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Applications: Sensing of known/unknown spin interactions

UANTUM ~ Spin — Scientific
Qsensing Interactions Application
S
H = I_Ispin + Hspin—spin + Hchiral + I_IPNC + I_IDM + Hnew force

~Zeeman Nuclear Chiral  Parity Dark  Exotic
interaction  spin-spin molecules breaking Matter interactions
coupling

= 1000fT 1-100fT 0.51T 0.14T <«<0.01fT (Unknown)
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Special Section
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WHAT DoN'T WE KNOow?

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

ev/c 1.7 MeVc’ 15.5 MeV/c?
showed that Earth is just one of - @ I @ | &
many planets orbiting one of electron muon o
many stars, destroying the com- neutrino neutrino | neutrino
fortable Medieval notion of a Py ] e
closed and tiny cosmos. In the “d . " p
1920s, Edwin Hubble showed N | | 4
that our universe is constantly down_) strange ] bm‘i}
expanding and evolving, a find- caweve ) [-zmewd ) (=msieewd
ing that eventually shattered the c U - o » &
idea that the universe is unchang- N | | 4
ing and eternal. And in the past ® ) ciEm ]| @ )
few decades, cosmologists have g WHAT DON'T WE KNOW? —
discovered that the ordinary mat- l
ter that makes up stars and galax- ; H
ies and people is less than 5% of AYAAAS Higgs

everything there is. Grappling
with this new understanding of
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Beyond the standard model

Particles New particles

Standard Model of Elementary Particles
three generations of matter H
fermions)
| I 1]
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up charm top gluon iggs
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down strange bottom photon
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Dark matter and energy
Interactions

leptons

Strong CP problem

Neutrino oscillations

photon

Proton radius problem

Higgs boson

...........................................................................................

weak bosons

Standard model étill meets challenges




Dark matter candidates (partial)

Table 1. Properties of various dark matter candidates.

Type Particle spin  Approximate mass scale
Axion 0 ueV-meV

Inert Higgs doublet 0 50 GeV

Sterile neutrino 1/2 keV
Neutralino 1/2 10 GeV-10TeV
Kaluza—Klein (KK) UED 1 TeV

New Journal of Physics 11 (2009) 105006

Axions are closely related with fundamental questions:

Cosmological matter-antimatter asymmetry Strong CP problem
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How to see 1t?: axions interact with SM particles

The nonrelativistic Hamiltonian

Dark matter field: a(t) = Qo COS(w’t)

H = \/%gawfaE - BdV + g.shcVa - S+ \/eo(hc)3 gEDMa§ - E

Couplings  axion-photon axion-fermion

axions generate

axions 1s converted :
pseudomagnetic

Effects t 1 ph
0 real photons field on spins
Experiments Cavity resonators in Magnetometr
P strong magnetic fields 8 y
IAXO GNOME, ARIADNE
ADMX, SAPPHIRE

axion-gluon

axions generate
oscillating EDM

NMR spectroscopy
Storage ring EDM methods

CASPEr
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Sapphire project ( A" i)

Spin Amplifier for Particle PHyslcs Research
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‘M) Check for updates

ARTICLES

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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CASPEr . Cosmic Axion Spin Procession Experiment
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Budker et al., Phys. Rev. X, 4:021030, (2014)
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How to see dark matter?

Direct detection Indirect detection
Dark matter candidates Exotic interactions (the 5% forth)
@ = 2 1
Axions z c
[
@ )
7
Exotic
. field
Spin source Spin sensor
. hcva /S\ 0 4 chX(o.l .0.2) EEEEE
Energy shift V= &aff Energy shift & £ 5, . )0, 1)

exo _ Y7 exo
—lxe - BT =V Measure B;
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Frank Wilczek

VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1978

A New Light Boson?

Steven Weinberg
Lyman Labovatory of Physics, Havvard 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 1 JULY 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.

(a) (b) (c)
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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
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Spin-dependent exotic interactions

Lei Cong @™, Wei Ji @**, Pavel Fadeev @, Filip Ficek @, Min Jiang @, Victor V. Flambaum @), Haosen
Guan @, Derek F. Jackson Kimball @, Mikhail G. Kozlov ( et al.

Show more v

Rev. Mod. Phys. 97, 025005 - Published 24 June, 2025

New Bosons
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Pseudoscalar
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N/
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How to see i1t

“Spin source” “Spin sensor”

Noble-gas
spin amplifier

Electron.
Proton.

Neutron- m
nucleon i

01

xeon-129:
~70% neutron

Energy shift Exotic (pseudo-magnetic) field

exo h A 1 —r/A
—HXe - BJ(?XO = V] By = —f2es 87| e | Mp@#) (v) (7) e " dr

Coupling to be measured

More sensitive detector Smaller coupling f
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Various spin sources

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

Electron/proton-neutron
interaction

Nucleon-neutron interaction Neutron-neutron interaction

Develop spin sources for different exotic interaction searches

26



Searched exotic interactions in our study

e 1 1. d
W= :y(l') A Vo0 = i (F£d’).7 (1 = ,E) y(r)
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) )'
1 - d e ( .
vl.-’):_n_)"“,Q (Uiﬂ)-(l')(]’) (I—I:)U(I') ' )"' ' { v x, a- I) [(T’(FXI;)]}
: 1 SR TR S T d ¢
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 Unpolarized nucleon
(rubidium vapor) (rubidium vapor) (BGO crystal)
force mediator: axion force mediator: Z’ bosons
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How to shield the spurious ordinary field?

Meter scale Decimeter scale

Axion window

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

29



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*

PRL 129, 051801 (2022)
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New boson mediated fifth force searches

New bosons (e.g. axions) act as force mediator and then induce
exotic spin interactions between two spin ensembles (here we
use atomic gas)

31



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

r2  r3/{4mmym,
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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Search for an axion-mediated interaction

Neutron-electron

' 12 87,
interaction Spin sensor 9'Xe__ Rb
amplifier  readout
& °Rb B; B
—
1 129)(e / / ‘]\B3| ;
ﬁ% P
§ A AN Resonantly search for the
= 4 y oo )
, exotic interaction between
Polarized Bszé )%‘;
electron electron and neutron
~
il O i 995 .. m, 1
B: Probe B, =y [(61'62)( 2 +3)
Spin source : —(61-7)(62-7) (%+3r—"21+%)] 4:m1‘;n2,

PRL 129, 051801 (2022)
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Search for an axion-mediated interaction

Force Range (m)
kOQ 1073

102 . ——T . ——T
10 10! 10°
Mass (meV)

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

PRL 129, 051801 (2022)
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Axion-mediated spin-dependent forces

Two types of experiments are performed to search for axion-mediated
electron-neutron and neutron-neutron interactions

Search setup
(Spin amplifier+shield)

Exp#1: Rb cell-Xe cell
Exp#2: Xe cell-Xe cell

Pseudomagnetic
fields are limited
: below 0.1 fT

WO TR T W T T et T T

nm lmnﬂum S o o s

Axion Mass

v 02 01 0 01 02
Axion-mediated pseudo field (fT)

PHYSICAL REVIEW LETTERS 129, 051801 (2022)

Limits on Axions and Axionlike Particles within the
Axion Window Using a Spin-Based Amplifier

Yuanhong Wang Haowen Su,'?” Min Jiang."z' Ying Huang .2 Yushu Qin,"? Chang Guo,'?
Zehao Wang.'? Dongdong Hu®,® Wei Ji®,*® Pavel Fadeev®,** Xinhua Peng®,">* and Dmitry Budker®*>°
'CAS Key Laboratory of Microscale Magnetic Resonance and School of Physical Sciences,
University of Science and Technology of China, Hefei, Anhui 230026, China
2CAS Center Jfor Excellence in Quantum Information and Quantum Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
3State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China,
Hefei, Anhui 230026, China
‘Helmholiz-Institut, GSI Helmholizzentrum fi schwerionenforschung, Mainz 55128, Germany
SJohannes Gutenberg University, Mainz 55128, Germany
“Depurlmelu of Physics, University of California, Berkeley, California 94720-7300, USA

PHYSICAL REVIEW LETTERS 133, 191801 (2024)
| Featured in Physics |

New Constraints on Axion-Mediated Spin Interactions Using Magnetic Amplification

N

Haowen Su,"” Min .liung,' Yuanhong Wung.l': Ying Huzmg,"2 Xiang Kang.":
Wei Ji,>* Xinhua Peng®,'?" and Dmitry Budker™*>
'CAS Key Laboratory of Microscale Magnetic Resonance and School of Physical Sciences,
University of Science and Technology of China, Hefei, Anhui 230026, China
2CAS Center for Excellence in Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China
SHelmholiz-Institut, GSI Helmholtzzentrum fiir Schwerionenforschung, Mainz 55128, Germany
*Johannes Gutenberg University, Mainz 55128, Germany
5De/)urlnwm of Physics, University of California, Berkeley, California 94720-7300, USA
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Wang...Jiang* et al., Phys. Rev. Lett. 129, 051801 (2022)

Su...Jiang* et al., Phys. Rev. Lett. 133, 191801 (2024)



Search for exotic spin-dependent interactions

mwmce

h . 1y _,
Vi1 = fio41ps—(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 ef al. Science Advances 7, eabi9535 (2021).



Search setup

Spin-mass coupling

e ¥ SasHr

Ly 4 &

/

BGO

H. Su*)Y. Wang*, M. Jiangt, X. Pengt ef al. Science Advances 7, eabi9535 (2021).
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Constraints on spin-dependent interactions

Mass (eV)

5 7 - 2 107 10 10
@) 100100 _10% __10° 10° 10 w0s by 100 10
N
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310-32_
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104 This Work
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10+ 102 10° 10° 10° 10~ 107 10° 10! 10°
Force Range A (m)

At least 2 orders of magnitude
improvement 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

- 3 Q. f;é_’ Motor from University of Science and Technology of
-9 QA . . .
Xe\ o 3 g L8 [DAQ2 China of the Chinese Academy of Sciences,
-
4 P SEM Motor collaborating with Prof. Dmitry Budker from
) = river . . . .
”—*T 38 Helmholtz Institution, realized ultra-high
I = precision search of exotic spin- and velocity-
[ eee——e Q .V
M4 p \\' dependent interactions beyond the standard
/7 | ' /& —] model, and amplified the magnetic field
over\ A ) s | Lt - .
esl || Fietd coits | cell' BGI(‘;eed'e S|gr1al of exotlc.: mter.t:xctlc-JnS at Ieas.t two .
technique to the investigation of exotic velocity-
.
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Z’ boson-mediated spin-dependent forces

Two types of experiments are performed to search for Z’ boson-
mediated neutron-nucleon and neutron-electron interactions

<

Search setup A -
(Spin amplifier+shield)

e Nesdie \Q° :> Modulating

Field coils BGO
spin-dependent
. - 2 gnetic y z
Exp#1: Xe cell-BGO crystal i L Mg force

Exp#2: Xe cell-Rb cell

i

laser
Probe
laser

>

PN ILING L M YAINC LD | L oL AneI A e e e AL YANCES | e e
>HYSICS
PHYSICS
Search for exotic spin-dependent interactions with Search for exotic parity-violation interactions with
a spin-based amplifier quantum spin amplifiers
{aowen Su*?1, Yuanhong Wang"*3+, Min Jiang' >, Wei Ji*, Pavel Fadeev®®, Dongdong Hu’, Yuanhong Wang'?+, Ying Huang'-2t, Chang Guo'-2, Min Jiang'?*, Xiang Kang'2, Haowen Su'-2,
(inhua Peng'?3*, Dmitry Budker®%® Yushu Qin'2, Wei Ji**, Dongdong Hu®, Xinhua Peng'?*, Dmitry Budker®*%°
development of new techniques to search for particles beyond the standard model is crucial for understanding Quantum sensing provides sensitive tabletop tools to search for exotic spin-dependent interactions beyond the

standard model, which have attracted great attention in theories and experiments. Here, we develop a tech-
nique based on Spin Amplifier for Particle PHyslcs REsearch (SAPPHIRE) to resonantly search for exotic interac-
tions, specifically parity-odd spin-spin interactions. The present technique effectively amplifies exotic
interaction fields by a factor of about 200 while being insensitive to spurious magnetic fields. Our studies,
using such a quantum amplification technique, explore the parity-violation interactions mediated by a new

he ultraviolet completion of particle physics. Several hypothetical particles are predicted to mediate exotic
;pin-dependent interactions between standard-model particles that may be accessible to laboratory experiments
iowever, laboratory searches are mostly conducted for static spin-dependent interactions, with a few experiment:
1ddressing spin- and velocity-dependent interactions. Here, we demonstrate a search for these interactions with

1 spin-based amplifier. Our technique uses hyperpolarized nuclear spins as an amplifier for pseudo-magnetic vector boson in the challenging parameter space (force range between 3 mm and 1 km) and set the most strin-
ields produced by exotic interactions by a factor of more than 100. Using this technique, we establish constraint: gent constraints on axial-vector electron-neutron couplings, substantially improving previous limits by five
»n the spin- and velocity-dependent interactions between polarized neutrons and unpolarized nucleons for the orders of magnitude. Moreover, our constraints on axial-vector couplings between nucleons reach into a hith-
orce range of 0.03 to 100 meters, improving previous constraints by at least two orders of magnitude in partia erto unexplored parameter space. The present constraints complement the existing astrophysical and labora-
————————— oo toes o s feab o oo e e e b s s ot o o s o o torv studies on potential standard model extensions.

Su...Jiang* et al.. Sci. Adv. 7. eabi9535 (2021 Wang...Jiang* et al., Sci. Adv. 9, eade0353 (2023



New limits on spin-spin interactions

By integrating quantum sensing with NMR and optimal filtering, the
limit on certain spin interactions has improved by several orders

(al)"Xe spin source (b1)'2Xe magnetometer (c1)Filtering technique

A & Filter
> sl
v A J

field

'*Xe Bloch sphere '*Xe Bloch sphere ¥Rb Bloch sphere 107 101-6 16-5 16-4

Spin modulation NMR Optimal filtering Phys. Rev. Lett. 134, 223201 (2025)
ys. Rev. Lett. 134,
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Physics

Searching for Axions in
Polarized Gas

By exploiting polarized-gas collisions, researchers have conducted a
sensitive search for exotic spin-dependent interactions, placing new
constraints on a dark matter candidate called the axion.

By W. Michael Snow

he standard model of fundamental particles
T and interactions has now been in place for about a
half-century. It has successfully passed experimental test
after experimental test at particle accelerators. However, many
of the model’s features are poorly understood, and it is now

clear that standard-model particles only compose about 5% of
the observed energy density of the Universe. This situation

VIEWPOINT
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Ultralight axion dark matter searches

Noble gas becomes important systems to perform dark matter searches
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Experiments (Our work) ( Weizmann Institute ) (Princeton)
Noble gas Rb-12°Xe Rb-129Xe K-3He Rb-21Ne
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SAPPHIRE projected sensitivity
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New constraints on axion-like dark matter
using a Floquet quantum detector
Itay M. Bloch'*1, Gil Ronen®*, Roy Shaham™*, Ori Katz®, Tomer Volansky', Or Katz**+

Dark matteris one of the g ies in physics. It interacts via gravity our universe,
i y ition is unknown. We search for itational i i ion-ik matter
with i & d The | o -

can coherently interact with a background dark matter field as it traverses through the galactic dark matter halo.
Conducting a 5-month-long search, we report on the first results of the Noble and Alkali Spin Detectors for Ultra-
light Coherent darK matter (NASDUCK) collaboration. We limit ALP-neutron interactions in the mass range of
4x 107 to 4 x 1072 eV/c? and improve upon previous terrestrial bounds by up to 1000-fold for masses above
4x107" eV/c. We also set bounds on ith quadratic coupling.
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