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A new universal picture

van der Waals Universality

Refers to the Efimov physics obtained using (single
channel) vdW interactions, -C6/r\6, leading to a
three-body parameter depending only on rvd\W.

Theory:

Wang, D’Incao, Esry, Greene, PRL 108, 263001 (2012)
Naidon, Endo, Ueda, PRA 90, 022106 (2014)
Schmidt, Rath, Zwerger, EPJB 85, 386 (2012)



A new universal picture

van der Waals Universality

channel) vdW interactions, -C6/r\6, leading to a
three-body parameter depending only on rvdW.
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A new universal picture

van der Waals Universality

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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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)




A new universal picture

van der Waals Universality

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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Few-Body Physics for 39K Atoms

Atom-Atom Interaction
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Atom-Atom Interaction
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Few-Body Physics for 39K Atoms

Atom-Atom Interaction

“Reduced” Atom-Atom Interaction
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Atom-Atom Interaction
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Few-Body Physics for 39K Atoms

Atom-Atom Interaction

39K Feshbach Resonance
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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)
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Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

Precision Test of the Limits to Universality in Few-Body Physics
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Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”
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39K3 Efimov states are “anomalous”
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Efimov Physics for 39K atoms at JILA

39K3 Efimov states are “anomalous”

PRL 123, 233402 (2019)

Resonance in 39K

PRL 125, 243401 (2020)
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Observation of Efimov Universality across a Nonuniversal Feshbach

Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell,

Observables for a > 0

1 1 0 0
aﬁ)/ao ’7=(k) a(+)/ao ’7(+)

23 ... 90 e
809(1) 0.27(3) 200(1) 0.10(1)
884(14) 0.28(2) 246(6) 0.20(2)

Observables for a < 0
. © ©
Atom-molecule Relaxation (a>0) a®/a ne
e e vaw | —626
1074 (b) 1 Movaw |-846(19) 021(1) [31]
] £2. 9 Exo. [-908(11) 0.25(1) [31]
Q .
g 10'9': - | '
© ] * 3|
e 3 10° F
2 + 62(3)nK t il | -
- 105(4) nK 1 b X L
218(13) nK I ] 1071
107104 e 213(12) nK ] | = I
T mc-vdW 62nK < 10! E
'Q L
1,000 100 SRS
a(ap) I
o

Trimer Binding Energy (Ed-Et)

10




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,
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Observation of Efimov Universality across a Nonuniversal Feshbach
Resonance in 39K

Xie , Van de Graaff, Chapurin, Frye, Hutson, D’Incao, Julienne, Ye, Cornell,
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Future Experiments and Applications:
Important to know not only the location of

Atom-molecule Relaxation (a>0) features but also lifetimes and decay rates
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87Rb/85Rb Three-body Recombination
(initiated on KITP-2016)



Ultracold Chemical Reactions

Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas
Wolf, DeiB3, Krilkow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag
Science 358 921 (2017)

(Hyperspherical potentials for 87Rb3 atoms)
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Ultracold Chemical Reactions

Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas
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(Hyperspherical potentials for 87Rb3 atoms)
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Ultracold Chemical Reactions

Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas
Wolf, DeiB3, Krilkow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag

Science 358 921 (2017)

(Hyperspherical potentials for 87Rb3 atoms)
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Ultracold Chemical Reactions

Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas
Wolf, DeiB3, Krilkow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag
Science 358 921 (2017)

(Hyperspherical potentials for 87Rb3 atoms)
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Ultracold Chemical Reactions

Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas
Wolf, DeiB3, Krilkow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag
Science 358 921 (2017)

(Hyperspherical potentials for 87Rb3 atoms)
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Ultracold Chemical Reactions

Accessing Final Products

State-to-state chemistry for three-body recombination in an ultracold rubidium gas
Wolf, Deil3, Krikow, Tiemann, Ruzic, Wang, D’Incao, Julienne, and Denschlag
Science 358 921 (2017)

(Hyperspherical potentials for 87Rb3 atoms)
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Final State Distribution of Three-body Recombination

Energy-scaling Propensity Rule

Energy-scaling of the product state distribution for three-body recombination of ultracold atoms
Haze, D’Incao, Dorer, Li, Dei3, Tiemann, Julienne, and Denschlag
in preparation (2022)

87Rb Recombination
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Final State Distribution of Three-body Recombination

Energy-scaling Propensity Rule

Energy-scaling of the product state distribution for three-body recombination of ultracold atoms
Haze, D’Incao, Dorer, Li, Dei3, Tiemann, Julienne, and Denschlag
in preparation (2022)
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Final State Distribution of Three-body Recombination

Energy-scaling Propensity Rule

Energy-scaling of the product state distribution for three-body recombination of ultracold atoms
Haze, D’Incao, Dorer, Li, Dei3, Tiemann, Julienne, and Denschlag
in preparation (2022)

87Rb Recombination
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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, Dei3, Tiemann, Julienne, and Denschlag
PRL 128, 133401 (2022)
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Efimov states in 85Rb

Observation of Efimov Molecules Created from a
Resonantly Interacting Bose Gas

Klauss, Xie, Lopez-Abadia, D’Incao, Hadzibabic, Jin, Cornell
PRL 119, 143401 (2017)
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\ 4 Spin-conservation propensity
© Rb rule = long lifetime of Efimov
states in 85Rb?
Rbg (I/, LR)
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Observation of Efimov Molecules Created from a
Resonantly Interacting Bose Gas

Klauss, Xie, Lopez-Abadia, D’Incao, Hadzibabic, Jin, Cornell
PRL 119, 143401 (2017)
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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 7LiI Atoms

(...where short- and long-range meet!?)



Efimov Physics For 7Li Atoms

van der Waals Universality

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

Resonance Strength
SI‘GS

Sres > 1 : strong (broad)

Sres K 1 :weak (narrow)

Ultracold Gases Experiments

Efimov resonance:
| enhancement
of atomic losses !!!




Efimov Physics For 7Li Atoms

van der Waals Universality

Refers to the Efimov physics obtained using (single

channel) vdW interactions, -C6/r\6, leading to a 9 Ultracold Gases Experiments

three-body parameter depending only on rvdW.
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Efimov resonance: °
enhancement
of atomic losses !!!

Resonance Strength
Sres 20

Sres > 1 : strong (broad)

Sres K 1 :weak (narrow)

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)



Efimov Physics For 7Li Atoms

Feshbach Resonances for 7Li

| | ]
aa-channel : [1,1) +[1,1) Ultracold Gases Experiments

i Efimov resonance:
20 L enhancement
of atomic losses !!!

L

+[1,0) +11,0)

p—

- SI‘GS

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

N 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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Efimov Physics For 7Li Atoms

Feshbach Resonances for 7Li

| | ]
aa-channel : [1,1) +[1,1) Ultracold Gases Experiments

i Efimov resonance:
20 L enhancement
of atomic losses !!!
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Dyke, Pollack, and Hulet, PRA 88, 023625 (2013)
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Efimov Physics For 7Li Atoms

Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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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Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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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Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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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Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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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Three-body Recombination for 7Li

K3 (hriqw/m)

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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Three-body Recombination for 7Li

K3 (hriqw/m)
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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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Hyperspherical Potentials for 7Li

Typical Universal vdW barrier

Broad Resonances

Wang, D’Incao, Esry, Greene, PRL 108, 263001 (2012)
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Hyperspherical Potentials for 7Li

Typical Universal vdW barrier

Theory for Narrow Resonances:
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Typical Universal vdW barrier
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Efimov Physics For 7Li Atoms

What is different about 7Li?

...small Hyperfine Splitting Species  Ent/Evaw
("Li) 125

...Spin physics is *Na  22.8

important! YK 217
8Rb  501.5
8STRb 11225
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Efimov Physics For 7Li Atoms

What is different about 7Li?

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

TABLE 1. Characteristic van der Waals scales R,qw and E,qw for several atomic species (1 amu
=1/12 mass of a '2C atom, 1 a.u.=1Ehag where Ej, is a hartree and 1 4(=0.0529177... nm).

Mass Cq Ryaw Evawlkp Eyawlh
Species (amu) (a.u.) }Q'QL (mK) (MHz)
OLi 6.0151223 1393.39* 31.26 29.47 614.1
BNa 22.9897680 1556° 03 3.732 71.77
g 39.9639987 3897° 64.90 1.029 21.44
“Ca 39.962591 2221¢ 56.39 1.363 28.40
8Rb 86.909187 46984 82.58 0.2922 6.089
8Sr 87.905616 3170° 75.06 0.3497 7.287

3¢ 132.905429 6860° 101.0 0.1279 2.666




Efimov Physics For 7Li Atoms

What is different about 7Li?

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

TABLE 1. Characteristic van der Waals scales R,qw and E,qw for several atomic species (1 amu
=1/12 mass of a '2C atom, 1 a.u.=1Ehag where Ej, is a hartree and 1 4(;=0.0529177... nm).

Mass C. Ryaw Eawlkp Eqwlh
Species (amu) (a.u.) (ap) (mK) (MHz)
OLj 6.0151223 1393.39° 31.26 29.47 614.1
BNa 22.9897680 1556° 44.93 3.732 71.77
g 39.9639987 3897° 64.90 1.029 21.44
“Ca 39.962591 2221¢ 56.39 1.363 28.40
8Rb 86.909187 46984 82.58 0.2922 6.089
88gr 87.905616 3170° 75.06 0.3497 7.287
133¢g 132.905429 6860° 101.0 0.1279 2.666
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Efimov Physics For 7Li Atoms

What is different about 7Li?

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

TABLE 1. Characteristic van der Waals scales R,qw and E,qw for several atomic species (1 amu
=1/12 mass of a '2C atom, 1 a.u.=1Ehag where Ej, is a hartree and 1 4(y=0.0529177... nm).

N e Rvdw T ... strong Three-body interactions
Species (amu) (a.u.) (ap) (mK)
°Li 6.0151223 1393.39° 31.26 2947 [from Soldan, et al., PRA 67, 054702 (2003)]
BNa 22.9897680 1556° 44.93 3.732 1000
g 39.9639987 3897° 64.90 1.029
“ca 39.962591 2221¢ 56.39 1.363
8Rb 86.909187 46984 82.58 0.2922 0r
8Sr 87.905616 3170° 75.06 0.3497
cs 132.905429 6860° 101.0 0.1279 -1000 -
A
S -2000
2 lI T T T T T T T T |_|J
. \ Vip(r) : Triplet § ] -3000 |
0 ivan der Waals
[/0H03E903050) perooooonD ¥ v--_--_--_--_--_-::‘-_-_;_-;-_-.- : _4000 L
—~ 1 6
z i —Cg/r
UES _5000 I 1 1 I 1
S 2f €—— Electronic | c 8 4 5 6 7 8
g r(A)
= | Vex(r) = A
> ]
ad Vs(r) : Singlet Tex & 20a0
i ([Vs(r) = Vr(r)| = Evaw)
_6 L L L L L L EI L L |
0 02 04 0.6 0.8 1
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Efimov Physics For 7Li Atoms

What is different about 7Li?

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

TABLE 1. Characteristic van der Waals scales R,qw and E,qw for several atomic species (1 amu
=1/12 mass of a '2C atom, 1 a.u.=1Ehag where Ej, is a hartree and 1 4(=0.0529177... nm).

... strong Three-body interactions

Mass C6 RVdW EVdW/kB
Species (amu) (a.u.) (ap) (mK)
°Li 6.0151223 1393.39* 31.26 29.47 [from Soldan, et al., PRA 67, 054702 (2003)]
BNa 22.9897680 1556° 44.93 3.732 1000
g 39.9639987 3897° 64.90 1.029
“ca 39.962591 2221¢ 56.39 1.363
8Rb 86.909187 46984 82.58 0.2922 0r
8Sr 87.905616 3170° 75.06 0.3497
G 132.905429 6860° 101.0 0.1279 ~1000 -
A
8 -2000 F
(]
=3000 r
...calculations near r_vdW are coming
—4 L
(KITP-2022) 000
y _5000 I 1 1 I 1
Tomza’s group... 5 3 4 5 5 = 5
r(A)

Michal Tomza

Jacek Gebala
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Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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)

— T T 1014 —— T T T
100 F (a>0) ] | (a < 0)
1012 .
o a_ ~ —8.25Tvqw
108 1010 | .\" @ bbb: Experiment [PRL 105, 103203 (2010)]
4 aaa: Experiment [PRL 103, 163202 (2009)]
/g O bbb: Theory
< 108 L A aaa: Theory
é 10% . Three-body (Attractive) Interaction
- 6 T T TT T
T _ " Vin(R) = Ass R exp|-R/)
10* ]
, [ 10°F
102 i 10 i
e T i
10 102100 1|o 1
0 L MR | L L ool L L L le v 0y L L
10 10 100 100 10 1



Efimov Physics For 7Li Atoms

Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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!

— —
1010 (a > 0) | ' (a < 0)
1012 [,
ay ~ 36.47ryqw A a_ = 0—;257“de
108 N4+ ~ 0.19 101 | Uy == @ bbb: Experiment [PRL 105, 103203 (2010)]
4 aaa: Experiment [PRL 103, 163202 (2009)]
e O bbb: Theory (with V3B)
Ny 108 F A aaa: Theory (with V3B)
=N i
1
S
2 10 . Three-body (Attractive) Interaction
r 1 6 frrrror T A
T _ i Vin(R) = Ass R exp[~ R/
10* .
, [ 10%F.
10 7] 107 1 3 . E i
0 L 2-....... . Lttt o ] _
10 10% 60 10 1
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Efimov Physics For 7Li Atoms

Observation of universality in ultracold 7Li

. . . three-body recombination, Gross, Shotan, Kokkelmans,
Three-body Recombination for 7Li 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!

1010 (a > 0) | ' (a < 0)
1012 [,
ay ~ 36'4TVdW A a_ =~ 0—2;5257“de
108 N4+ ~ 0.19 101 | Uy == @ bbb: Experiment [PRL 105, 103203 (2010)]
4 aaa: Experiment [PRL 103, 163202 (2009)]
e O bbb: Theory (with V3B)
< 108 N A aaa: Theory (with V3B)
= a6 i
= 10
< >
é 10% . Three-body (Attractive) Interaction
- 6 ErTTTTT T
S ] a: Vag(R) = AsnR* exp[—R/f]
10* .
) 10* E. . ..
102 4wt [ 7 Is it all a coincidence!?
e T i
10 102100 lIO 1
0 L MR | L L MR | MR R L L | IR L L
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Summary (Opportunities and Challenges)

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

. g . . 24 |
e Realistic models are necessary investigate .
the physics controlling universality on few- 2r Efimov resonance: °
body systems but also to understand decay 20 L enhancement
rates and lifetimes - of atomic losses !!!
= 18 -
o] L
>
i 16 -—59K 39K
Rty T la_| = 9.73rvaw
e Few-body physics can help to Tt » (£15%)
answer fundamental question in b T wos] 108
an unambiguous, clean, and . L8 §L' AT s
precise way T i
6 sl 1 sl al sl
0.1 1 10 100 1000

e Connections to experiments has been and will
continue to be critical for the development of
quantum control of reactive processes
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A new universal picture

van der Waals Universality T T R

18 - Efimov resonance: 7
- enhancement
. . . . . i 1
Refers to the Efimov physics obtained using (single > of atomic losses 1! ]
channel) vdW interactions, -C6/r\6, which leads to a |
three-body parameter depending solely on rvd\W. 2 TKOQTK .
0 _ '
~— 39
I 12 a -
Fano-Feshbach resonances for 133Cs S vie | -
[ 4k 395
00T | | | S 0 T S R s
- i ;“3-05 = 133
3000+ _ 7&5 Ilj %Rb 1505 Cs
8 | . LV i
o \ 0.1 1 10 100 1000
Y‘ Feshbach resonances Sres
-3000 : 1 . L L . : come in various flavors!
0 200 400 600 800 1000 Resonance Strength

mag” Sres > 1 : strong (broad)

Single channel effective range
Sres <K 1 :weak (narrow)

multichannel properties

Physically... N

— : i s 1—> Ter(B) = re(a(B))
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... a new laboratory for chemistry

Ultracold Atomic/Molecular Gases

Ultracold Chemical Reactions
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low density, quantum 52 QR A

state selectivity, ...

Room temperature chemistry
is messy and difficult to
coherently control!



.. a new laboratory for chemistry

Ultracold Atomic/Molecular Gases

Ultracold Chemical Reactions

o O
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Ultracold temperatures, * 7 c,g 3l {1}
. o—d B2 d oot ©
low density, quantum % o O

state selectivity, ...

Room temperature chemistry
is messy and difficult to
coherently control!

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

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

e high phase-space densities
ﬁ e fast detection schemes
' Prof. Kang-Kuen Ni * mapping many atomic and

(Harvard University, USA) Challenging molecular transitions
experiments... e etc...




