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“Traditional” direct detection

Nuclear recoils
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Atom interferometry

Examples — earth based
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RESEARCH
Test of Equivalence Principle at 10~8 Level by a Dual-species Double-diffraction
Raman Atom Interferometer

METROLOGY

Lin Zhou,*? Shitong Long,!*%3 Biao Tang,!? Xi Chen,2 Fen Gao,'? Wencui Peng,''? Weitao Duan,?3

Measurement Of the fme'structure Jiaqi Zhong,"? Zongyuan Xiong,»»? Jin Wang,'? * Yuanzhong Zhang,* and Mingsheng Zhan' 2>
1 State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,

Constant as a test Of the Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, China

2 Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China
Standard MOdel 3 University of Chinese Academy of Sciences, Beijing 100049, China

4 Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China
(Dated: March 3, 2015)

. 1y . 1y . 1 . 1 .
Richard H. Parker,™ Chenghui Yu, ™ Weicheng Zhong,  Brian Estey, Holger Muj We report an improved test of the weak equivalence principle by using a simultaneous **Rb-*"Rb

dual-species atom interferometer. We propose and implement a four-wave double-diffraction Raman
transition scheme for the interferometer, and demonstrate its ability in suppressing common-mode
phase noise of Raman lasers after their frequencies and intensity ratios are optimized. The statistical
uncertainty of the experimental data for E6tvos parameter 7 is 0.8 x 10™% at 3200 s. With various .
systematic errors corrected the final value is n = (2.8 & 3.0) x 107%. The major uncertainty is
attributed to the Coriolis effect.

STANFORD 8Rb

Atom-interferometric test of the equivalence principle at the 1072 level

ZHAOSHAN 87Rb

10-m atomic fountai:

Peter Asenbaum,* Chris Overstreet,* Minjeong Kim, Joseph Curti, and Mark A. Kasevichf
Department of Physics, Stanford University, Stanford, California 94305
(Dated: June 25, 2020)

12-m atomic fountain

Does gravity influence local measurements? We use a dual-species atom interferometer with 2s
of free-fall time to measure the relative acceleration between 3°Rb and 8"Rb wave packets in the
Earth’s gravitational field. Systematic errors arising from kinematic differences between the isotopes
are suppressed by calibrating the angles and frequencies of the interferometry beams. We find an
E&tvos parameter of n = [1.6 + 1.8 (stat) & 3.4 (sys)] x 1072, consistent with zero violation
of the equivalence principle. With a resolution of up to 1.4 x 107! g per shot, we demonstrate a
sensitivity to n of 5.4 x 107" /+/Haz.
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Examples — earth based
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Atom interferometry

Examples — earth based
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1 [Submitted on 15 Sep 2025 (v1), last revised 16 Sep 2025 (this version, v2)]

Letter of Intent: AICE -- 100m Atom
Interferometer Experiment at CERN
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Examples — earth based
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Atom interferometers
as open quantum systems



-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.
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e ©

time
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Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.
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Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.
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Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

S(|¥)s @ |p))

time
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Markovian regime



-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

S(¥)s ®|p)) = |¥)s ® Sx|p)

time

system & environment initially uncorrelated
stationary background

Markovian regime

Recoiless regime



-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

S=01+i1T
S(1¥)s ® |p)) = |¥)s ® Sx|p)

(p'|Tx|p) = (2m)d(E" — E)Mx(p', P)

time
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[Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

T=gTW + 32T + 0% S=1+iT
S(¥)s ®|p)) = |¥)s @ Sx|p)

(p'|Tx|p) = (27)0(E" — E)M«(p’, p)
na® <1 MPP,p)="V(q)eT™

dilute Born approximation
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-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

T=gTW + 32T + 0% S=1+iT
S(¥)s ®|p)) = |¥)s @ Sx|p)
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dilute Born approximation
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-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.
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time
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-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

+  [Riedel, 2012], [Riedel, Yavin, 2016]

Propose the use of matter interferometers (still single object
in spatial quantum superposition) to search for dark matter.

O
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object (e.g. atom) spatial quantum superposition.

+  [Riedel, 2012], [Riedel, Yavin, 2016]

Propose the use of matter interferometers (still single object
in spatial quantum superposition) to search for dark matter.

[Badurina, CM, Plestid, 2024] [CM, Plestid, 2025]

Work out the effect of particle scattering on a collection of
objects (e.g. a cloud of N >> 1 atoms) in a product state
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-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

+  [Riedel, 2012], [Riedel, Yavin, 2016]

Propose the use of matter interferometers (still single object
in spatial quantum superposition) to search for dark matter.

[Badurina, CM, Plestid, 2024] [CM, Plestid, 2025]

Work out the effect of particle scattering on a collection of
objects (e.g. a cloud of N >> 1 atoms) in a product state

(p'|Tk|p) = (2m)6(E" — E)Mx(p’,p)
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dilute Born approximation
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P 2 7*6 ¢ N atoms [CM, Plestid, 2025]
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Decoherence Kernel 1-body
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The Debye-Waller factor (cloud form factor squared)
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Decoherence Kernel n-body

Faecon () = G(q)(n*(1 — cos[q - Ax])
+ (1 —

— inN sin|q - Ax])

G(q))|n|(1 — cos|q - Ax] — insin|q - Ax])

The Debye-Waller factor (cloud form factor squared)
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Let’s apply 1t to search for elusive particles!
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Applications
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Incoherent-decoherence
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Enhanced phase-shift

e.g. Kastler Brossel Lab

Applications w .‘;ﬁ
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-+ [Gallis, Fleming, 1990] [Hornberger, Sipe, 2003]

Worked out the effect of particle scattering on a single
object (e.g. atom) spatial quantum superposition.

+  [Riedel, 2012], [Riedel, Yavin, 2016]

Propose the use of matter interferometers (still single object
in spatial quantum superposition) to search for dark matter.

|[Badurina, CM, Plestid, 2024]

Work out the effect of particle scattering on a collection of
objects (e.g. a cloud of N >> 1 atoms) in a product state

+ [CM, Plestid, 2026]
Propose a new observable in atom interferometry (anomalous
time fluctuations) that is enhanced by the number of atoms




Alternative observables?

[CM, Plestid, 2026]
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Anomalous (enhanced) fluctuations

[CM, Plestid, 2026]
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The mean
(04) = Tr{pO4+} = 5 (1 + Re[My]) 0.5 4
B 1 /0 R
P1L = 2o\m o
0 iﬂ

Higher statistical moments!
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The weirdos: product states

[CM, Plestid, 2026]
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[CM, Plestid, 2026]
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[CM, Plestid, 2026]

Pure product state

The mean o—=1 W= 6z’<I>
(04) = Tr{pO4} = ¥ (1 + Re[My]) (O4)|pure o< N
0
B 1 /o N —(s/As0)
p1 = 5 (. O) Fully decohered € /
o=1 HW=0

<O—i—> |decoh x N

The variance

o7 =(0%) —(04)° =% [N (1 + Re[*] — 2Re[M]?) + 1 — Re[*]]

( )
\ /

| =

H B %
o o N
P2 o o IR
H B o

> H H o



The weirdos: product states
[CM, Plestid, 2026]
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The weirdos: product states
[CM, Plestid, 2026]
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The weirdos: product states

[CM, Plestid, 2026]
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New observable: super-binomial fluctuations
[CM, Plestid, 2026]

Applies to incoherent interactions

Applies to isotropic interactions

Sensitive to the full cross-section (no upper bound in 1/r,.)
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New observable:

super-binomial fluctuations

[CM, Plestid, 2026]
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New observable: super-binomial fluctuations
[CM, Plestid, 2026]
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New observable: super-binomial fluctuations

[CM, Plestid, 2026]
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Conclusions

Atom interferometers open (“THE”) parameter space.

These experiments exist! Many funded already. Parasitic searches.

[AION collaboration, Badurina et al, 2019]
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Atom-interferometric test of the equivalence principle at the 1072 level

Peter Asenbaum,* Chris Overstreet,* Minjeong Kim, Joseph Curti, and Mark A. Kasevich!
Department of Physics, Stanford University, Stanford, California 94305
(Dated: June 25, 2020)

High Energy Physics - Experiment
[Submitted on 15 Sep 2025 (v1), last revised 16 Sep 2025 (this version, v2)]

Letter of Intent: AICE -- 100m Atom
Interferometer Experiment at CERN

Does gravity influence local measurements? We use a dual-species atom interferometer with 2s
of free-fall time to measure the relative acceleration between *Rb and 8"Rb wave packets in the
Earth’s gravitational field. Systematic errors arising from kinematic differences between the isotopes
are suppressed by calibrating the angles and frequencies of the interferometry beams. We find an
E6tvos parameter of n = [1.6 + 1.8 (stat) & 3.4 (sys)] x 107'2, consistent with zero violation
of the equivalence principle. With a resolution of up to 1.4 x 107! g per shot, we demonstrate a

sensitivity to n of 5.4 x 107" /+/Hz.




Conclusions

Atom interferometers open (“THE”) parameter space.

These experiments exist! Many funded already. Parasitic searches.

Ambitious projects require controlled backgrounds (SM physics).

[Du, CM, Pardo, Wang, Zurek, 2023]



Conclusions

Atom interferometers open (“THE”) parameter space.

These experiments exist! Many funded already. Parasitic searches.

Ambitious projects require controlled backgrounds (SM physics).

Boundaries not reached yet!
The 1line between science fiction and science fact vanishes quickly.
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THIS IS WHERE YOU
LOST YOUR WALLET?

NO, T LOST IT IN THE PARK.
BUT THIS IS WHERE THE LIGHT IS.
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