3 and with
a corresponding fit (solid), and the other data are attributed
to di↵ering trap conditions that result in evaporation. How-
ever, a strong suppression of L3 amplitude near a = a� in the
highest-density data is unexpected.

5 ⇥ 10�6 to 3 ⇥ 10�5 and n�3 from 0.1 to 0.6 at a�. A
good agreement between the observed and predicted L3

values for all temperatures in our a� data, as evidenced
by the amplitude prefactor in the fit to Eq. 2 being on
O(1) for all data [30], indicates high na3 and n�3 e↵ects
are negligible.

To conclude, we precisely measure dimer binding en-
ergies, the Feshbach resonance location and the Efimov
ground location. Our results, in particular the unex-
pected observation of a nonuniversal Efimov state loca-
tion, suggest new theoretical advancements are needed to
fully understand universal few-body physics in ultracold
atomic systems.

The authors thank Jeremy Hutson and John Bohn
for useful discussions. This work is supported by NSF,
NASA, Marsico Research Chair and NIST.
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Mod. Phys. 89, 035006 (2017).
[5] J. Wang, J. P. D’Incao, B. D. Esry, and C. H. Greene,

Three-body Recombination (a<0)

Inelasticity Parameter 
(short-range physics)

Hyperfine Structure is

important!



vdW
MC-vdW

Exp.

Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

Three-body Recombination (a>0)

Precision Test of the Limits to Universality in Few-Body Physics 
Chapurin, Xie, Van de Graaff, Popowski, D’Incao, Julienne, Ye, and Cornell, 

PRL 123, 233402 (2019)

Observation of Efimov Universality across a Nonuniversal Feshbach  
Resonance in 39K  
Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell, 

PRL 125, 243401 (2020)

Inelasticity Parameter 
(short-range physics)

Hyperfine Structure is

important!



vdW
MC-vdW

Exp.

Atom-molecule Relaxation  (a>0)

Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

Precision Test of the Limits to Universality in Few-Body Physics 
Chapurin, Xie, Van de Graaff, Popowski, D’Incao, Julienne, Ye, and Cornell, 

PRL 123, 233402 (2019)

Observation of Efimov Universality across a Nonuniversal Feshbach  
Resonance in 39K  
Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell, 

PRL 125, 243401 (2020)

Inelasticity Parameter 
(short-range physics)

Hyperfine Structure is

important!



Atom-molecule Relaxation  (a>0)

Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

Precision Test of the Limits to Universality in Few-Body Physics 
Chapurin, Xie, Van de Graaff, Popowski, D’Incao, Julienne, Ye, and Cornell, 

PRL 123, 233402 (2019)

Observation of Efimov Universality across a Nonuniversal Feshbach  
Resonance in 39K  
Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell, 

PRL 125, 243401 (2020)

vdW
MC-vdW

Exp.

10-3

10-2

10-1

100

101

 100  1000  10000

Ground State (n=0)

Excited State (n=1)

E
b
/h

(M
H
z)

τ < 1µs

τ = 10− 100µs

a(a0)

�/h

<latexit sha1_base64="+IMCONxuM0Vt4QP0KXbUhTIs8MA=">AAAB+3icbVC7TgJBFL2LL8QXamkzkZhY4S6BaElioSUm8kiAkNlhFibM7G5m7poQsj9hq52dsfVjbPwWZ4EG8CaTnJxz5j6OH0th0HV/nNzW9s7uXn6/cHB4dHxSPD1rmSjRjDdZJCPd8anhUoS8iQIl78SaU+VL3vYn95nefuHaiCh8xmnM+4qOQhEIRtFSnd4DVYrejAfFklt250U2gbcEpTosqjEo/vaGEUsUD5FJakzXc2Psz6hGwSRPC73E8JiyCR3x2XzLlFxZakiCSNsXIpmzKz6qjJkq3zoVxbFZ1zLyP62bYHDXn4kwTpCHbDEoSCTBiGQnk6HQnKGcWkCZFnZDwsZUU4Y2mJUpWW9tApMWbCDe+vmboFUpe9Vy7alaqleW0eThAi7hGjy4hTo8QgOawEDCK7zBu5M6H86n87Ww5pzln3NYKef7DzItlOY=</latexit>

Trimer Binding Energy (Ed-Et)



Atom-molecule Relaxation  (a>0)

Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

Precision Test of the Limits to Universality in Few-Body Physics 
Chapurin, Xie, Van de Graaff, Popowski, D’Incao, Julienne, Ye, and Cornell, 

PRL 123, 233402 (2019)

Observation of Efimov Universality across a Nonuniversal Feshbach  
Resonance in 39K  
Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell, 

PRL 125, 243401 (2020)

10-3

10-2

10-1

100

101

 100  1000  10000

Ground State (n=0)

Excited State (n=1)

E
b
/h

(M
H
z)

τ < 1µs

τ = 10− 100µs

a(a0)

�/h

<latexit sha1_base64="+IMCONxuM0Vt4QP0KXbUhTIs8MA=">AAAB+3icbVC7TgJBFL2LL8QXamkzkZhY4S6BaElioSUm8kiAkNlhFibM7G5m7poQsj9hq52dsfVjbPwWZ4EG8CaTnJxz5j6OH0th0HV/nNzW9s7uXn6/cHB4dHxSPD1rmSjRjDdZJCPd8anhUoS8iQIl78SaU+VL3vYn95nefuHaiCh8xmnM+4qOQhEIRtFSnd4DVYrejAfFklt250U2gbcEpTosqjEo/vaGEUsUD5FJakzXc2Psz6hGwSRPC73E8JiyCR3x2XzLlFxZakiCSNsXIpmzKz6qjJkq3zoVxbFZ1zLyP62bYHDXn4kwTpCHbDEoSCTBiGQnk6HQnKGcWkCZFnZDwsZUU4Y2mJUpWW9tApMWbCDe+vmboFUpe9Vy7alaqleW0eThAi7hGjy4hTo8QgOawEDCK7zBu5M6H86n87Ww5pzln3NYKef7DzItlOY=</latexit>

Trimer Binding Energy (Ed-Et)

vdW
MC-vdW

Exp.



Atom-molecule Relaxation  (a>0)

Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

Precision Test of the Limits to Universality in Few-Body Physics 
Chapurin, Xie, Van de Graaff, Popowski, D’Incao, Julienne, Ye, and Cornell, 

PRL 123, 233402 (2019)

Observation of Efimov Universality across a Nonuniversal Feshbach  
Resonance in 39K  
Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell, 

PRL 125, 243401 (2020)

10-3

10-2

10-1

100

101

 100  1000  10000

Ground State (n=0)

Excited State (n=1)

E
b
/h

(M
H
z)

τ < 1µs

τ = 10− 100µs

a(a0)

�/h

<latexit sha1_base64="+IMCONxuM0Vt4QP0KXbUhTIs8MA=">AAAB+3icbVC7TgJBFL2LL8QXamkzkZhY4S6BaElioSUm8kiAkNlhFibM7G5m7poQsj9hq52dsfVjbPwWZ4EG8CaTnJxz5j6OH0th0HV/nNzW9s7uXn6/cHB4dHxSPD1rmSjRjDdZJCPd8anhUoS8iQIl78SaU+VL3vYn95nefuHaiCh8xmnM+4qOQhEIRtFSnd4DVYrejAfFklt250U2gbcEpTosqjEo/vaGEUsUD5FJakzXc2Psz6hGwSRPC73E8JiyCR3x2XzLlFxZakiCSNsXIpmzKz6qjJkq3zoVxbFZ1zLyP62bYHDXn4kwTpCHbDEoSCTBiGQnk6HQnKGcWkCZFnZDwsZUU4Y2mJUpWW9tApMWbCDe+vmboFUpe9Vy7alaqleW0eThAi7hGjy4hTo8QgOawEDCK7zBu5M6H86n87Ww5pzln3NYKef7DzItlOY=</latexit>

Trimer Binding Energy (Ed-Et)

Future Experiments and Applications: 
Important to know not only the location of 
features but also lifetimes and decay rates

…the search for better conditions has 

began!
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Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas 
Wolf, Deiß, Krükow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag

Science 358 921 (2017)

As usual, the experiment prepares a 
ultracold sample of ultracold Rubidium 

atoms in a specific hyperfine state

(Hyperspherical potentials for 87Rb3 atoms)
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Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas 
Wolf, Deiß, Krükow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag

Science 358 921 (2017)

Atoms react to form diatomic molecules. 
At this point, usual experiments only 

observe atomic losses

(Hyperspherical potentials for 87Rb3 atoms)
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Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas 
Wolf, Deiß, Krükow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag

Science 358 921 (2017)

Atoms react to form diatomic molecules. 
At this point, usual experiments only 

observe atomic losses

(Hyperspherical potentials for 87Rb3 atoms)

Ferlaino, et.al PRL 2009Atom Losses



(Hyperspherical potentials for 87Rb3 atoms)
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Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas 
Wolf, Deiß, Krükow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag

Science 358 921 (2017)

Ionization
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However, reactions occur in a 
presence of a laser field which 
selectively ionize molecules



(Hyperspherical potentials for 87Rb3 atoms)
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Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas 
Wolf, Deiß, Krükow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag

Science 358 921 (2017)

Universality and propensity rules?


vs

Product state distribution?

-vibrational and rotational structure

-spin dependence

How recombination happens? 

 -physical mechanisms transitions

 -reaction pathways and interference
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Propensity rule: 1/Eb state 
distribution of molecular states…


(previously unknown)

Energy-scaling Propensity Rule

Energy-scaling of the product state distribution for three-body recombination of ultracold atoms 
Haze, D’Incao, Dorer, Li, Deiß, Tiemann, Julienne, and Denschlag

in preparation (2022)
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D’Incao & Julienne, in prep. 
(propensity rules and reaction pathways)


Energy-scaling Propensity Rule

Energy-scaling of the product state distribution for three-body recombination of ultracold atoms 
Haze, D’Incao, Dorer, Li, Deiß, Tiemann, Julienne, and Denschlag

in preparation (2022)

Short-range physics 
 (interference)

Long-range  
physics

Key Physical Property: 
Recombination happens 
when R~2rvdW !
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Energy-scaling Propensity Rule

Energy-scaling of the product state distribution for three-body recombination of ultracold atoms 
Haze, D’Incao, Dorer, Li, Deiß, Tiemann, Julienne, and Denschlag

in preparation (2022)
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Key Physical Property: 
Recombination happens 
when R~2rvdW !



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

Only molecules whose spins are 
same than those of the atoms

|F2b(f1f2)i = |422i
= |2,�2i|2,�2i
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<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

|F2b(f1f2)i = |422i
= |2,�2i|2,�2i

<latexit sha1_base64="hJmWAyTirPdUZYtEc5fCfmD2dNc="></latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Only molecules whose spins are 
same than those of the atoms

85Rb Molecular Spectrum



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

|F2b(f1f2)i = |422i
= |2,�2i|2,�2i

<latexit sha1_base64="hJmWAyTirPdUZYtEc5fCfmD2dNc="></latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Only molecules whose spins are 
same than those of the atoms

85Rb Molecular Spectrum

(observed states)



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

|F2b(f1f2)i = |422i
= |2,�2i|2,�2i

<latexit sha1_base64="hJmWAyTirPdUZYtEc5fCfmD2dNc="></latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Only molecules whose spins are 
same than those of the atoms

Key Physical Property: 
Recombination happens 
when R~2rvdW !

85Rb Molecular Spectrum

(observed states)



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

|F2b(f1f2)i = |422i
= |2,�2i|2,�2i

<latexit sha1_base64="hJmWAyTirPdUZYtEc5fCfmD2dNc="></latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Only molecules whose spins are 
same than those of the atoms

Key Physical Property: 
Recombination happens 
when R~2rvdW !

85Rb Molecular Spectrum

Single channel models are good 
for 85Rb and 87Rb whenever 
spin-conservation rule holds!

(observed states)



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

(detection limit)

85Rb Recombination (Theo)

(B = 1G)

<latexit sha1_base64="IEGBWbAlLVlNT5j59f6BeAxzsM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAixCbshoo0QtNAygnlANoTZyWwyZPbBzF0hLCn8CVvt7MTWT7HxW5xN0iTxwsDhnDP3cbxYCo22/WOtrW9sbm3ndvK7e/sHh4Wj46aOEsV4g0UyUm2Pai5FyBsoUPJ2rDgNPMlb3ugu01vPXGkRhU84jnk3oINQ+IJRNJRbur1xUlcF5H5y0SsU7bI9LbIKnDko1mBW9V7h1+1HLAl4iExSrTuOHWM3pQoFk3ySdxPNY8pGdMDT6aYTcm6oPvEjZV6IZMou+Gig9TjwjDOgONTLWkb+p3US9K+7qQjjBHnIZoP8RBKMSHY26QvFGcqxAZQpYTYkbEgVZWjCWZiS9Vba15O8CcRZPn8VNCtlp1q+fKwWa5V5NDk4hTMogQNXUIMHqEMDGMTwCm/wbr1YH9an9TWzrlnzPyewUNb3HwL3ldM=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

85Rb Molecular Spectrum

(observed states)



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

(detection limit)

85Rb Recombination (Theo)

(B = 1G)

<latexit sha1_base64="IEGBWbAlLVlNT5j59f6BeAxzsM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAixCbshoo0QtNAygnlANoTZyWwyZPbBzF0hLCn8CVvt7MTWT7HxW5xN0iTxwsDhnDP3cbxYCo22/WOtrW9sbm3ndvK7e/sHh4Wj46aOEsV4g0UyUm2Pai5FyBsoUPJ2rDgNPMlb3ugu01vPXGkRhU84jnk3oINQ+IJRNJRbur1xUlcF5H5y0SsU7bI9LbIKnDko1mBW9V7h1+1HLAl4iExSrTuOHWM3pQoFk3ySdxPNY8pGdMDT6aYTcm6oPvEjZV6IZMou+Gig9TjwjDOgONTLWkb+p3US9K+7qQjjBHnIZoP8RBKMSHY26QvFGcqxAZQpYTYkbEgVZWjCWZiS9Vba15O8CcRZPn8VNCtlp1q+fKwWa5V5NDk4hTMogQNXUIMHqEMDGMTwCm/wbr1YH9an9TWzrlnzPyewUNb3HwL3ldM=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

85Rb Molecular Spectrum

Breakdown of propensity rules? 
Expected for depend molecular 
states and other alkali species

(observed states)



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

(detection limit)

85Rb Recombination (Theo)

(B = 1G)

<latexit sha1_base64="IEGBWbAlLVlNT5j59f6BeAxzsM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAixCbshoo0QtNAygnlANoTZyWwyZPbBzF0hLCn8CVvt7MTWT7HxW5xN0iTxwsDhnDP3cbxYCo22/WOtrW9sbm3ndvK7e/sHh4Wj46aOEsV4g0UyUm2Pai5FyBsoUPJ2rDgNPMlb3ugu01vPXGkRhU84jnk3oINQ+IJRNJRbur1xUlcF5H5y0SsU7bI9LbIKnDko1mBW9V7h1+1HLAl4iExSrTuOHWM3pQoFk3ySdxPNY8pGdMDT6aYTcm6oPvEjZV6IZMou+Gig9TjwjDOgONTLWkb+p3US9K+7qQjjBHnIZoP8RBKMSHY26QvFGcqxAZQpYTYkbEgVZWjCWZiS9Vba15O8CcRZPn8VNCtlp1q+fKwWa5V5NDk4hTMogQNXUIMHqEMDGMTwCm/wbr1YH9an9TWzrlnzPyewUNb3HwL3ldM=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Observation of Efimov Molecules Created from a  
Resonantly Interacting Bose Gas 
Klauss, Xie, Lopez-Abadia, D’Incao, Hadzibabic, Jin, Cornell

PRL 119, 143401 (2017)

Efimov states in 85Rb

Spin-conservation propensity 
rule = long lifetime of Efimov 

states in 85Rb?

Lifetime:
⇠ 100µs

<latexit sha1_base64="g2NsAv6kkok0DL4bCQ1EU3agIus=">AAACB3icbVDLSsNAFL2pr1pfsS7dDBbBVUlKRZcBNy4r2Ac0pUymk3boTBJmJmIJ+QB/wq3u3IlbP8ON3+Kk7aatFwYO55y5jxMknCntOD9WaWt7Z3evvF85ODw6PrFPqx0Vp5LQNol5LHsBVpSziLY105z2EkmxCDjtBtO7Qu8+UalYHD3qWUIHAo8jFjKCtaGGdtVXTLiO44sUZb4USOVDu+bUnXmhTeAuQc2DRbWG9q8/ikkqaKQJx0r1XSfRgwxLzQinecVPFU0wmeIxzeYb5+jSUCMUxtK8SKM5u+LDQqmZCIxTYD1R61pB/qf1Ux3eDjIWJammEVkMClOOdIyK89GISUo0nxmAiWRmQ0QmWGKiTUgrU4reUoUqr5hA3PXzN0GnUXeb9euHZs1rLKMpwzlcwBW4cAMe3EML2kDgGV7hDd6tF+vD+rS+FtaStfxzBitlff8Bxz6Y/w==</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

85Rb
⇤
3

<latexit sha1_base64="vFq6qW4uN4mLVDJlWzFI/Uuv8uk=">AAACBnicbVC7TsMwFL3hWcorhZHFokJCDFVSWtGxEgtjQfQh9RE5rtNadR6yHVAVZecnWGFjQ6z8BgvfgtN2acuVLB2dc3wfx404k8qyfoyNza3tnd3cXn7/4PDo2CyctGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbndxmevuJCsnC4FFNI9r38ShgHiNYacoxC0lP+GiQ1Krpg5s614MrxyxaJWtWaB3YC1Csw7wajvnbG4Yk9mmgCMdSdm0rUv0EC8UIp2m+F0saYTLBI5rMFk7RhaaGyAuFfoFCM3bJh30pp76rnT5WY7mqZeR/WjdWXq2fsCCKFQ3IfJAXc6RClF2PhkxQovhUA0wE0xsiMsYCE6UzWpqS9RbSk2leB2Kvnr8OWuWSXSlV7yvFenkRTQ7O4BwuwYYbqMMdNKAJBJ7hFd7g3XgxPoxP42tu3TAWf05hqYzvP+bsmH8=</latexit>

(⌘ ' 0.06)

<latexit sha1_base64="2B3DJrwS/vsPIyzaVO5pZUox0/U=">AAACBXicbVC7TgJBFL3rE/G1amkzkZhgQ3YJPkoSG0tM5JGwhMwOd2HC7MOZWRJCqP0JW+3sjK3fYeO3OAs0gCeZzMk5d+bee/xEcKUd58fa2Nza3tnN7eX3Dw6Pju2T04aKU8mwzmIRy5ZPFQoeYV1zLbCVSKShL7DpD+8zvzlCqXgcPelxgp2Q9iMecEa1kbq2XfRQU0/xEJ+dknNz1bUL5p6BrBN3QQpVmKPWtX+9XszSECPNBFWq7TqJ7kyo1JwJnOa9VGFC2ZD2cTKbd0oujdQjQSzNiTSZqUt1NFRqHPqmMqR6oFa9TPzPa6c6uOtMeJSkGiM2bxSkguiYZMuTHpfItBgbQpnkZkLCBlRSpk1ES12yv6UK1DRvAnFX118njXLJrZSuHyuFankRTQ7O4QKK4MItVOEBalAHBiN4hTd4t16sD+vT+pqXbliLN2ewBOv7D5Fel7c=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

(detection limit)

85Rb Recombination (Theo)

(B = 1G)

<latexit sha1_base64="IEGBWbAlLVlNT5j59f6BeAxzsM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAixCbshoo0QtNAygnlANoTZyWwyZPbBzF0hLCn8CVvt7MTWT7HxW5xN0iTxwsDhnDP3cbxYCo22/WOtrW9sbm3ndvK7e/sHh4Wj46aOEsV4g0UyUm2Pai5FyBsoUPJ2rDgNPMlb3ugu01vPXGkRhU84jnk3oINQ+IJRNJRbur1xUlcF5H5y0SsU7bI9LbIKnDko1mBW9V7h1+1HLAl4iExSrTuOHWM3pQoFk3ySdxPNY8pGdMDT6aYTcm6oPvEjZV6IZMou+Gig9TjwjDOgONTLWkb+p3US9K+7qQjjBHnIZoP8RBKMSHY26QvFGcqxAZQpYTYkbEgVZWjCWZiS9Vba15O8CcRZPn8VNCtlp1q+fKwWa5V5NDk4hTMogQNXUIMHqEMDGMTwCm/wbr1YH9an9TWzrlnzPyewUNb3HwL3ldM=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Observation of Efimov Molecules Created from a  
Resonantly Interacting Bose Gas 
Klauss, Xie, Lopez-Abadia, D’Incao, Hadzibabic, Jin, Cornell

PRL 119, 143401 (2017)

Efimov states in 85Rb

Long Lifetimes?

87Rb⇤3

<latexit sha1_base64="Ho+cIU8T1N9YGqgBTQQOPbaIIBA=">AAACC3icbVC7TsMwFHXKq5RXAImFxaJBQgxVUorasRILY0H0IfUlx3Vaq04c2Q6iCvkEfoIVNjbEykew8C04bZe2HMnS0TnHvtfHDRmVyrZ/jMza+sbmVnY7t7O7t39gHh41JI8EJnXMGRctF0nCaEDqiipGWqEgyHcZabrjm9RvPhIhKQ8e1CQkXR8NA+pRjJSW+uZJx3f5U2z14ko5se5dq3fZv7KSvpm3C/YUcJU4c5KvghlqffO3M+A48kmgMENSth07VN0YCUUxI0muE0kSIjxGQxJPt07guZYG0ONCn0DBqbqQQ76UE9/VSR+pkVz2UvE/rx0pr9KNaRBGigR4NsiLGFQcphXAARUEKzbRBGFB9YYQj5BAWOmiFqakbwvpySSnC3GWv79KGsWCUypc35Xy1eK8miw4BWfgAjigDKrgFtRAHWDwDF7BG3g3XowP49P4mkUzxvzOMViA8f0HwuqZ+g==</latexit>

(⌘=?)

<latexit sha1_base64="Vl17I0cZQScb6GoFZS0CHgLiuJU=">AAACBnicbVDLTsJAFJ36RHwVXbqZCCa4IS3B6MZI4sYlJvJIKCHTYQoTpp1m5lYlTff+hFvduTNu/Q03fostsAG8ySQn55y5j+OGgmuwrB9jbX1jc2s7t5Pf3ds/ODQLRy0tI0VZk0ohVcclmgkesCZwEKwTKkZ8V7C2O77N9PYjU5rL4AEmIev5ZBhwj1MCKdU3C47vyue4XHIYkNL1zXnSN4tWxZoWXgX2HBTraFaNvvnrDCSNfBYAFUTrrm2F0IuJAk4FS/JOpFlI6JgMWTxdOMFnKTXAnlTpCwBP2QUf8bWe+G7q9AmM9LKWkf9p3Qi8q17MgzACFtDZIC8SGCTOrscDrhgFMUkBoYqnG2I6IopQSDNamJL1VtrTST4NxF4+fxW0qhW7Vrm4rxXr1Xk0OXSCTlEZ2egS1dEdaqAmougJvaI39G68GB/Gp/E1s64Z8z/HaKGM7z+cophQ</latexit>

Spin-conservation propensity 
rule = long lifetime of Efimov 

states in 85Rb?

Lifetime:
⇠ 100µs

<latexit sha1_base64="g2NsAv6kkok0DL4bCQ1EU3agIus=">AAACB3icbVDLSsNAFL2pr1pfsS7dDBbBVUlKRZcBNy4r2Ac0pUymk3boTBJmJmIJ+QB/wq3u3IlbP8ON3+Kk7aatFwYO55y5jxMknCntOD9WaWt7Z3evvF85ODw6PrFPqx0Vp5LQNol5LHsBVpSziLY105z2EkmxCDjtBtO7Qu8+UalYHD3qWUIHAo8jFjKCtaGGdtVXTLiO44sUZb4USOVDu+bUnXmhTeAuQc2DRbWG9q8/ikkqaKQJx0r1XSfRgwxLzQinecVPFU0wmeIxzeYb5+jSUCMUxtK8SKM5u+LDQqmZCIxTYD1R61pB/qf1Ux3eDjIWJammEVkMClOOdIyK89GISUo0nxmAiWRmQ0QmWGKiTUgrU4reUoUqr5hA3PXzN0GnUXeb9euHZs1rLKMpwzlcwBW4cAMe3EML2kDgGV7hDd6tF+vD+rS+FtaStfxzBitlff8Bxz6Y/w==</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

85Rb
⇤
3

<latexit sha1_base64="vFq6qW4uN4mLVDJlWzFI/Uuv8uk=">AAACBnicbVC7TsMwFL3hWcorhZHFokJCDFVSWtGxEgtjQfQh9RE5rtNadR6yHVAVZecnWGFjQ6z8BgvfgtN2acuVLB2dc3wfx404k8qyfoyNza3tnd3cXn7/4PDo2CyctGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbndxmevuJCsnC4FFNI9r38ShgHiNYacoxC0lP+GiQ1Krpg5s614MrxyxaJWtWaB3YC1Csw7wajvnbG4Yk9mmgCMdSdm0rUv0EC8UIp2m+F0saYTLBI5rMFk7RhaaGyAuFfoFCM3bJh30pp76rnT5WY7mqZeR/WjdWXq2fsCCKFQ3IfJAXc6RClF2PhkxQovhUA0wE0xsiMsYCE6UzWpqS9RbSk2leB2Kvnr8OWuWSXSlV7yvFenkRTQ7O4BwuwYYbqMMdNKAJBJ7hFd7g3XgxPoxP42tu3TAWf05hqYzvP+bsmH8=</latexit>

(⌘ ' 0.06)

<latexit sha1_base64="2B3DJrwS/vsPIyzaVO5pZUox0/U=">AAACBXicbVC7TgJBFL3rE/G1amkzkZhgQ3YJPkoSG0tM5JGwhMwOd2HC7MOZWRJCqP0JW+3sjK3fYeO3OAs0gCeZzMk5d+bee/xEcKUd58fa2Nza3tnN7eX3Dw6Pju2T04aKU8mwzmIRy5ZPFQoeYV1zLbCVSKShL7DpD+8zvzlCqXgcPelxgp2Q9iMecEa1kbq2XfRQU0/xEJ+dknNz1bUL5p6BrBN3QQpVmKPWtX+9XszSECPNBFWq7TqJ7kyo1JwJnOa9VGFC2ZD2cTKbd0oujdQjQSzNiTSZqUt1NFRqHPqmMqR6oFa9TPzPa6c6uOtMeJSkGiM2bxSkguiYZMuTHpfItBgbQpnkZkLCBlRSpk1ES12yv6UK1DRvAnFX118njXLJrZSuHyuFankRTQ7O4QKK4MItVOEBalAHBiN4hTd4t16sD+vT+pqXbliLN2ewBOv7D5Fel7c=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>



Final State Distribution of Three-body Recombination

Spin-conservation Propensity Rule

Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms 
Haze, D’Incao, Dorer, Deiß, Tiemann, Julienne, and Denschlag

PRL 128, 133401 (2022)

(detection limit)

85Rb Recombination (Theo)

(B = 1G)

<latexit sha1_base64="IEGBWbAlLVlNT5j59f6BeAxzsM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAixCbshoo0QtNAygnlANoTZyWwyZPbBzF0hLCn8CVvt7MTWT7HxW5xN0iTxwsDhnDP3cbxYCo22/WOtrW9sbm3ndvK7e/sHh4Wj46aOEsV4g0UyUm2Pai5FyBsoUPJ2rDgNPMlb3ugu01vPXGkRhU84jnk3oINQ+IJRNJRbur1xUlcF5H5y0SsU7bI9LbIKnDko1mBW9V7h1+1HLAl4iExSrTuOHWM3pQoFk3ySdxPNY8pGdMDT6aYTcm6oPvEjZV6IZMou+Gig9TjwjDOgONTLWkb+p3US9K+7qQjjBHnIZoP8RBKMSHY26QvFGcqxAZQpYTYkbEgVZWjCWZiS9Vba15O8CcRZPn8VNCtlp1q+fKwWa5V5NDk4hTMogQNXUIMHqEMDGMTwCm/wbr1YH9an9TWzrlnzPyewUNb3HwL3ldM=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

|2,�2i

<latexit sha1_base64="rh6797aQ091CgpLeQv1PgDGZSM8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAgWGnaXiJYBG8sI5gFJCLOTu8mQ2dllZlYIMYU/Yaudndj6KTZ+i7NJmiReGDicc+Y+TpAIro3r/jhr6xubW9u5nfzu3v7BYeHouK7jVDGssVjEqhlQjYJLrBluBDYThTQKBDaC4V2mN55QaR7LRzNKsBPRvuQhZ9RYqv3sX175bUVlX2C3UHRL7rTIKvDmoFiBWVW7hd92L2ZphNIwQbVueW5iOmOqDGcCJ/l2qjGhbEj7OJ5uOiHnluqRMFb2SUOm7IKPRlqPosA6I2oGelnLyP+0VmrC286YyyQ1KNlsUJgKYmKSnU16XCEzYmQBZYrbDQkbUEWZseEsTMl6Kx3qSd4G4i2fvwrqfskrl64fysWKP48mB6dwBhfgwQ1U4B6qUAMGCbzCG7w7L86H8+l8zaxrzvzPCSyU8/0Ht9SWRg==</latexit>

Observation of Efimov Molecules Created from a  
Resonantly Interacting Bose Gas 
Klauss, Xie, Lopez-Abadia, D’Incao, Hadzibabic, Jin, Cornell

PRL 119, 143401 (2017)

Efimov states in 85Rb

Lifetime?

87Rb⇤3

<latexit sha1_base64="Ho+cIU8T1N9YGqgBTQQOPbaIIBA=">AAACC3icbVC7TsMwFHXKq5RXAImFxaJBQgxVUorasRILY0H0IfUlx3Vaq04c2Q6iCvkEfoIVNjbEykew8C04bZe2HMnS0TnHvtfHDRmVyrZ/jMza+sbmVnY7t7O7t39gHh41JI8EJnXMGRctF0nCaEDqiipGWqEgyHcZabrjm9RvPhIhKQ8e1CQkXR8NA+pRjJSW+uZJx3f5U2z14ko5se5dq3fZv7KSvpm3C/YUcJU4c5KvghlqffO3M+A48kmgMENSth07VN0YCUUxI0muE0kSIjxGQxJPt07guZYG0ONCn0DBqbqQQ76UE9/VSR+pkVz2UvE/rx0pr9KNaRBGigR4NsiLGFQcphXAARUEKzbRBGFB9YYQj5BAWOmiFqakbwvpySSnC3GWv79KGsWCUypc35Xy1eK8miw4BWfgAjigDKrgFtRAHWDwDF7BG3g3XowP49P4mkUzxvzOMViA8f0HwuqZ+g==</latexit>

(⌘=?)

<latexit sha1_base64="Vl17I0cZQScb6GoFZS0CHgLiuJU=">AAACBnicbVDLTsJAFJ36RHwVXbqZCCa4IS3B6MZI4sYlJvJIKCHTYQoTpp1m5lYlTff+hFvduTNu/Q03fostsAG8ySQn55y5j+OGgmuwrB9jbX1jc2s7t5Pf3ds/ODQLRy0tI0VZk0ohVcclmgkesCZwEKwTKkZ8V7C2O77N9PYjU5rL4AEmIev5ZBhwj1MCKdU3C47vyue4XHIYkNL1zXnSN4tWxZoWXgX2HBTraFaNvvnrDCSNfBYAFUTrrm2F0IuJAk4FS/JOpFlI6JgMWTxdOMFnKTXAnlTpCwBP2QUf8bWe+G7q9AmM9LKWkf9p3Qi8q17MgzACFtDZIC8SGCTOrscDrhgFMUkBoYqnG2I6IopQSDNamJL1VtrTST4NxF4+fxW0qhW7Vrm4rxXr1Xk0OXSCTlEZ2egS1dEdaqAmougJvaI39G68GB/Gp/E1s64Z8z/HaKGM7z+cophQ</latexit>

Spin-conservation propensity 
rule = long lifetime of Efimov 

states in 85Rb?

Lifetime:
⇠ 100µs

<latexit sha1_base64="g2NsAv6kkok0DL4bCQ1EU3agIus=">AAACB3icbVDLSsNAFL2pr1pfsS7dDBbBVUlKRZcBNy4r2Ac0pUymk3boTBJmJmIJ+QB/wq3u3IlbP8ON3+Kk7aatFwYO55y5jxMknCntOD9WaWt7Z3evvF85ODw6PrFPqx0Vp5LQNol5LHsBVpSziLY105z2EkmxCDjtBtO7Qu8+UalYHD3qWUIHAo8jFjKCtaGGdtVXTLiO44sUZb4USOVDu+bUnXmhTeAuQc2DRbWG9q8/ikkqaKQJx0r1XSfRgwxLzQinecVPFU0wmeIxzeYb5+jSUCMUxtK8SKM5u+LDQqmZCIxTYD1R61pB/qf1Ux3eDjIWJammEVkMClOOdIyK89GISUo0nxmAiWRmQ0QmWGKiTUgrU4reUoUqr5hA3PXzN0GnUXeb9euHZs1rLKMpwzlcwBW4cAMe3EML2kDgGV7hDd6tF+vD+rS+FtaStfxzBitlff8Bxz6Y/w==</latexit>

Rb

<latexit sha1_base64="zXgkTkITjqu/KyQDMOWNQqDY7Uc=">AAAB+3icbVC7SgNBFL0bXzG+opY2g0GwCrshomXAxjKKeUASwuxkNhkys7vM3BXCsj9hq52d2PoxNn6Ls0maJF4YOJxz5j6OH0th0HV/nMLW9s7uXnG/dHB4dHxSPj1rmyjRjLdYJCPd9anhUoS8hQIl78aaU+VL3vGn97neeeHaiCh8xlnMB4qOQxEIRtFS3bSvFXnys2G54lbdeZFN4C1BpQGLag7Lv/1RxBLFQ2SSGtPz3BgHKdUomORZqZ8YHlM2pWOezrfMyJWlRiSItH0hkjm74qPKmJnyrVNRnJh1LSf/03oJBneDVIRxgjxki0FBIglGJD+ZjITmDOXMAsq0sBsSNqGaMrTBrEzJe2sTmKxkA/HWz98E7VrVq1dvHuuVRm0ZTREu4BKuwYNbaMADNKEFDCS8whu8O5nz4Xw6XwtrwVn+OYeVcr7/AH+XlRc=</latexit>

85Rb
⇤
3

<latexit sha1_base64="vFq6qW4uN4mLVDJlWzFI/Uuv8uk=">AAACBnicbVC7TsMwFL3hWcorhZHFokJCDFVSWtGxEgtjQfQh9RE5rtNadR6yHVAVZecnWGFjQ6z8BgvfgtN2acuVLB2dc3wfx404k8qyfoyNza3tnd3cXn7/4PDo2CyctGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbndxmevuJCsnC4FFNI9r38ShgHiNYacoxC0lP+GiQ1Krpg5s614MrxyxaJWtWaB3YC1Csw7wajvnbG4Yk9mmgCMdSdm0rUv0EC8UIp2m+F0saYTLBI5rMFk7RhaaGyAuFfoFCM3bJh30pp76rnT5WY7mqZeR/WjdWXq2fsCCKFQ3IfJAXc6RClF2PhkxQovhUA0wE0xsiMsYCE6UzWpqS9RbSk2leB2Kvnr8OWuWSXSlV7yvFenkRTQ7O4BwuwYYbqMMdNKAJBJ7hFd7g3XgxPoxP42tu3TAWf05hqYzvP+bsmH8=</latexit>

(⌘ ' 0.06)

<latexit sha1_base64="2B3DJrwS/vsPIyzaVO5pZUox0/U=">AAACBXicbVC7TgJBFL3rE/G1amkzkZhgQ3YJPkoSG0tM5JGwhMwOd2HC7MOZWRJCqP0JW+3sjK3fYeO3OAs0gCeZzMk5d+bee/xEcKUd58fa2Nza3tnN7eX3Dw6Pju2T04aKU8mwzmIRy5ZPFQoeYV1zLbCVSKShL7DpD+8zvzlCqXgcPelxgp2Q9iMecEa1kbq2XfRQU0/xEJ+dknNz1bUL5p6BrBN3QQpVmKPWtX+9XszSECPNBFWq7TqJ7kyo1JwJnOa9VGFC2ZD2cTKbd0oujdQjQSzNiTSZqUt1NFRqHPqmMqR6oFa9TPzPa6c6uOtMeJSkGiM2bxSkguiYZMuTHpfItBgbQpnkZkLCBlRSpk1ES12yv6UK1DRvAnFX118njXLJrZSuHyuFankRTQ7O4QKK4MItVOEBalAHBiN4hTd4t16sD+vT+pqXbliLN2ewBOv7D5Fel7c=</latexit>

++

++

Atom-dimer Relaxation

Atom-dimer elastic

Three-body Recombination

Three-body Elastic

+

+

+

+

Four-body Recombination

Dimer-dimer Relaxation Dimer-dimer Elastic +

+

Reactive Scattering

Collision Induced Dissociation

Rb2(⌫, LR)

<latexit sha1_base64="+LKP4COZZEyuaCOyg5chIEEgP3Y=">AAACCHicbVDLSsNAFL3xWesr2qWbwSJUkJKUii4Lbly4qMU+oClhMp20QyeTMDMRQugP+BNudedO3PoXbvwWk7abtl4YOJxz5j6OF3GmtGX9GBubW9s7u4W94v7B4dGxeXLaUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643ucv17jOVioXiSScRHQR4JJjPCNYZ5Zql1JEBanlubVpxRHz14LYuXbNsVa1ZoXVgL0C5AfNquuavMwxJHFChCcdK9W0r0oMUS80Ip9OiEysaYTLBI5rOVp6ii4waIj+U2RMazdglHw6USgIvcwZYj9WqlpP/af1Y+7eDlIko1lSQ+SA/5kiHKL8fDZmkRPMkA5hIlm2IyBhLTHSW0tKUvLdUvpoWs0Ds1fPXQadWtevV68d6uVFbRFOAMziHCthwAw24hya0gUACr/AG78aL8WF8Gl9z64ax+FOCpTK+/wDmPpkA</latexit>

One (or more) step(s) closer to: 
- coherent control of chemical processes 

- suppression of reactions (stability of condensates)

- chemically reactive quantum phases

- …details matter!



Few-body Physics for 7Li Atoms 
(…where short- and long-range meet!?)



Efimov Physics For 7Li Atoms

van der Waals Universality

sres � 1

<latexit sha1_base64="HVIeNZmKQa8QfQvsudwnZ9W2sdY=">AAACBHicbVDLSsNAFL3xWeujUZduBovgqiSlosuCG5cV7AOaEibTSTp0JgkzE6GEbP0Jt7pzJ279Dzd+i5O2m7ZeGDicc+Y+TpByprTj/Fhb2zu7e/uVg+rh0fFJzT4966kkk4R2ScITOQiwopzFtKuZ5nSQSopFwGk/mN6Xev+ZSsWS+EnPUjoSOIpZyAjWhvLtmvJzTwokqSq8KHJ9u+40nHmhTeAuQb0Ni+r49q83TkgmaKwJx0oNXSfVoxxLzQinRdXLFE0xmeKI5vN1C3RlqDEKE2lerNGcXfFhodRMBMYpsJ6oda0k/9OGmQ7vRjmL00zTmCwGhRlHOkHl7WjMJCWazwzARDKzISITLDHRJqGVKWVvqUJVVE0g7vr5m6DXbLitxs1jq95uLqOpwAVcwjW4cAtteIAOdIFABq/wBu/Wi/VhfVpfC+uWtfxzDitlff8BbCOYUQ==</latexit>

sres ⌧ 1

<latexit sha1_base64="L2362yz2+tolMnZwnROc3CgMZtM=">AAACBHicbVC7SgNBFL3rM8ZHVi1tBoNgFXZDRMuAjWUE84BsWGYns8mQ2Qczd4UQtvUnbLWzE1v/w8ZvcTZJk8QLA4dzztzHCVIpNDrOj7W1vbO7t186KB8eHZ9U7NOzjk4yxXibJTJRvYBqLkXM2yhQ8l6qOI0CybvB5L7Qu89caZHETzhN+SCio1iEglE0lG9XtD/zVEQU17knpevbVafmzItsAncJqk1YVMu3f71hwrKIx8gk1brvOikOZlShYJLnZS/TPKVsQkd8Nl83J1eGGpIwUebFSObsio9GWk+jwDgjimO9rhXkf1o/w/BuMBNxmiGP2WJQmEmCCSluJ0OhOEM5NYAyJcyGhI2pogxNQitTit5Khzovm0Dc9fM3Qadecxu1m8dGtVlfRlOCC7iEa3DhFprwAC1oA4MMXuEN3q0X68P6tL4W1i1r+eccVsr6/gN70phb</latexit>
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Narrow Resonances Alters Efimov Physics

Petrov, PRL 93, 143201 (2004)

Wang, D’Incao, Esry, PRA 83, 042710 (2011)

Schmidt, Rath, Zwerger, EPJB 85, 386 (2012)

Refers to the Efimov physics obtained using (single 
channel) vdW interactions, -C6/r^6, leading to a 
three-body parameter depending only on rvdW.
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Feshbach Resonances for 7Li

Ultracold Gases Experiments

Pollack, Dries, and Hulet, Science, 326, 1683 (2009)

Gross, Shotan, Kokkelmans, and Khaykovich, PRL 103, 163202 (2009)

Gross, Shotan, Kokkelmans, and Khaykovich, PRL 105, 103203 (2010)

Dyke, Pollack, and Hulet, PRA 88, 023625 (2013)
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Multichannel Effects are 
important!

Efimov resonance: 

enhancement 


of atomic losses !!!

|a�| = 9.73rvdW

(±15%)
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Three-body Recombination for 7Li
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Observation of universality in ultracold 7Li  
three-body recombination, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 103, 163202 (2009)
Nuclear-spin-independent short-range three-body  
physics in ultracold atoms, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 105, 103203 (2010)
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What is different about 7Li?

…spin physics is 
important!

…small Hyperfine Splitting Species Ehf/EvdW

7Li 1.25
23Na 22.8
39K 21.7

85Rb 501.5
87Rb 1122.5
133Cs 3456.2
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What is different about 7Li?

[from Chin, et al., RMP 82, 1225 (2010)]… small van der Waals length



Efimov Physics For 7Li Atoms

What is different about 7Li?

[from Chin, et al., RMP 82, 1225 (2010)]… small van der Waals length

-6

-4

-2

 0

 2

 0  0.2  0.4  0.6  0.8  1
r/rvdW

V
(r
)
(1
05
E

v
d
W
)

VS(r) : Singlet

VT (r) : Triplet

�C6/r
6

<latexit sha1_base64="zurTeF0SbH05FIH2dvgPairXvNU=">AAAB+3icbVC7TgJBFL2LL8QHqKXNRGJiI+4SREsSGktM5JEAktlhFibMPjJz14SQ/Qlb7eyMrR9j47c4CzSAN5nk5Jwz93HcSAqNtv1jZba2d3b3svu5g8Oj43zh5LSlw1gx3mShDFXHpZpLEfAmCpS8EylOfVfytjupp3r7hSstwuAJpxHv+3QUCE8wiobqXNcH1Rv1XB0UinbJnhfZBM4SFGuwqMag8Nsbhiz2eYBMUq27jh1hf0YVCiZ5kuvFmkeUTeiIz+ZbJuTSUEPihcq8AMmcXfFRX+up7xqnT3Gs17WU/E/rxujd92ciiGLkAVsM8mJJMCTpyWQoFGcopwZQpoTZkLAxVZShCWZlStpbaU8nOROIs37+JmiVS06ldPtYKdbKy2iycA4XcAUO3EENHqABTWAg4RXe4N1KrA/r0/paWDPW8s8ZrJT1/Qc7rpRK</latexit>

van der Waals 

Electronic Exchange

Vex(r) ⇡ Aexr
� exp[�r/�]

<latexit sha1_base64="wtwBJwlpexGKdI0vIxNBtVjsczE=">AAACK3icbVDLTgIxFO3gC/GFunTTSExwIc4QfCwxblxiIo+EQdIpd6ChM9O0HQMh/Im/4E+41Z0rjXHnf9gBYgJ6kyYn55zex/EEZ0rb9ruVWlpeWV1Lr2c2Nre2d7K7ezUVxZJClUY8kg2PKOAshKpmmkNDSCCBx6Hu9a8Tvf4AUrEovNNDAa2AdEPmM0q0odrZ81p75MoAw2Ccl8cuEUJGA3z1S8p7l5tuHeLCQDRP5KnrgSatdjZnF+xJ4b/AmYFcGU2r0s5+uZ2IxgGEmnKiVNOxhW6NiNSMchhn3FiBILRPujCaXDXGR4bqYD+S5oUaT9g5HwmUGgaecQZE99SilpD/ac1Y+5etEQtFrCGk00F+zLGOcBIR7jAJVPOhAYRKZjbEtEckodoEOTcl6S2Vr8YZE4izeP5fUCsWnFLh7LaUKxdn0aTRATpEeeSgC1RGN6iCqoiiR/SMXtCr9WS9WR/W59SasmZ/9tFcWd8/pfKoTw==</latexit>

rex ⇡ 20a0

(|VS(r)� VT (r)| = EvdW)

<latexit sha1_base64="ZOT1BfT3/hdVCaoSnQaJ5bO+cyw="></latexit>

Comparable values for r_vdW 
and r_ex. Thus, strong 
electronic interactions
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<latexit sha1_base64="wtwBJwlpexGKdI0vIxNBtVjsczE=">AAACK3icbVDLTgIxFO3gC/GFunTTSExwIc4QfCwxblxiIo+EQdIpd6ChM9O0HQMh/Im/4E+41Z0rjXHnf9gBYgJ6kyYn55zex/EEZ0rb9ruVWlpeWV1Lr2c2Nre2d7K7ezUVxZJClUY8kg2PKOAshKpmmkNDSCCBx6Hu9a8Tvf4AUrEovNNDAa2AdEPmM0q0odrZ81p75MoAw2Ccl8cuEUJGA3z1S8p7l5tuHeLCQDRP5KnrgSatdjZnF+xJ4b/AmYFcGU2r0s5+uZ2IxgGEmnKiVNOxhW6NiNSMchhn3FiBILRPujCaXDXGR4bqYD+S5oUaT9g5HwmUGgaecQZE99SilpD/ac1Y+5etEQtFrCGk00F+zLGOcBIR7jAJVPOhAYRKZjbEtEckodoEOTcl6S2Vr8YZE4izeP5fUCsWnFLh7LaUKxdn0aTRATpEeeSgC1RGN6iCqoiiR/SMXtCr9WS9WR/W59SasmZ/9tFcWd8/pfKoTw==</latexit>

rex ⇡ 20a0

(|VS(r)� VT (r)| = EvdW)

<latexit sha1_base64="ZOT1BfT3/hdVCaoSnQaJ5bO+cyw="></latexit>

Efimov Physics For 7Li Atoms

What is different about 7Li?

[from Chin, et al., RMP 82, 1225 (2010)]… small van der Waals length

… strong Three-body interactions

[from Soldan, et al., PRA 67, 054702 (2003)]

Li (V3B 6=0)

<latexit sha1_base64="BUB11hhT6fWY2PccZUk1LhHMquM=">AAACEXicbVC9TsMwGHTKXyl/AUYYLBqkslRJKYKxgoWBoUj0R2qqynGd1qrjRLaDqKIsvAIvwQobG2LlCVh4Fpy2S1tOsnS6O/v7fF7EqFS2/WPkVlbX1jfym4Wt7Z3dPXP/oCnDWGDSwCELRdtDkjDKSUNRxUg7EgQFHiMtb3ST+a1HIiQN+YMaR6QboAGnPsVIaalnHruBFz4ldxSWrGYvOb9OLcvlxLJs6yztmUW7bE8Al4kzI8UamKLeM3/dfojjgHCFGZKy49iR6iZIKIoZSQtuLEmE8AgNSDLZPYWnWupDPxT6cAUn6lwOBVKOA08nA6SGctHLxP+8Tqz8q25CeRQrwvF0kB8zqEKYFQH7VBCs2FgThAXVG0I8RAJhpeuam5K9LaQv04IuxFn8/jJpVspOtXxxXy3WKrNq8uAInIAScMAlqIFbUAcNgMEzeAVv4N14MT6MT+NrGs0ZszuHYA7G9x/uqpuS</latexit>

Li (V3B=0)

<latexit sha1_base64="HuYTyw1VsGihPuDyaRwzbkcnzOE=">AAACD3icbVC9TsMwGHT4LeUvwAaLRYNUliopRbAgVbAwMBSJ/khtFTmu01p14sh2EFUUiVfgJVhhY0OsPAILz4LTdmnLSZZOd2d/n8+LGJXKtn+MpeWV1bX13EZ+c2t7Z9fc229IHgtM6pgzLloekoTRkNQVVYy0IkFQ4DHS9IY3md98JEJSHj6oUUS6AeqH1KcYKS255mEn8PhTckdh0Wq4ydl1allXlmVbp6lrFuySPQZcJM6UFKpggppr/nZ6HMcBCRVmSMq2Y0eqmyChKGYkzXdiSSKEh6hPkvHmKTzRUg/6XOgTKjhWZ3IokHIUeDoZIDWQ814m/ue1Y+VfdhMaRrEiIZ4M8mMGFYdZDbBHBcGKjTRBWFC9IcQDJBBWuqyZKdnbQvoyzetCnPnvL5JGueRUSuf3lUK1PK0mB47AMSgCB1yAKrgFNVAHGDyDV/AG3o0X48P4NL4m0SVjeucAzMD4/gMW9ZqM</latexit>

(equilateral triangle)



Efimov Physics For 7Li Atoms

What is different about 7Li?

[from Chin, et al., RMP 82, 1225 (2010)]… small van der Waals length

… strong Three-body interactions

[from Soldan, et al., PRA 67, 054702 (2003)]

Li (V3B 6=0)

<latexit sha1_base64="BUB11hhT6fWY2PccZUk1LhHMquM=">AAACEXicbVC9TsMwGHTKXyl/AUYYLBqkslRJKYKxgoWBoUj0R2qqynGd1qrjRLaDqKIsvAIvwQobG2LlCVh4Fpy2S1tOsnS6O/v7fF7EqFS2/WPkVlbX1jfym4Wt7Z3dPXP/oCnDWGDSwCELRdtDkjDKSUNRxUg7EgQFHiMtb3ST+a1HIiQN+YMaR6QboAGnPsVIaalnHruBFz4ldxSWrGYvOb9OLcvlxLJs6yztmUW7bE8Al4kzI8UamKLeM3/dfojjgHCFGZKy49iR6iZIKIoZSQtuLEmE8AgNSDLZPYWnWupDPxT6cAUn6lwOBVKOA08nA6SGctHLxP+8Tqz8q25CeRQrwvF0kB8zqEKYFQH7VBCs2FgThAXVG0I8RAJhpeuam5K9LaQv04IuxFn8/jJpVspOtXxxXy3WKrNq8uAInIAScMAlqIFbUAcNgMEzeAVv4N14MT6MT+NrGs0ZszuHYA7G9x/uqpuS</latexit>

Li (V3B=0)

<latexit sha1_base64="HuYTyw1VsGihPuDyaRwzbkcnzOE=">AAACD3icbVC9TsMwGHT4LeUvwAaLRYNUliopRbAgVbAwMBSJ/khtFTmu01p14sh2EFUUiVfgJVhhY0OsPAILz4LTdmnLSZZOd2d/n8+LGJXKtn+MpeWV1bX13EZ+c2t7Z9fc229IHgtM6pgzLloekoTRkNQVVYy0IkFQ4DHS9IY3md98JEJSHj6oUUS6AeqH1KcYKS255mEn8PhTckdh0Wq4ydl1allXlmVbp6lrFuySPQZcJM6UFKpggppr/nZ6HMcBCRVmSMq2Y0eqmyChKGYkzXdiSSKEh6hPkvHmKTzRUg/6XOgTKjhWZ3IokHIUeDoZIDWQ814m/ue1Y+VfdhMaRrEiIZ4M8mMGFYdZDbBHBcGKjTRBWFC9IcQDJBBWuqyZKdnbQvoyzetCnPnvL5JGueRUSuf3lUK1PK0mB47AMSgCB1yAKrgFNVAHGDyDV/AG3o0X48P4NL4m0SVjeucAzMD4/gMW9ZqM</latexit>

(equilateral triangle)

…calculations near r_vdW are coming

Tomza’s group…

Michal Tomza

Jacek Gebala

(KITP-2022)



Efimov Physics For 7Li Atoms

Three-body Recombination for 7Li

Three-body (Attractive) Interaction

V3B(R) = A3BR
� exp[�R/�]

<latexit sha1_base64="CU+cW6y7yogOKM2rSF3axb9gDBY=">AAACJHicbVDLTgIxFO34RHyNunTTSExwIcwgRjcmqBuXSOSRMEg6nQ40dB5pO0Yymc/wF/wJt7pzZ1y44VvsADEBPEmT03Nu7+09dsiokIbxoy0tr6yurWc2sptb2zu7+t5+QwQRx6SOAxbwlo0EYdQndUklI62QE+TZjDTtwW3qN58IFzTwH+QwJB0P9XzqUoykkrp6sdGNLe7Bs5skXzu5uv671R4tpto4yCLPYfu0VrRsIlGnq+eMgjEGXCTmlOQqYIJqVx9ZToAjj/gSMyRE2zRC2YkRlxQzkmStSJAQ4QHqkXi8TgKPleRAN+Dq+BKO1Zk65Akx9GxV6SHZF/NeKv7ntSPpXnZi6oeRJD6eDHIjBmUA02ygQznBkg0VQZhT9UOI+4gjLFWCM1PS3ly4IsmqQMz59RdJo1Qwy4Xz+3KuUppGkwGH4AjkgQkuQAXcgSqoAwxewBt4Bx/aq/apfWnfk9IlbfrmAMxAG/0CpcikAA==</latexit>
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a� ⇡ �8.25rvdW

⌘� ⇡ 0.25

<latexit sha1_base64="s8oYGkmJ6GJATr5NP4ntdqKhdIA=">AAACJXicbVDLSgMxFM3UVx1foy7dBIvFTctMabHLghuXFewDOmXIZDJtaOZBkimWYX7DX/An3OrOnQhu9FfMtAVp64HA4ZyT3NzjxowKaZpfWmFre2d3r7ivHxweHZ8Yp2ddESUckw6OWMT7LhKE0ZB0JJWM9GNOUOAy0nMnt7nfmxIuaBQ+yFlMhgEahdSnGEklOYZZRk7FRnHMo8dKs1prcCe1eQCnXi+zbb1sE/kXMJXvGCWzas4BN4m1JKUWWKDtGN+2F+EkIKHEDAkxsMxYDlPEJcWMZLqdCBIjPEEjks73yeCVkjzoR1ydUMK5upJDgRCzwFXJAMmxWPdy8T9vkEi/OUxpGCeShHgxyE8YlBHMy4Ee5QRLNlMEYU7VDyEeI46wVBWuTMnf5sIXma4KsdbX3yTdWtWqVxv39VKrtqymCC7AJbgGFrgBLXAH2qADMHgCL+AVvGnP2rv2oX0uogVteeccrED7+QWwlqPu</latexit>

a+ ⇡ 36.4rvdW

⌘+ ⇡ 0.19

<latexit sha1_base64="Ojy7mu4WCH4wWg1zhykXc4b32Qs=">AAACJHicbVDLSsNAFJ3UV42vqEs3g8UiCDGp9bUruHFZwT6gKWEymdShk0yYmRRL6Gf4C/6EW925Exdu+i0mbUHaemDgcM6ZuXOPFzMqlWX9aIWV1bX1jeKmvrW9s7tn7B80JU8EJg3MGRdtD0nCaEQaiipG2rEgKPQYaXn9u9xvDYiQlEePahiTboh6EQ0oRiqTXOO8jNwzB8Wx4M8XV2ZVuKkjQjjwWyPH0csOUX++Zdq3rlGyTGsCuEzsGSnVwBR11xg7PsdJSCKFGZKyY1ux6qZIKIoZGelOIkmMcB/1SDpZZwRPMsmHARfZiRScqHM5FEo5DL0sGSL1JBe9XPzP6yQquOmmNIoTRSI8HRQkDCoO826gTwXBig0zgrCg2Q8hfkICYZU1ODclf1vIQI70rBB7cf1l0qyYdtW8fKiWapVZNUVwBI7BKbDBNaiBe1AHDYDBC3gD7+BDe9U+tS/texotaLM7h2AO2vgXNR6jtA==</latexit>

Observation of universality in ultracold 7Li  
three-body recombination, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 103, 163202 (2009)
Nuclear-spin-independent short-range three-body  
physics in ultracold atoms, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 105, 103203 (2010)



Efimov Physics For 7Li Atoms

Three-body Recombination for 7Li
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bbb: Experiment [PRL 105, 103203 (2010)]
aaa: Experiment [PRL 103, 163202 (2009)]
bbb: Theory (with V3B)
aaa: Theory (with V3B)

a� ⇡ �8.25rvdW

⌘� ⇡ 0.25

<latexit sha1_base64="s8oYGkmJ6GJATr5NP4ntdqKhdIA=">AAACJXicbVDLSgMxFM3UVx1foy7dBIvFTctMabHLghuXFewDOmXIZDJtaOZBkimWYX7DX/An3OrOnQhu9FfMtAVp64HA4ZyT3NzjxowKaZpfWmFre2d3r7ivHxweHZ8Yp2ddESUckw6OWMT7LhKE0ZB0JJWM9GNOUOAy0nMnt7nfmxIuaBQ+yFlMhgEahdSnGEklOYZZRk7FRnHMo8dKs1prcCe1eQCnXi+zbb1sE/kXMJXvGCWzas4BN4m1JKUWWKDtGN+2F+EkIKHEDAkxsMxYDlPEJcWMZLqdCBIjPEEjks73yeCVkjzoR1ydUMK5upJDgRCzwFXJAMmxWPdy8T9vkEi/OUxpGCeShHgxyE8YlBHMy4Ee5QRLNlMEYU7VDyEeI46wVBWuTMnf5sIXma4KsdbX3yTdWtWqVxv39VKrtqymCC7AJbgGFrgBLXAH2qADMHgCL+AVvGnP2rv2oX0uogVteeccrED7+QWwlqPu</latexit>

a+ ⇡ 36.4rvdW

⌘+ ⇡ 0.19

<latexit sha1_base64="Ojy7mu4WCH4wWg1zhykXc4b32Qs=">AAACJHicbVDLSsNAFJ3UV42vqEs3g8UiCDGp9bUruHFZwT6gKWEymdShk0yYmRRL6Gf4C/6EW925Exdu+i0mbUHaemDgcM6ZuXOPFzMqlWX9aIWV1bX1jeKmvrW9s7tn7B80JU8EJg3MGRdtD0nCaEQaiipG2rEgKPQYaXn9u9xvDYiQlEePahiTboh6EQ0oRiqTXOO8jNwzB8Wx4M8XV2ZVuKkjQjjwWyPH0csOUX++Zdq3rlGyTGsCuEzsGSnVwBR11xg7PsdJSCKFGZKyY1ux6qZIKIoZGelOIkmMcB/1SDpZZwRPMsmHARfZiRScqHM5FEo5DL0sGSL1JBe9XPzP6yQquOmmNIoTRSI8HRQkDCoO826gTwXBig0zgrCg2Q8hfkICYZU1ODclf1vIQI70rBB7cf1l0qyYdtW8fKiWapVZNUVwBI7BKbDBNaiBe1AHDYDBC3gD7+BDe9U+tS/texotaLM7h2AO2vgXNR6jtA==</latexit>

Three-body (Attractive) Interaction

V3B(R) = A3BR
� exp[�R/�]

<latexit sha1_base64="CU+cW6y7yogOKM2rSF3axb9gDBY=">AAACJHicbVDLTgIxFO34RHyNunTTSExwIcwgRjcmqBuXSOSRMEg6nQ40dB5pO0Yymc/wF/wJt7pzZ1y44VvsADEBPEmT03Nu7+09dsiokIbxoy0tr6yurWc2sptb2zu7+t5+QwQRx6SOAxbwlo0EYdQndUklI62QE+TZjDTtwW3qN58IFzTwH+QwJB0P9XzqUoykkrp6sdGNLe7Bs5skXzu5uv671R4tpto4yCLPYfu0VrRsIlGnq+eMgjEGXCTmlOQqYIJqVx9ZToAjj/gSMyRE2zRC2YkRlxQzkmStSJAQ4QHqkXi8TgKPleRAN+Dq+BKO1Zk65Akx9GxV6SHZF/NeKv7ntSPpXnZi6oeRJD6eDHIjBmUA02ygQznBkg0VQZhT9UOI+4gjLFWCM1PS3ly4IsmqQMz59RdJo1Qwy4Xz+3KuUppGkwGH4AjkgQkuQAXcgSqoAwxewBt4Bx/aq/apfWnfk9IlbfrmAMxAG/0CpcikAA==</latexit>

Observation of universality in ultracold 7Li  
three-body recombination, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 103, 163202 (2009)
Nuclear-spin-independent short-range three-body  
physics in ultracold atoms, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 105, 103203 (2010)

Corrects the position AND amplitude!



Efimov Physics For 7Li Atoms

Three-body Recombination for 7Li
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a� ⇡ �8.25rvdW
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<latexit sha1_base64="s8oYGkmJ6GJATr5NP4ntdqKhdIA=">AAACJXicbVDLSgMxFM3UVx1foy7dBIvFTctMabHLghuXFewDOmXIZDJtaOZBkimWYX7DX/An3OrOnQhu9FfMtAVp64HA4ZyT3NzjxowKaZpfWmFre2d3r7ivHxweHZ8Yp2ddESUckw6OWMT7LhKE0ZB0JJWM9GNOUOAy0nMnt7nfmxIuaBQ+yFlMhgEahdSnGEklOYZZRk7FRnHMo8dKs1prcCe1eQCnXi+zbb1sE/kXMJXvGCWzas4BN4m1JKUWWKDtGN+2F+EkIKHEDAkxsMxYDlPEJcWMZLqdCBIjPEEjks73yeCVkjzoR1ydUMK5upJDgRCzwFXJAMmxWPdy8T9vkEi/OUxpGCeShHgxyE8YlBHMy4Ee5QRLNlMEYU7VDyEeI46wVBWuTMnf5sIXma4KsdbX3yTdWtWqVxv39VKrtqymCC7AJbgGFrgBLXAH2qADMHgCL+AVvGnP2rv2oX0uogVteeccrED7+QWwlqPu</latexit>

a+ ⇡ 36.4rvdW

⌘+ ⇡ 0.19

<latexit sha1_base64="Ojy7mu4WCH4wWg1zhykXc4b32Qs=">AAACJHicbVDLSsNAFJ3UV42vqEs3g8UiCDGp9bUruHFZwT6gKWEymdShk0yYmRRL6Gf4C/6EW925Exdu+i0mbUHaemDgcM6ZuXOPFzMqlWX9aIWV1bX1jeKmvrW9s7tn7B80JU8EJg3MGRdtD0nCaEQaiipG2rEgKPQYaXn9u9xvDYiQlEePahiTboh6EQ0oRiqTXOO8jNwzB8Wx4M8XV2ZVuKkjQjjwWyPH0csOUX++Zdq3rlGyTGsCuEzsGSnVwBR11xg7PsdJSCKFGZKyY1ux6qZIKIoZGelOIkmMcB/1SDpZZwRPMsmHARfZiRScqHM5FEo5DL0sGSL1JBe9XPzP6yQquOmmNIoTRSI8HRQkDCoO826gTwXBig0zgrCg2Q8hfkICYZU1ODclf1vIQI70rBB7cf1l0qyYdtW8fKiWapVZNUVwBI7BKbDBNaiBe1AHDYDBC3gD7+BDe9U+tS/texotaLM7h2AO2vgXNR6jtA==</latexit>

Three-body (Attractive) Interaction

V3B(R) = A3BR
� exp[�R/�]

<latexit sha1_base64="CU+cW6y7yogOKM2rSF3axb9gDBY=">AAACJHicbVDLTgIxFO34RHyNunTTSExwIcwgRjcmqBuXSOSRMEg6nQ40dB5pO0Yymc/wF/wJt7pzZ1y44VvsADEBPEmT03Nu7+09dsiokIbxoy0tr6yurWc2sptb2zu7+t5+QwQRx6SOAxbwlo0EYdQndUklI62QE+TZjDTtwW3qN58IFzTwH+QwJB0P9XzqUoykkrp6sdGNLe7Bs5skXzu5uv671R4tpto4yCLPYfu0VrRsIlGnq+eMgjEGXCTmlOQqYIJqVx9ZToAjj/gSMyRE2zRC2YkRlxQzkmStSJAQ4QHqkXi8TgKPleRAN+Dq+BKO1Zk65Akx9GxV6SHZF/NeKv7ntSPpXnZi6oeRJD6eDHIjBmUA02ygQznBkg0VQZhT9UOI+4gjLFWCM1PS3ly4IsmqQMz59RdJo1Qwy4Xz+3KuUppGkwGH4AjkgQkuQAXcgSqoAwxewBt4Bx/aq/apfWnfk9IlbfrmAMxAG/0CpcikAA==</latexit>

Corrects the position AND amplitude!

Observation of universality in ultracold 7Li  
three-body recombination, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 103, 163202 (2009)
Nuclear-spin-independent short-range three-body  
physics in ultracold atoms, Gross, Shotan, Kokkelmans, 

and Khaykovich, PRL 105, 103203 (2010)

Is it all a coincidence!?



Summary (Opportunities and Challenges)

• Connections to experiments has been and will 
continue to be critical for the development of 
quantum control of reactive processes

• Few-body physics can help to 
answer fundamental question in 
an unambiguous, clean, and 
precise way

• Realistic models are necessary investigate 
the physics controlling universality on few-
body systems but also to understand decay 
rates and lifetimes

• Still much to understand on Universality 
and the various multichannel and short-
range aspects of it

Efimov resonance: 

enhancement 


of atomic losses !!!

|a�| = 9.73rvdW

(±15%)

<latexit sha1_base64="9fh9aUKqw8YLCDNyO4VMoVbGAvk=">AAACFXicbVA7T8MwGHR4lvIKMLJYVJXKQJWUVoUBqRILY5HoQ2qqyHGc1qqdRLZTqUqz8hf4E6ywsSFWZhZ+C0nbpS0nWTrdnf19PidkVCrD+NE2Nre2d3Zze/n9g8OjY/3ktC2DSGDSwgELRNdBkjDqk5aiipFuKAjiDiMdZ3Sf+Z0xEZIG/pOahKTP0cCnHsVIpZKtwymyr6Z3t+X6tbBjS3A4djuJZZWskJs1q3hp6wWjbMwA14m5IIUGmKNp67+WG+CIE19hhqTsmUao+jESimJGkrwVSRIiPEIDEs/2T2AxlVzoBSI9voIzdSmHuJQT7qRJjtRQrnqZ+J/Xi5R304+pH0aK+Hg+yIsYVAHMyoAuFQQrNkkJwoKmG0I8RAJhlVa2NCV7W0hPJvm0EHP1++ukXSmb1XLtsVpoVBbV5MA5uAAlYII6aIAH0AQtgMEzeAVv4F170T60T+1rHt3QFnfOwBK07z+oPp2i</latexit>



Backup Slides



Refers to the Efimov physics obtained using (single 
channel) vdW interactions, -C6/r^6, which leads to a 
three-body parameter depending solely on rvdW.

A new universal picture

van der Waals Universality
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Efimov resonance: 


enhancement 

of atomic losses !!!

Fano-Feshbach resonances for 133Cs

Feshbach resonances 

come in various flavors!

r⇤e↵(B) = re↵(a(B))� 4⇡

�(1/4)2
rvdW
sres

✓
1� abg

a(B)

◆

<latexit sha1_base64="cgCF5gglXeP9iDuNM7XdjqUfSqg="></latexit>

sres � 1

<latexit sha1_base64="HVIeNZmKQa8QfQvsudwnZ9W2sdY=">AAACBHicbVDLSsNAFL3xWeujUZduBovgqiSlosuCG5cV7AOaEibTSTp0JgkzE6GEbP0Jt7pzJ279Dzd+i5O2m7ZeGDicc+Y+TpByprTj/Fhb2zu7e/uVg+rh0fFJzT4966kkk4R2ScITOQiwopzFtKuZ5nSQSopFwGk/mN6Xev+ZSsWS+EnPUjoSOIpZyAjWhvLtmvJzTwokqSq8KHJ9u+40nHmhTeAuQb0Ni+r49q83TkgmaKwJx0oNXSfVoxxLzQinRdXLFE0xmeKI5vN1C3RlqDEKE2lerNGcXfFhodRMBMYpsJ6oda0k/9OGmQ7vRjmL00zTmCwGhRlHOkHl7WjMJCWazwzARDKzISITLDHRJqGVKWVvqUJVVE0g7vr5m6DXbLitxs1jq95uLqOpwAVcwjW4cAtteIAOdIFABq/wBu/Wi/VhfVpfC+uWtfxzDitlff8BbCOYUQ==</latexit>

sres ⌧ 1

<latexit sha1_base64="L2362yz2+tolMnZwnROc3CgMZtM=">AAACBHicbVC7SgNBFL3rM8ZHVi1tBoNgFXZDRMuAjWUE84BsWGYns8mQ2Qczd4UQtvUnbLWzE1v/w8ZvcTZJk8QLA4dzztzHCVIpNDrOj7W1vbO7t186KB8eHZ9U7NOzjk4yxXibJTJRvYBqLkXM2yhQ8l6qOI0CybvB5L7Qu89caZHETzhN+SCio1iEglE0lG9XtD/zVEQU17knpevbVafmzItsAncJqk1YVMu3f71hwrKIx8gk1brvOikOZlShYJLnZS/TPKVsQkd8Nl83J1eGGpIwUebFSObsio9GWk+jwDgjimO9rhXkf1o/w/BuMBNxmiGP2WJQmEmCCSluJ0OhOEM5NYAyJcyGhI2pogxNQitTit5Khzovm0Dc9fM3Qadecxu1m8dGtVlfRlOCC7iEa3DhFprwAC1oA4MMXuEN3q0X68P6tL4W1i1r+eccVsr6/gN70phb</latexit>

Resonance Strength

: strong (broad)
sres :

<latexit sha1_base64="iM/iHQUrA7prnNlpVZoeCF8K7PI=">AAAB/3icbVC7SgNBFL0bXzG+opY2g0GwCrshQbEK2FhGMA/IhjA7mU2GzD6YuSuEZQt/wlY7O7H1U2z8FmeTNEm8MHA458x9HC+WQqNt/1iFre2d3b3ifung8Oj4pHx61tFRohhvs0hGqudRzaUIeRsFSt6LFaeBJ3nXm97neveZKy2i8AlnMR8EdBwKXzCKhnL1MHVVQBTX2d2wXLGr9rzIJnCWoNKERbWG5V93FLEk4CEySbXuO3aMg5QqFEzyrOQmmseUTemYp/NNM3JlqBHxI2VeiGTOrvhooPUs8IwzoDjR61pO/qf1E/RvB6kI4wR5yBaD/EQSjEh+NhkJxRnKmQGUKWE2JGxCFWVowlmZkvdW2tdZyQTirJ+/CTq1qlOvNh7rlWZtGU0RLuASrsGBG2jCA7SgDQxieIU3eLderA/r0/paWAvW8s85rJT1/Qewj5bh</latexit>

: weak (narrow)

Physically…

r⇤e↵(B) ⌘ re↵(a(B))

<latexit sha1_base64="sBmjJUjU30ALp4Z4Z2cpERySh7w=">AAACHnicbVDLTgIxFL2DL8TXqEs3jcQEXJAZgtEl0Y1LTOSRMEg6pQMNnYdth4SQ+QZ/wZ9wqzt3xq1u/BY7wELAkzQ5Oee0t/e4EWdSWda3kVlb39jcym7ndnb39g/Mw6OGDGNBaJ2EPBQtF0vKWUDriilOW5Gg2Hc5bbrDm9RvjqiQLAzu1TiiHR/3A+YxgpWWumYRie7EET6inpc8nBeuiw59jNnor1zAWi52zbxVsqZAq8Sek3wVZqh1zR+nF5LYp4EiHEvZtq1IdSZYKEY4TXJOLGmEyRD36WS6SILOtNRDXij0CRSaqgs57Es59l2d9LEayGUvFf/z2rHyrjoTFkSxogGZDfJijlSI0lZQjwlKFB9rgolg+oeIDLDAROnuFqakbwvpySSnC7GX118ljXLJrpQu7ir5anleTRZO4BQKYMMlVOEWalAHAk/wAq/wZjwb78aH8TmLZoz5nWNYgPH1C7OwoVs=</latexit>

sres � 1

<latexit sha1_base64="HVIeNZmKQa8QfQvsudwnZ9W2sdY=">AAACBHicbVDLSsNAFL3xWeujUZduBovgqiSlosuCG5cV7AOaEibTSTp0JgkzE6GEbP0Jt7pzJ279Dzd+i5O2m7ZeGDicc+Y+TpByprTj/Fhb2zu7e/uVg+rh0fFJzT4966kkk4R2ScITOQiwopzFtKuZ5nSQSopFwGk/mN6Xev+ZSsWS+EnPUjoSOIpZyAjWhvLtmvJzTwokqSq8KHJ9u+40nHmhTeAuQb0Ni+r49q83TkgmaKwJx0oNXSfVoxxLzQinRdXLFE0xmeKI5vN1C3RlqDEKE2lerNGcXfFhodRMBMYpsJ6oda0k/9OGmQ7vRjmL00zTmCwGhRlHOkHl7WjMJCWazwzARDKzISITLDHRJqGVKWVvqUJVVE0g7vr5m6DXbLitxs1jq95uLqOpwAVcwjW4cAtteIAOdIFABq/wBu/Wi/VhfVpfC+uWtfxzDitlff8BbCOYUQ==</latexit>

r⇤e↵(B) 6⌘ re↵(a(B))

<latexit sha1_base64="6ckyMAgsK7lRRI4dJM/pFIDqm2g=">AAACInicbVDNSgMxGMzWv1r/Vj16CRahFSy7paLHohePFewPdOuSTbNtaHazJtlCWfYpfAVfwqvevIknQXwWs20PtjoQGGYm+fKNFzEqlWV9GrmV1bX1jfxmYWt7Z3fP3D9oSR4LTJqYMy46HpKE0ZA0FVWMdCJBUOAx0vZG15nfHhMhKQ/v1CQivQANQupTjJSWXPMMCjdxRACJ76f3p6WrshNy5ZCHmI5/WyWkrbJrFq2KNQX8S+w5KdbBDA3X/Hb6HMcBCRVmSMqubUWqlyChKGYkLTixJBHCIzQgyXSZFJ5oqQ99LvQJFZyqCzkUSDkJPJ0MkBrKZS8T//O6sfIvewkNo1iREM8G+TGDisOsGdingmDFJpogLKj+IcRDJBBWur+FKdnbQvoyLehC7OX1/5JWtWLXKue3tWK9Oq8mD47AMSgBG1yAOrgBDdAEGDyCZ/ACXo0n4814Nz5m0Zwxv3MIFmB8/QAom6Mw</latexit>

sres ⌧ 1

<latexit sha1_base64="L2362yz2+tolMnZwnROc3CgMZtM=">AAACBHicbVC7SgNBFL3rM8ZHVi1tBoNgFXZDRMuAjWUE84BsWGYns8mQ2Qczd4UQtvUnbLWzE1v/w8ZvcTZJk8QLA4dzztzHCVIpNDrOj7W1vbO7t186KB8eHZ9U7NOzjk4yxXibJTJRvYBqLkXM2yhQ8l6qOI0CybvB5L7Qu89caZHETzhN+SCio1iEglE0lG9XtD/zVEQU17knpevbVafmzItsAncJqk1YVMu3f71hwrKIx8gk1brvOikOZlShYJLnZS/TPKVsQkd8Nl83J1eGGpIwUebFSObsio9GWk+jwDgjimO9rhXkf1o/w/BuMBNxmiGP2WJQmEmCCSluJ0OhOEM5NYAyJcyGhI2pogxNQitTit5Khzovm0Dc9fM3Qadecxu1m8dGtVlfRlOCC7iEa3DhFprwAC1oA4MMXuEN3q0X68P6tL4W1i1r+eccVsr6/gN70phb</latexit>

Single channel effective range

multichannel properties



Ultracold temperatures,

low density, quantum 


state selectivity, … 

Ultracold Chemical Reactions

Room temperature chemistry 

is messy and difficult to 

coherently control!

… a new laboratory for chemistry

Ultracold Atomic/Molecular Gases



Ultracold temperatures,

low density, quantum 


state selectivity, … 

Ultracold Chemical Reactions

Room temperature chemistry 

is messy and difficult to 

coherently control!Experiments in State-to-State Chemistry

… a new laboratory for chemistry

Ultracold Atomic/Molecular Gases

Prof. Johannes H. Denschlag 
(Ulm University, Germany)

Prof. Kang-Kuen Ni 
(Harvard University, USA)

Prof. Pan Jianwei 
(University of Science and 
Technology of China, USTC)

Challenging  
experiments…

• high phase-space densities 

• fast detection schemes

• mapping many atomic and 

molecular transitions

• etc…


