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Why quantum sensors?
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Lowering the threshold
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Advantages of low threshold detectors
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Atom interferometry

Examples — earth based

STANFORD 8Rb

10-m atomic fountain

ZHAOSHAN 87Rb

12-m atomic fountain

I’Cloud ~ Ome, N ~ 108
Ax =0.Im, ¢, = 2s

» "exp T




Atom 1ntaoarforomotrvu

7

Article

Determination of thefine-structure constant
with anaccuracy of 81 parts per trillion

https://doi.org/10.1038/s41586-020-2964-7  Léo Morel', Zhibin Yao', Pierre Cladé' & Saida Guellati-Khélifa'*™
Received: 7 May 2020

STANFORD 8Rb
10-m atomic fountain ZHAOSHAN 87Rb

12-m atomic fountain

I’Cloud ~ Ome, N ~ 108
Ax =0.Im, ¢, = 2s

» "exp T




AtnAam 1intortornrotrvu

7

Article

Determination of thefine-structure constant
with anaccuracy of 81 parts per trillion

https://doi.org/10.1038/s41586-020-2964-7  Léo Morel', Zhibin Yao', Pierre Cladé' & Saida Guellati-Khélifa'*™
Received: 7 May 2020

RESEARCH

METROLOGY

Measurement of the fine-structure

constant as a test of the
Standard Model

Richard H. Parker,'* Chenghui Yu,'* Weicheng Zhong," Brian Estey,' Holger Miiller"*t

w

UuCB
e

STANFORD 8Rb

10-m atomic fountain

ZHAOSHAN 87Rb

12-m atomic fountain

I’Cloud ~ Ome, N ~ 108
Ax =0.Im, ¢, = 2s

» "exp T




Atom 1ntaoarforomotrvu

Article

Determination of the fine-structure constant
with anaccuracy of 81 parts per trillion
https://doi.org/10.1038/s41586-020-2964-7  Léo Morel', Zhibin Yao', Pierre Cladé' & Saida Guellati-Khélifa'*™

]

RESEARCH
Test of Equivalence Principle at 10~® Level by a Dual-species Double-diffraction
Raman Atom Interferometer

METROLOGY

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

Measurement Of the fme'structure Jiaqi Zhong,"? Zongyuan Xiong,»»? Jin Wang,"?'* Yuanzhong Zhang,* and Mingsheng Zhan'?: 1
1State 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

2Center 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)

. 1x . 1x N 1 B 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 Eétvos parameter 7 is 0.8 x 10~ at 3200 s. With various .
systematic errors corrected the final value is 7 = (2.8 £ 3.0) x 107°. The major uncertainty is
attributed to the Coriolis effect.
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STANFORD 8Rb p— »
Atom-interferometric test of the equivalence principle at the 10~'2 level ZHAOSHAN 87Rb

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

I’Cloud ~ Ome, N ~

Does gravily influence local measurements? We use a dual-species atom interferometer with 2s
of free-fall time to measure the relative acceleration between **Rb and ®"Rb wave packets in the

A —_— O 1 t — Earth’s gravitational field. Systematic errors arising from kinematic differences between the isotopes

x = o m) ex — 4 are suppressed by calibrating the angles and frequencies of the interferometry beams. We find an
p e 12 . . . .

E6tvos parameter of n = [1.6 + 1.8 (stat) + 3.4 (sys)] x 107 %, 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 i of 5.4 x 107" /v/Hz.
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Atom interferometry

Examples — earth based
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Examples — earth based
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Department of Physics, Blackett Laboratory, Imperial College, Prince Consort Road, London, SW7 2AZ,
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How can we detect particles with them?
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o 1 1 ~vel® Atom interferometry [Joss, Zeh, 1985]
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Atom interferometry [Joss, Zeh, 1985]
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( 1 7eicb) Atom interferometry [Joss, Zeh, 1985]
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(Gallis, Fleming, 1990]

[Hornberger, Sipe, 2003]
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1 1 ~el? Atom interferometry [Joss, Zeh, 1985]
A(T) = 2 \yrei® 1 atom |Gallis, Fleming, 1990]
N, [Hornberger, Sipe, 2003]
Ny +Ne |
14
Elr —o
I'#~#0 1/A |
BT #0, ¢ <1/Az | 0s |
Iny =— / R(q)Fdecon(Q) | : .
q,t €CO O 2][ ¢
Decoherence Kernel AT tunable phase
Faceon(@) =1 — exp(iq - Ax) env measurement
0
N, + N (615) (1 + e~ Ja (@) (1—bsla-Ax]) cos[¢ + f I'(q) st,e('Ax]
evolution ©
Ny 1
dp A A . o =(14+Vcos(p+ A
P — Ji[Ho + Hi, §) +TpTt — LT, ) Ng + Ne ((’53, 2 A (¢ 4}¢))

dt



ln’y Z_/R(q)Fdecoh(q)

,t

Atom interferometry

1 atom

Decoherence Kernel

fdecoh(q) =1- eXp(iq . AX)

0

N —I—Ne

evolution

dp
dt

~ = —I[Ho + Hmt,P] JerTJr

[Joss, Zeh, 1985]
[Gallis, Fleming, 1990]

[Hornberger, Sipe, 2003]

>

HT'T, p}

N, + N,

iﬂ <b

tunable phase

measurement

(¢) %(1 +e fq I‘%OS[q-Ax]) cos[qb + fq F(q) Sin[q ) Ax])

Ny

(#)=2(1+Vcos (¢ + Ag))

e 4 4



(Gallis, Fleming, 1990]

( 1 7eicb) Atom interferometry [Joss, Zeh, 1985]
i¢
[Hornberger, Sipe, 2003]

1 atom

Ny

tunable phase

Decoherence Kernel

Fdecon(q) = 1 — exp(iq - Ax) measurement

N
- %(1 1 o~ Jo T(@(1—cos[a-Ax)) cos|é + fq T'(q) sin[q - Ax])

evolution Ng + Ne |y,
N
dp A A s I_(p)=2(1+Vcos(¢p+ Ao



Atom interferometry

N atoms

Statistics

5¢‘shot — 1/\/N
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( 1 Wei(b) Atom interferomet ry [Badurina, CM, Plestid, 2024]
i¢

N atoms




( 1 Wei(b) Atom interferomet ry |[Badurina, CM, Plestid, 2024]
i

N atoms




p(T) = 1 ( 1 ' ’Vei¢> Atom interferomet ry |[Badurina, CM, Plestid, 2024]
2 \yre? N atoms
X(k) x (k') x (k) x(k')
s't s®,'
qg < 1/Tc Xe ?
Zoom Az — Az x10°
out
» &
Xg
In~y Z—/R(Q)fd h(Q) .
q,t eCco v
gt N
HPEO00
1 N ' @%’%'@ ’
W) = s [l + el | oo
=1




1 1 yel? Atom interferomet ry [Badurina, CM, Plestid, 2024]
P(T)—-— x —i¢
2\7e N atoms
x (k) x (k') x (k) x (k')
NS\ -
q < l/T'C xe ? 3
zoom Az Az x10°
out -
» o
g .

. "
Decoherence Kernel 1-body

(1 — cos(q - Ax)) —iN sin(q - Ax)

F decoh (q) —

measurement

N, —_ —cCos|q-AXx .
N, + N, (#) = 5(1 +Vcos (¢ + Ag))

o 4 4



( 1 | Wei(b) Atom interferomet ry [Badurina, CM, Plestid, 2024]
¢ N atoms [CM, Plestid, 2025]

x (k) x (k)

Faecon(q) = G(q) (1 — cos[q - Ax]| — iN sin[q - Ax])
+ (1 - G(q))(1 — cos[q - Ax| —isin[q - Ax])




(T) = 1 ( 1 ' Wei(b) Atom interferomet ry [Badurina, CM, Plestid, 2024]
P 2 7*6 ¢ N atoms [CM, Plestid, 2025]
x (k) x (k')
s Y
s Y4
S -
Vg

111")’ :_/R(q)fdecoh (q)

t
fdecoh(q) — G(q) (1 T COS[q ) AX] — 1N Sin[q ) AX])
+ (1 - G(q))(1 — cos[q - Ax| —isin[q - Ax])

The Debye-Waller factor (cloud form factor squared)

Gla) = /Qy({y}a {y})eri=yi) = e~ T/




A,
Ap=¢ + vy + Ny

How do we test the “coherenctly enhanced
decoherence” at the 1lab?
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Enhanced phase-shift

How do we test 1it?

tunable phase

Incoherent-decoherence
[r@i - G@lsina- Ax)
q

Coherent-decoherence

/ I'(q) G(q) sin(q - Ax)

q



Enhanced phase-shift

e.g. Kastler Brossel Lab

How do we test 1it? W PRI
> L e\

1
2

tunable phase

Incoherent-decoherence
%= [ D@t - G(@)sin(a- Ax)
q
Coherent-decoherence

y = / I'(q) G(q) sin(q - Ax)

q
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Via an IR-lamp




Enhanced phase-shift @ the 1lab [cM, Plestid, 2025]

Via an IR-lamp

:7‘(‘(}12)01E2 ].__q

2
L+ (1 2] )
IR—lamp ( 2B

10x10 1mm” LED IR lamps
1€ each




Enhanced phase-shift @ the 1lab [cM, Plestid, 2025]

Via an IR-1lamp

52
10x10 1mm* LED IR lamps 5¢(N) — \/% +5¢gys
1€ each
[’ , -3 (within a single shot)

RIS () () (35 (52 ) ()



Enhanced phase-shift @ the 1lab [cM, Plestid, 2025]

Via an electron gun

Within a single shot!

vo.coo  chamnbes \

: 6

N . Noy = 6 x 102 T2\ ( Az I, 0.1 mm')"/10°
e..‘j Q: > — 0.1s 1 m 1A Te N
g 'mf 1 I 1 ’

Z . ﬂ/ / Yo ~5x107* M - m ¢ 0.1 mm

/ : . 01s/\ Az /) \1 A re
. / J/ ‘

— Gethocle Arocle

https://www.kimballphysics.com/learning center/electron-gun-beam-systems/

- -+ I




Dark matter inprints [Riedel, 2013]
[Riedel, Yavin, 2017]
[Du, CM, Pardo, Wang, Zurek, 2022]
[CM, Plestid, 2025]

O o
® O
A w,

coherent decoherence dominates

E> DM :@/47(

1

_16 [ My lcm) 2 (87
apm < 10 (10eV)(A:v> (A)

0.1s\Z /106\% /1\% /12 MeTe 2
(7)) (%) B (7))




Dark matter inprints [Riedel, 2013]
[Riedel, Yavin, 2017]

—2
10 [Du, CM, Pardo, Wang, Zurek, 2022]
numerical .
107° ernallieal [CM, Plestid, 2025]
10-8 fiftth forces
stellar cooling
—11
= 10
a
S 10—14_
10—17-
X « X
10—20_ ~s~~ ";
m Texp = 1 month ® 3Uxmx
1023 ' ' ' ' ' i
0~ 1w 1w*® 10° 10* 108 10 '

coherent decoherence dominates

my \ (Lem)? (87 => apm = [P/ 4T
)(5) (3) =

10 eV Az A

() (%) () () "l

apm < 10716 (
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Future steps

Explore new observables N, R
[CM, Plestid, 251X.XXXX] N, + N, I +

Fluctuations in atom interferometers as a new tool for dark matter

Clara Murgui''* and Ryan Plestid!: T

! Theoretical Physics Department, CERN, 1 Esplanade des Particules, CH-1211 Geneva 23, Switzerland
(Dated: November 18, 2025)




Disadvantages of coherent enhancements

Penalty if the “most prefered” incoming momentum is # O(l/r,)

obsoc/dt/dE— j; G(q, )/ (2‘1733 sin(q - v)

Not applicable to spin-dependent interactions (ys)

A
éjoﬁd

e.g. Y@ﬂ

Mo [ ed]



The weirdos: coherent states
[Badurina, CM, Plestid, 24] [CM, Plestid, 251 X.XXXX]

The mean
N Pure product state
(O4) = Tr{pO4} = NTr{pi|+)(+} = §(1 +RelMi)) " o' o
T NV S
+—N, -} :01_2 B o —(3 90)
1=1 Fully decohered e/
o=1 WB=0

<O+ > |decoh x N



The weirdos: coherent states
[Badurina, CM, Plestid, 24] [CM, Plestid, 251 X.XXXX]

The mean

(O4) = Tr{pO+} = NTr{p1|+)(+|} = §(1 + Re[M;])

;X
(n4) &Z P1 =

Pure product state

o=1 H=¢?

(O .) (O4)|pure x N
B o

DN | =

Fully decohered e~ (sts0)

o=1 HEM=0

<O—+—>’dccoh x N

. cos 2P = 2cos? ® — 1
The variance

oﬁ:%@ﬂ—%OQ2:%1NU+$&H+—Hmﬂﬂﬂ+l—Rd*ﬂ
Pure product state
— _ 1P _ 12
. /o H B *\ o=1 HM=c¢€ Y% —¢€
1 a H o o 1
s= g~ =g g oo o om| TN
o= \* S O/ Fully decohered 6%0)

o=1 HB=0 =0
04+ |decoh x N
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Add more generic configurations to the formalism
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Future steps

Explore new observables
[CM, Plestid, 251X.XXXX]

Add more generic configurations to the formalism

5> Squeezing

<

[Simonds et al., 2001, Nature]
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Future steps

Explore new observables
[CM, Plestid, 251X.XXXX]

Add more generic configurations to the formalism

Squeezing

Liquids

Convince experimentalists!
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Atom interferometers open (“THE”) parameter space
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Conclusions

Atom interferometers open (“THE”) parameter space

These experiments exist! Many funded already. Parasitic searches.
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[AION collaboration, Badurina et al, 2019]
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[Du, CM, Pardo, Wang, Zurek, 2023]
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