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Outlook

New Physics (Beyond the Standard Model)
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Intro

Axion: Peccei-Quinn-Weinberg-Wilczek (PQWW) Model

e Strong CP problem.

Q . _
Lep = S—ﬂﬁtr(GwG" ) 0 =0+argdetM,

vio

eOm, m,

e Neutron EDM  Prediction d (0) ~ ~ 6% 10"70e - cm

(mu + md) m?2

9 Experiment d, = (0.0 + 10, + o.zsys> % 102¢ . cm.

PRL 124, 081803 (2020) | é | < 10_9

e Peccei-Quinn mechanism

a+ 6f =a The 0term can be absorbed into the axion field

and it can explain why 0 is so small.
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Intro

Dark Matter

o

Gravitational potential from weak lensing

Observations
- from starlight

V.eldcity
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- Expected from
the visible disk

. 20,000 30,000 = 40,000

. Distance (light years) ghsgM40s

X-ray emitting hot gas (Chandra)

M33 Gal Velocity v.s. Dist f th t
alaxy, Velocity v.s. Listance from the center D. Clowe, et al. Astrophys. J. Lett. 648, L109 (2006)

Fritz Zwicky
Coma Cluster

1930s .
5 times more than normal matter!
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Intro OPM 5th Force Search DM Search LEMAQUME Outlook

Dark Matter Mass Range
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Intro

Axion (and Axionlike Particles ) Dark Matter Detection

e Ultralight

e Weakly interacting * Perfect DM candidate

e Huge number density

e  Axion-Photon Coupling: Inverse Primakoff Effect

~ P LUV e
LEM R 8uyy (T, DF, F Wi gwm Photon

e Axion-Fermion Coupling:

Fermion
....... .> (' \

Z pin X 8ann [aﬂa(7, t)] W s, Axion )J Precession
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Intro

Exotic Spin-Dependent Force

New Interaction Axion and ALPs
@
Axion and ALPs
Tqu or 7’ a * Dark Matter Halo
/2\
- _ : Axion Gradient couplin
Spin-0 Ly=¢ YW (gj, + l75g53> v, PIng _
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7/
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7/
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Intro

Exotic Spin-Dependent Force

Scalar and Pseudoscalar Coupling (Axion)
2
8s8pN 11 .
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9+10 = 8wmy S, ! )< rd o r?

P Violation
CP violation

Vector and Axial Vector Coupling
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Vs = XD | —+—= e,
S l6zmc [(G ( )] Ar 12 ¢

LI\

T

o o2
v, = 8A8A [(1 V6, - V)]< > 1 N

New macroscopic forces? Phys. Rev. D 30, 130
J. E. Moody* and Frank Wilczek
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 17 January 1984)

Spin-dependent macroscopic forces from new particle
exchange

B. A. Dobrescu and I. Mocioiu, J. High Energy Phys. 11 (2006) 005.
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Preliminary Results (Invited by RMP)

On 4/17/23, 8:05 AM, "rmp@aps.org" <rmp @aps.org> wrote:
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OPM

Alkali-Noble Comagnetometer: Sword for New Physics

Hybrid Spin Exchange Pumping Dynamics of the spins
aPe Pef\ _ pe
6+ B + AM"P" + L| x P* +
o  Q (Pe T,Q (P°)
oP" Piz —pP"

— =" 6" + B + AM°P¢| x P" +

{T2n’ T2n’ Tln}

A A AB.
OF = |u - 6B|

HN < He
Pump Probe Nuclear spin,
higher energy resolution

Hybrid pumping enables the best nuclear polarisation
and coherence time
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OPM

Self-Compensation (SC) Regime

Wei et al, Phys Rev Lett.130.063201 (2023)
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S—Kye

L,
(B = B (b = b))+ — ),
Rt60t TNe

The SC can suppress normal magnetic field B,
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OPM

Ultrahigh sensitivity Self-Compensation Comagnetometry

Wei, et all. Physical Review Letters, 130(6), p.063201

10753 -
i~ Comagnetometer noise
~_ Pumping ——eree Probe noise
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& 10703
N
' wShields % -
E g7 | 5b" = 1.5 T Hz ™
2 Vo Highest Energy Resolution
\\'.‘I"\
. G 2 ) — =23 -1/2
1093 ey SEy, = 3.1 x 10"3eV Hz
1 ibr ation ] v !
sol: ltlon
T T
0.01 0.1
Frequency (Hz)

e Recipe
e Magnetic Noise: Ferrite Shielding
e Temperature gradient: Vacuum lIsolation
e Vibration Isolation: Additional foundation
e Laser polarisation stability: Polarisation Modulation

A’ \' .Lr Under G)und

S ‘Lurnt: lblL

K-Rb-21Ne SERF Comagnetometer
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5th Force Search

Fifth Force Experiment

Pumping
|
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5th Force Search

Fifth Force Experiment
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Intro OPM 5th Force Search DM Search LEMAQUME Outlook

Axion Dark Matter Wind

Axion wave

2N
=L\ v, OS(@f —px+0p)p

Axion-Nucleon spin coupling

Strongly-coupled

@/M

Alkali spins ~ Noble gas spins i BandW|dth1

H = ganvVa- oy,

Signal

B; = 8N va(jAr) -m(jAr),
W

Daily Modulation

ﬁll(]At) ~ CiCOS(COejAt-l- 9,) +D;,

NMR resonance line width only 0.02 Hz, need broadband!
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DM Search

Hybrid Spin Resonance: High bandwidth

6004 " HSR (a)
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3 order of magnitude bandwidth improvement!
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DM Search

Broadband Axion Search

1000
Noise
i Noise Average
. 1 Probe Background
100 Powr-line
% QT — ] |
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-------------------------------------- 0 20 40 60 80 100
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Intro OPM 5th Force Search DM Search LEMAQUME Outlook
Axion Limits Wei et al., arXiv:2306.08039
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DM Search

ChangE (Coupled Hot Atom eNsembles to search for liGht dark mattEr)
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LEMAQUME

LEvitated MAgnets for QUantum MEtrology (LEMAQUME)

Energy Resolution Limit &V > h, (empirical)
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Intro OPM 5th Force Search DM Search LEMAQUME Outlook

PHYSICAL REVIEW LET'/

E'4 {4

Ferromagnetism and Precession PRL 116, 190801 (2016)

X
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Intro OPM 5th Force Search DM Search LEMAQUME Outlook

LEMAQUME: Magnetometry
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LEMAQUME

LEMAQUME: Magnetometry
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LEMAQUME

LEMAQUME: Search For Axions

Axion mass (eV)
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New Interaction
Collaboration

Dark Matter
Collaboration

LEMAQUME

Dmitry Budker
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Backup Slides

Screening Effect
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Optically Pumped Magnetometer (O

DM )

nature physics

Explore content v  About the journal v  Publish with us v

nature > nature physics > review articles > article

Published: April 2007

Optical magnetometry

Dmitry Budker & & Michael Romalis

Nature Physics 3, 227-234 (2007) | Cite this article

i 8k Accesses | 1209 Citations | 11 Altmetric | Metrics .
Dmitry Budker | | | Metrics Princeton

UC Berkeley and Mainz

Michael Romalis
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Pump Laser
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OP M : AI ka Ii M agnetometer VOLUME 89, NUMBER 13 PHYSICAL REVIEW LETTERS 23 SEPTEMBER 2002

High-Sensitivity Atomic Magnetometer Unaffected by Spin-Exchange Relaxation

J.C. Allred and R. N. Lyman
Department of Physics, Univerisity of Washington, Seattle, Washington 98195

T.W. Kornack and M.V. Romalis™*

Department of Physics, Princeton University, Princeton, New Jersey 08544
(Received 6 March 2002; published 9 September 2002)

Budker’s famous Equation 1:
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