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Nobel Prize in Physics 2022

THE NOBEL PRIZE “for experiments with entangled
IN PHYSICS 2022 - . .
— photons, establishing the violation
of Bell inequalities and pioneering
quantum information science”

John F. Anton
Clauser Zeilinge!

“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”

THE ROYAL SWEDISH ACADEMY OF SCIENCES

Alain Aspect, John Clauser and Anton Zeilinger have each conducted
groundbreaking experiments using entangled quantum states, where two
particles behave like a single unit even when they are separated. Their results
have cleared the way for new technology based upon quantum information.



The second quantum revolution

Top-down: a
passive observation and

interpretation of quantum
henomena

Quantum Quantum Quantum Quantum
communication computation simulation sensing

Break the limits of classical technologies




Quantum precision measurement

Dal | Monopoles

Facing the world's frontier
of science and technology
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Magnetic phenomena and their strength

Sensitivity(T/Hz"?)

Structure analysis —
Lung imaging ——

Magnetocardiography —

Monitorin
chemical reactions

Electroencephalography —

Metabolism —
Magnetoencephalography ——
Geophysical exploration —|

New physics —

i
.
.
.
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i New Discoveries —

Nanotesla

100
B Picotesla
10
B Femtotesla
100 O
| Attotesla
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Atomic
Magnetometer

Atomic
Magnetometer
(Quantum limit)

Quantum sensors make new discovery possible !




Abojouyoa|

A

New

technology

and
methods

Our research

Spin-based
metrology

article
Physics

9JUBIDS




Spin-based quantum precision measurement

Principle : The nucleus or electron spins placed in
an external magnetic field, can absorb and release the
electromagnetic radiation of the corresponding
frequency, then the magnetic resonance phenomenon
occurs.

--F-->
vy,

I

Lamor precession

hv = AE

3 w =YyB




Outline

* Dark Matter and Axion: What 1s it and Why now?
* (Quantum sensors: How to see it?
* Noble-gas spin systems: intrinsic systems Vvs.
Floquet systems
* Noble-gas spin amplification effect
* Noble-gas spin Masing effect
* Dark matter searches with spin-based-amplifier
magnetometers
* Axion dark matter

* Exotic interactions mediated by new particles
(the fifth force)




Outline

* Dark Matter and Axion: What 1s it and Why now?




Dark matter

What is the nature
of dark matter?

Dark Matter

Dark Energy

=» What kind of microscopic
particles are made of?
=» How do particles interact?

WHAT DoN'T WE KNOW?

What Is the
Universe Made Of

very once in a while, cos-
Emologists are dragged,

kicking and screaming,
into a universe much more unset-
tling than they had any reason to
expect. In the 1500s and 1600s,
Copernicus, Kepler, and Newton
showed that Earth is just one of
many planets orbiting one of
many stars, destroying the com-
fortable Medieval notion of a
closed and tiny cosmos. In the
1920s, Edwin Hubble showed
that our universe is constantly
expanding and evolving, a find-
ing that eventually shattered the
idea that the universe is unchang-
ing and eternal. And in the past
few decades, cosmologists have
discovered that the ordinary mat-
ter that makes up stars and galax-
ies and people is less than 5% of]
everything there is. Grappling
with this new understanding of]

.-\\H\I DON'T WE KNOW?

i

AYAAAS
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Axions and axion-like particles

VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1978

A New Light Boson?

Steven Weinberg
Lyman Labovatory of Physics, Harvavd University, Cambridge, Massachusetts 02138
(Received 6 December 1977)

It is pointed out that a global U(1) symmetry, that has been introduced in order to pre-
serve the parity and time-reversal invariance of strong interactions despite the effects
of instantons, would lead to a neutral pseudoscalar boson, the “axion,” with mass rough-
ly of order 100 keV to 1 MeV. Experimental implications are discussed.

PHYSICAL REVIEW D VOLUME 30, NUMBER 1 1JULY 1984

New macroscopic forces?

J. E. Moody* and Frank Wilczek
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 17 January 1984)

The forces mediated by spin-O bosons are described, along with the existing experimental limits.
The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the 7-
violating axion monopole-dipole forces are proposed.

Frank Wilczek 9>' ——— <§ 9>» ----- <rsci ino}» ----- érsqi
¥ v, ¥ ¥, ¥ ¥

(a) (b) (c)
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How to see 1t?

102 eV 10%eV 10183 ev 1012eV 10°eV

I I I I I |
Ultralight mass : wave-like large mass : particle
"Wave" detector Particle detector

Collider exp. | "Spac':éuef(. Underground exp.
(LHC, BESII) (DAMPE, AMS) (PandaX. CDEX)

12



Quantum sensors: sensitive low-energy tools

momentum
oy
VA |

Quantized angular Quantized energy levels Frequency shift

Quantum sensors

Magnetic field:
Magnetometers
(or spin sensor)

Field of unknown particles

Dark matter is very weakly coupled to
atomic molecular systems, causing small
energy shifts

Time standard:

Optical clocks
Science 357, 990 (2017)
Rev. Mod. Phys. 90,025008 (2018)
B Sensitive . quantum-noise limits
. . Gravity:
B Tabletop : small size and cheap Interfemynetry

B Networks : low false-alarm rate
Beyond the astrophysical limits |
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Outline

* (Quantum sensors: How to see it?
* Noble-gas spin systems: intrinsic systems Vvs.
Floquet systems
* Noble-gas spin amplification effect
* Noble-gas spin Masing effect

14



How to see 1t?

The nonrelativistic Hamiltonian

€0
H = mgawfaE BdV | g.ificVa - S 4 Veo (7ic)’ gepmaS - E
Couplings  axion-photon axion-fermion axion-gluon

axions generate
pseudomagnetic
field on spins

axions 1s converted
to real photons

axions generate
oscillating EDM

Effects

CASPEr Sapphire

15



Quantum spin metrology

w =YyB

e Alkali-metal atoms K, Rb, Cs

« Hyperpolarized noble gas  ‘He , '*Xe

1  Polarization: P

Precision limit: dw = «  Number of spins: N
Py /NT,t - Spin relaxation:T,

Why we choose alkali metal atoms/noble gas ?

* Alkali metal atoms: Well-developed pump and probe techniques

* Noble gas: Long coherence time ( >10 s)

* Spin exchange interactions via collisions (Allow information
transfer between them)

16



Coherence time (T5)

SHe: I=1/2, T2 >1 h, abundance: 0.01%
129X e: [=1/2, T2~20 s, abundance: 26.4%

2INe: [=3/2, abundance: 21%

83K r: [=9/2, abundance: 83%
B1Xe: [=3/2, T2~5 s, abundance: 21.2%

17



Atomic magnetometer

Alkali Vapor Cell circular ~ Optical pumping

polarization

Pump

Randomly oriented Spins align with the
atomic spins pump beam

Detect with probe beam

Apply Small Magnetic Field

<«— Output
polarization

Spins precess in magnetic field polarization

Probe beam

— Oriented spins rotate the polarization
(Faraday rotation)



Spin dynamics

BMEP® < BMIP™
te

Spin-exchange

collisions

Coupled Bloch equations

7) S AP Pz —P¢
— “(B%+B MIP") x P¢ + -0
T JP" Ptz — P
—v.(B%+B,) x P" 0 .
at Yn( ZZ+ a) i {T2n>T2n7Tln}

Polarized noble-gas nuclear spins
generate an effective field experienced by
alkali-metal atoms due to the Fermi-contact
interactions

n o __ npn
eff — ,B MOP
Fermi-contact factor fg,) ~ 540 (Rb+Xe) ﬁ — 871'[4,0 / 3

Alkali-metal spins ‘
Nobel-gas spins ‘

19



B, <

Response signal (V)

Spin dynamics

2r-1|-'-BaN 2 ltll'tl #
Yo' Tialia
0.2}
L
K

0.1 A 7.00 Hz

4 ¢ 8.80Hz

| ® 896 Hz )

. Far-off-resonance ™ 2.05Hz

v 320 Hz _|

9w I IS PR e it
_é 15 30 45 60

Oscillating magnetic field (nT)

Linear Nonlinear Saturated

o

Response signal (V)

U

T L] l Ll T L] L 4
On-resonance
0.01 .
i rm»ms=2'5 puV-pT-1 7
0 m
. Far-off-resonance .

15 30 45
Oscillating magnetic field (pT)

Slope: Response to the
magnetic field

At least two orders of
magnitude improvement
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Amplification-assisted magnetometer
Amplification factor:

1

Ba sin(21mvt) /.1 = 2
1
OB =
nPy./NT,t
v -~ Resonant

To be measured % 5| condition |
magnetic field Xe amplifier  Rb detector 3
128B, ¢
_) <

N\W\M/\/VBEI/‘ n'B, #

Jiang et al., Nature Physics (2021). DOI: 10.1038/s41567-021-01392-z
21




Spin amplifier: Amplification of magnetic field

“remote” “contact”
AN

~

Magnetic interaction ; f;3f(f-$)—m+2u§m

-

o(r),

External readout (dipole field) Fermi contact readout

Noble-gas + alkali-metal

Nuclear spins  Alkali-metal spins overlapping spins

=>» Large Fermi-contact enhancement (~600 for Rb-Xe)
=>» Without spin polarization loss
=>» Continous measurement

Jiang et al., Nature Physics 17, pages 1402-1407 (2021)

22



Ultrasensitive magnetic field sensing

;' 170 T T T
e data

—
s 190 —— average -
©
< =128 £ 0.3 O
c @ n= - V- 5) _
S 130“"“—..5.“1
@®
O
= 110} -
=
<

90 1 1 1

0 25 50 75 100

Resonant frequency v (Hz)

Magnetic field is
amplified by a factor
of more than 100!

O

Sensitivity (pT/Hz'?)

10!

102

0 41.36

Axion mass (feV)

82.71 12407  165.43

[S—
<

10%

photon-shot-noise limit

2pT/Hz!?

2 orders of magnityde

18 fT/Hz1/2

spin-projection-noise limit

0 10 20 30 40

Frequency (Hz)

Femtotesla-level
sensitivity!

1fT=10-15T

Jiang et al., Nature Physics 17, pages 1402-1407 (2021)
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Periodically driven (Floquet) spin systems

E -
-~
=\B
Two-level spin
system

One transition

N
7

Extended to a
series of
Floquet states

Floquet levels/Floquet states

Bias field

Many Floquet
transitions

24



Floquet spin amplification

Floquet amplification

11

(1>

Amplification factor:

41
Mo() = - KoM" P 1 Ton T (1)

20r

Amplification

e Data |
— Fit |

O‘AMI

I

6 0
Scanning frequency (Hz)

10 times improvem
the  detection

14

ent In
range,

fT/HzY? detect sensitivity

Jiang et al., PRL 128, 233201 (2022)

Editors’ suggestion
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Noble-gas masing effect

Spin amplification combines with a “cavity-like” feedback

Radiation Damping

feedback

Coherent spin
oscillations

k hani
A feedback mechanism “Atomic clocks”

27



Spin amplification combines with a feedback

Nobel Prize: Maser and atomic clock

[

Optical
frequency

( Optical cavity )

3

C. Townes

» n
G.Basov M. Prokhorov

N. F. Ramsey
Microwave
Photoelastic Detector —1 ol freq uency
modulator —— lifi .
amplifier ( Cav|ty )
Periodic field
WWWWW
Radio
250 Feedback frequency
B-fields ] A = B )
T -~ | M feedback Coils)
Function Polarizi.n\ |] [ Laser | = |
generator beamsplitter —
Wave plate -
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Periodically driven (Floquet) spin maser

\J/ traditional maser
Two-level spin 1v.=0Hz |v, spectra
system '
— SN C—
Pseudo-magnetic 70 80 90 100 110
field from particles
) zi—d Floquet maser
\-é—-—”/ 1v,.=0.9 Hz v, spectra
Extended to a '
series of | | Vot VotV
Floquet states NS - b 2y l v 12y
m L ac | | JIL | | . ac
- 70 80 90 100 110
Frequency (Hz)

Jiang et al. Floquet maser, Science Advances 7, eabe0719 (2021)
29



Periodically driven (Floquet) spin maser

| | | | | |
0.5 4 FWHM
1] LLLLL
o MLJ

Vae = 0.01 Hz

s 85 5 o’ o 10.5 I
Frequency (Hz)
SR~ 130

FERTE %

SCienceAdVaIlCQS Contents ~ News ~ Careers ~ Journals ~

o Floquet maser

M Min Jiang"%3, © Haowen Su'23, © Ze Wu'-23, ® Xinhua Peng'-2%" and ® Dmitry Budker*>:5
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Floquet-maser-based sensing

1-1000mHz: axion-mass 10-17eV-10-14e¢V

C I | I |
104 ]
E 3
4
é 10 1 0 5 0 5 2
g ’ Driving frequency (Hz)
2 104l
g E
% -
o 1077 _
66 E Z/0.0G- — Fit
5 2
= Zo0s
T T T 1 = 10"5 §o.oz- B | 3
. 28 56 84 |
YB Y 10° e — SIS
acy 10~ 102 10~ 100 10!
Sl X ]1( ) ~ 20 Bac Frequency (Hz)
acC acC

Best sensor for 1-100mHz !

Jiang et al. Science Advances 7 , eabe0719 ( 2021)
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SCieIlceAdVaIlCGS Contents ~ Careers ~ Journals ~

U ) Floquet maser

1.23 @ Haowen Su'-23, ® Ze Wu'-23, (® Xinhua Peng'-2:3* and ® Dmitry Budker*>:6

P o Min Jiang

PHYS &%
° Extending maser techniques to Floquet
Science Systems
techniques to Floquet systems. In their paper
= published in the journal Science Advances, the
group describes their approach to creating a new
maSIng a er type of maser by amplifying radio frequencies in

Floquet systems. Ren-Bao Liu, with the Chinese
A maser that amplifies

emission of periodically -
modulated quantum states thSICS
has uses in metrology

New Floquet maser is very good at detecting low frequency
magnetic fields

{Science) Perspectives reports:

“... demonstrate a new type of maser...
Conceivable applications of this work include
precision clocks and detection of ultralight dark
matter particles such as axions”



Spin amplification

4| SCIENCE CHINA

Information Sciences

Review of noble-gas spin amplification via the spin-exchange collisions

Haowen Sul-2, Min Jiang!:2 and Xinhua Pengl-2

fT/HZz1/2

Magnetic-
field sensing

T a8

Applications

______ 4 Spin Maser

Threshhold

amplification

v

spin system

<imm

4

Floquet spin Floquet Searches for

amplification 4] spin maser

Floquet spin

system new physics
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Outline

* Dark matter searches with spin-based-amplifier
magnetometers
* Axion dark matter

* Exotic interactions mediated by new particles
(the fifth force)

34



“Sapphire” project

Spin Amplifier for Particle PHyslcs Research

35



Sapphire project ( “IS=ERQ" 11¥ )

Spin Amplifier for Particle PHyslcs Research

¢

SM SM
— Pt
SM SM SM
g "BEA" T [ R
EMRlEiEA T BhefiR. fTREVE. HrartE B ER

HWF. BECT GHIGT, HEst  SRTEAEET
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Direct detection for ALP

Goal: to detect an oscillating nuclear-spin-dependent energy
shift caused by the weak coupling between Spin and Axion

“pseudo-magnetic” field:

—

BALP X JaNN COS(!‘ AL rt)’u

Resonance frequency probes the mass migp
Amplitude B, p probes the coupling value of gy

More sensitive detector Smaller coupling g

Lower-frequency detector Lighter mass mu; p

37



Beyond the astrophysical limits

natare

. ARTICLES
physics

https://doi.org/10.1038/541567-021-01392-z

M) Check for updates

Search for axion-like dark matter with spin-based
amplifiers

Min Jiang'?37, Haowen Su'?37, Antoine Garcon#®, Xinhua Peng®'23> gnd Dmitry Budker ® 45
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New constraints on axion-neutron coupling

Jiang et al., Nature Physics 17, pages 1402-1407 (2021)
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ouad (GeV™)
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Beyond the astrophysical limits

Compton frequency (Hz)

50 100
I

150
T

-/CASPEr—ZULF

100 s data

sical Iim|iit ](]S]N| iﬁ{ﬁmm
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94EDM (GeV™)

Compton frequency (Hz)

50 100 150
F I I I
5 |
10 /:/ASPEr—ZULF
107 £
Astrophysical limit (SN 1987A)
-9 -
10 100 s data
5 I
L e
L i|‘||||HHIIHI’I’H'\‘\'”||“|'‘| T |5h data
I | | | |
100 300 500 700

Dark photon mass (feV)

At least five orders of magnitude improvement,
beyond the astrophysical limits

Jiang et al., Nature Physics 17, pages 1402-1407 (2021)
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Exotic interactions beyond the standard model

P2 p’z
q
R s
P/ \ 7!

Extend axion to new mediator
bosons and lead to 16 interactions

s, d
vl—l”(r) V)ll)__z 2(U:t0) r (l";l—,':)ll(l)
.
1 Wi = —— ()8 [1-r2 ) 40
Vy==d-d"ylr) | 2 ) v(r)
=

. 1 /0 on .
o B a8l d 1_2(1" _ V12.1:5=,—.(010)"‘!/(")-
0 (l ’E) .i(n r) (0 1)(1 II+31 pm y(r) 2

1
V== (Fx3d") -7y,
-

V1.5=—m(5i51)'(l7x;"') (1—1‘5)%‘) ' e ;{[E(Fxf)] (6'F)+(r?f) [ﬁ'-(ﬁxﬁ)

2m? 3

1 o+ (a1 & 2 5\ (=, ~d : .
Vti.T:_m[(U-l‘)(U-V)i((f-l)((f'l)}(l_’ﬁ).‘/(’)' x(l—r(—l+l'zdz)y(")‘

[e—
——

dr 3 4 ar?

Vo= =) (7" 7) olr) . ;{[5.(“;7) 7.

) i ‘
2mr?

B. Dobrescu, I. Mocioiu, JEHP 11, 005 (2006)



How to see it ?

“Spin source” “Spin sensor”

Electron. Noble-gas
Proton. spin amplifier
Neultron\ xeon-129:
Hueieon ~70% neutron

Energy shift Exotic (pseudo-magnetic) field
pxe - BEO=V By = i o o) 0) (F) e

Coupling to be measured
More sensitive detector Smaller coupling f

41



Searched exotic interactions in our study

e 1 - d
W= :y(l') A Vo0 = i (F£d’).7 (1 = ,E) y(r)
1 1 d
= =a-a uyr) . Vii=-— (6xd') 7(1-r—)y(r),
Vs : a-a'y(r) 11 1”” ( ) - < = >/
X 1 -y _.‘I _af2.3 (2.3 d l -»'l‘) Vigas = — (F£6") - Ty(r) ,
Vs = m? 3 . (1 ’I> v (n ,) (n ,> (l (11 i dr? )} yir) )'
| - d g ( e
vl.-’):_n_)"“,Q (Uiﬂ)-(l')(]’) (I—I:)U(I') ' )"' ' { v x, a- I) [(T’(FXI;)]}
. L Via o lar N\ ila S (o d f
Vo1 = g [(” +v) (” "') t (” ' ") (@ ‘)] (1 . ’E) y(r) (1 r [l e (]], )u(r) .
y S 1 . d
W = ,_(0» 0) (g . l‘) y(r) , Vig = T { G- (,, X 1)] (6"-9)+(d-7) |d (l X 1)]} (l - IE> y(r)
V3 exp. V11 exp. V4,5 and V12,13 exp.
polarized electron/proton polarized electron/proton  {jp5jarized nucleon
(rubidium vapor) (rubidium vapor) (BGO crystal)
force mediator: axion force mediator: Z’ bosons
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Various spin sources

I: electron/proton (Rb) vapor II: BGO crystal
high polarization high nucleon density
Short force range (small size) Non-magnetic effect

Electron/proton-neutron coupling Nucleon-neutron coupling

Develop spin sources for different exotic interaction searches

43



Resonant detection with spin amplifiers

Static exotic field

Modulating spin
polarization

Modulating the
distance between
spin source and
sensor

Oscillatory field

Resonantly searches

Chopper

High-power Modulated Spin source
optical pumping o>
Inunnnp| -
—

Mptor
driver

Motor

controller

DAQ2

44



Searches for an axion-mediated interaction

Axion-mediated dipole-dipole interaction

1
v, =2

axion window

Hot—DM / CMB

‘ (Gae) GlobularClusters

E ; White Dwarfs (gae)

: (- W Solar Neutrino flux (
1

1
1 1
. B 1 =
-CaVIty AYSTAC l AX O:
Experiments ) i

|l||lll|| IIIIllIIl I_IIIllllll IIIIlI]Il IIIlIIIIl.E_LLI_I_IIIIl

107 10 10°° 10 10" 102 10" 1

___________

Axion mass m, (eV)

IIIIIlIIl IIIIIII]| IIIIIIlIl IIIIIIH| IIIIlllI L

10 102 10° 1

2 —Mgqr
9| . . ./m 1 i fmg 3m 3 e a
pp = 4p[(01'0'2) (—r2a+—r3)—(0'1 - 7)(@, 7”)( ra+ "+ >]

r2  r3/l4mmym,
High-temperature QCD

SMASH model
Axion string networks

Axion window
( 10 ueV ~ 1 mev, )
< 2cm force range

Spurious dipole field: Search remains challenging in the axion window
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How to shield the spurious ordinary field?

High-permeability materials: y-metal

Meter scale Decimeter scale

Axion window

Mass range —> Force range
(10 ueV ~ 1 meV) — (0.2 mm ~ 20mm)

Y. Wang, H. Su, M. Jiangt, X. Peng? et al., PRL 129, 051801 (2022)

46



How to shield the spurious ordinary field?

Magnetic shield for cell 2

C ol Thermocouple and
Magnetic shield for cell 1 heater strip for cell 2

Fiber

Thermocouple and

heater strip for cell 1 Twisted pair

of field coils

Spurious dipole field is suppressed at least ~10*

Y. Wang, H. Su, M. Jiangt, X. Peng? et al., PRL 129, 051801 (2022)
47



Search for an axion-mediated interaction

Neutron-electron

interaction

Polarized
electron

Spin sensor

s
e

B; Probe

: N
Spin source

129Xe

87Rb

amplifier  readout

By B
n ‘B3‘

7

—

Resonantly search for the
exotic interaction between
electron and neutron

Y. Wang, H. Su, M. Jiangt, X. Pengt et al., PRL 129, 051801 (2022)



Search for an axion-mediated interaction

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press About Editorial Team

Access by University of Science &

Limits on Axions and Axionlike Particles within the Axion Window
Using a Spin-Based Amplifier
Yuanhong Wang, Haowen Su, Min Jiang, Ying Huang, Yushu Qin, Chang Guo, Zehao Wang, Dongdong Hu, Wei

Ji, Pavel Fadeev, Xinhua Peng, and Dmitry Budker
Phys. Rev. Lett. 129, 051801 — Published 25 July 2022

Force Range (m)
102 103
1040 12 » ' 1 L ' 1 1

1 020_.

/4

n
P

o

0°

_/ —

10722 . . — r . ———T
102 10! 10°
Mass (meV)

The most stringent constraints on g; g, within the
axion window

Y. Wang, H. Su, M. Jiangt, X. Pengt et al., PRL 129, 051801 (2022)
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Search for exotic parity-violation interactions

M, n 8y n
Zl
Exotic
field P(flag[ized e e
electron )
® Polarized V58A

v Exotict ey o
> 7 S
field Jesey

2 RightZ
= Sl

Parity-odd spin-spin interaction mediated by Z’ boson

arXiv:2205.07222 (2022); under review in Science Advances
50



Search for exotic parity-violation interactions

Spin-source

Convex lens vapor cell

Quater-wave plate

Spin-sensor
vapor cell

Pump beam

Experimental setup

arXiv:2205.07222 (2022); under review in Science Advances
51



Constraints on electron-neutron coupling

Mass (meV)
: 10! 10 10’ 10-1°
1 1 — 1 1 —
10 R -
- 1010
Qo bd >
o =
10—15 g 6 —

:‘ e cn l
.z Jios f11 = —Qng
50 120 3 D(qu
v > ].0 \ oQ
S0 B SAPPHIRE (this work) } <= me , ,

\ il

- H, 410720 gA gv

L\ unp OAC
1025 © ter2013, 1% : 2" n

= \ 1] 7

E SAPPHIRE (projected) 1102
10-30_ 1 1 1 1 1 1 1 1 1 -

102 10! 10* 107

Force Range (m)

A five-order-of-magnitude improvement

arXiv:2205.07222 (2022); under review in Science Advances
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Constraints on proton-neutron coupling

10 107 107

10° 10°
1010 1010
n,
A< 0Q Jqp & n_p
. = fil =5 8A8v
. n,
1020 1020 e n_p
B P T P ———
PHIRE (projected)
10 ... . g
107 102 10! 10°

Force Range (m)

p — valence protons within the Rb nuclei in the source
n — valence neutrons within the Xe nuclei in the sensor

arXiv:2205.07222 (2022); under review in Science Advances
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Search for exotic spin-dependent interactions

mwmce

h . 1y _,
Vior13 = fio+1ps—(6-v) (—)6 /A,

Vies = —f. 4 (6 (v X F)] s
445 — 4+5 Ar r2 y

Velocity dependence
Spin-1
7’ bosons
Spin sensor & v Moving Mass

H. Su,Y. Wang, M. Jiangt, X. Pengt et al. Science Advances 7, eabi9535 (2021).
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Search setup

Spin-mass coupling

e ¥ SasHr

Ly 4 &

/

BGO

H. Su*,Y. Wang*, M. Jiang#, X. Peng# ef al. Science Advances 7, eabi9535 (2021).
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Constraints on spin-dependent interactions
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At least 2 orders of magnitude
iImprovement on constraints on Z' boson

H. Su,Y. Wang, M. Jiangt, X. Pengt ef al. Science Advances 7, eabi9535 (2021).
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Ultra-high precision search for exotic

Interactions In a study published in Science Advances,

the research team led by Prof. Peng Xinhua
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SAPPHIRE projected sensitivity
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4 orders of magnitude improvement 1014 ¢m-? 1018 ¢cm

8 orders of magnitude improvements are ongoing!
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