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Searching for Axions and Axion-Like
Particles via Spin-Dependent Interactions
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PQ Mechanism: Proposed by Peccel and Quinn In 1977 %

Spin

A new global symmetry is introduced and spontaneously broken:

£=—3F F™4+idD v +9[Goi(L+7g) +G*@*5(1 - v)]¥ = 8,0 P - u?@ - hlolt; u2<o0.




W&W: noticing axion generation simultaneously

), NUMBER 4 PHYSICAL REVIEW LETTERS
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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.

Problem of Strong P and T Invariance in the Presence of Instantons

F. Wilczek®)
Jolumbia University, New York, New Yovk 10027, and The Institute for Advanced Studies,
Princeton, New Jevsey 085400
(Received 29 November 1977)

The requirement that P and T be approximately conserved in the color gauge theory of
strong interactions without arbitrary adjustment of parameters is analyzed. Several pos-
sibilities are identified, including one which would give a remarkable new kind of very
light, long-lived pseudoscalar boson,

S.Weinberg 5F.Wilczek



F. Wilczek: More than Just the Namer of Axion %
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T

Accounting for a Wrinkle in Time

In most cases, physics follows the same rules whether things run
forward or backward—but not quite always

X

ILLUSTRATION: TOMASZ WALENTA

By Frank Wilczek

e n e Nov. 17,2022 at 3:27 ET
If you started thinking "axion", you'd have got it in 2 at most. (Maybe 1- | O\ at pin

haven't checked if Wordle accepts "axion".) | didn't, and | paid the price ...
@mijgoldman @KarenAndAndrew

' " ‘ Frank Wilczek @FrankWilczek - 10h

Axions are predicted to be hard to detect, but

research physicists around the world are
designing and building instruments that could
= be up to the job. If so, the ultimate explanation
Wordle for exceptions to T would be different from
EIIE ngnmap’s joke and more in line with one of
a[x]1]o][m] Einstein’s:

“Subtle is the Lord, but malicious He is not!”



Just a few hours ago:

1818 DR 0 Culul®mr31%

X BEE: Wilczek's Lectures.. -

< BEBE: Wilczek's Lectures: A.. @

e

o) 2023511 598 (EM) 14:00, HEHF!

NS

deep structure of the standard
model itself. Then T will discuss
axion physics: how addressing the
strong T problem leads
introduce [@XI0NS, fheir properties,
their potential to make the “dark
matter” of the universe, and the
ongoing quest to detect the cosmic
axion background experimentally.

Lecture description from Wilczek

The first lecture or two will be devoted to the confinement problem of QCD, leading including new ideas about flux tubes and their junctions

(“treeons”), channeling flux, and a new approach to hadronic matter that these insights suggest.

The next 5-6 lectures will revolve around time reversal symmetry (T). This will lead us through the foundational work that establishes the “strong
T problem” as a shortcoming of the standard model of fundamental physics. Topics include Kramers’ theorem, anomalies, instantons, and the
deep structure of the standard model itself. Then | will discuss axion physics: how addressing the strong T problem leads us to introduce axions,
their properties, their potential to make the “dark matter” of the universe, and the ongoing quest to detect the cosmic axion background
experimentally. | will discuss in some detail the ALPHA project, which is one such effort, that brings in new ideas for resonator design,
metamaterials, and quantum sensing. Then | will discuss how T violation manifests itself in laboratory experiments, both as a fundamental
phenomenon and as an emergent characteristic of several interesting, technologically significant materials. Finally, in this series, | will discuss the

established and potential role of T violation in biology, also touching on biological P violation as a interesting role model.

Finally, if time permits, | will discuss metastability in matter and cosmology; specifically, indicators of eventual decay that can be seen well before
that happens (or not). This leads in several interesting directions ...

@ 0o d
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o o
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Axions: mediating macroscopic interactions X

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-0 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.

hgsgp , 1

._‘ - - fo A r J~ —_ A
Ly = P(gs + igyys)ie > Vsp(r) = o+ ) exp (/A

1.The most elegant and promising solution to the strong CP problem in QCD;
2.Very hard to detect, couple to the ordinary matter very weakly—candidate for

cold dark matter;

m
2_ =V MuTMams Hy =a—7¢ivse
P | mymgtmgm,+mm, mt =g e

m 4

3.Axion and ALPs can mediate macroscopic interactions thus can be probed

through the bosonic field they generate;
4. Spin dependent interactions can be propagated—polarized spins are needed.



Axion Like Particles: generalization e

Spin

Spin 1 boson coupled Lagrangian: Ly = .Ij(‘(,‘/,,a,..u + g, M;L%),L,.-‘,X#‘

. . hgyvgaexp(—=r/A) . _
Vi a(r) = 29V94 X1 (=1/A) - =

-2 2 . .
_ hegq 1 . 1
16Tme  \r 172

2T r

Jexp (—r/A)d - (T x T)

Vaa(r)

1.Dobrescu et al: the propagator of the new interaction could be spin-1 particle;
2.Fayet noticed that spontaneous breaking of supersymmetry theory could

generate spin 1 particle with light mass and weak coupling.

B. Dobrescu and I. Mocioiu, J. High Energy Phys. 11, 005(2006).
P.Fayet, Phys. Lett., 95B(2), 285, (1980).



Axions & ALPs:

The intersection of the most important problems in modern physics and astronomy

%ﬁ%% PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

Recewvep: June 9, 2006
Acceprep: June 12, 2006
PubLisuen: June 26, 2006

Axions in string theory

Peter Svréek
Department of Physics and SLAC, Stanford University
Stanford CA 94305/94309 U.S.A.
E-mail:

Edward Witten
Institute For Advanced Study
Princeton NJ 08540 U.S.A.

E-mail: pitten@ias.ed

ABSTRACT: In the context of string theory, axions appear to provide the most plausible
solution of the strong CP problem. However, as has been known for a long time, in many
string-based models, the axion coupling parameter Fj, is several orders of magnitude higher
than the standard cosmological bounds. We re-examine this problem in a variety of models,
showing that F} is close to the GUT scale or above in many models that have GUT-like
phenomenology, as well as some that do not. On the other hand, in some models with
Standard Model gauge fields supported on vanishing cycles, it is possible for F; to be well
below the GUT scale.

KEYWORDS: Buperstring Vacua, QCI}




A detective board:
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To detect, you have to interact: X
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Three scalars to be measured: .%

Spin
i . Py h gsgp 1 1
= WG 10,7V VU@ »|/ —)exp (—=r/A)a
£q> Y (gs T tGp ,.)) @ sp(r) = 8TMe AF + _,.2)(\1)( r/A)T -1
hgyvga exp (—=r/A) .
Vva(r) = ;“*Il/n‘
Lx = Y(gyvy* + gayhvs)v X, > 22 1

Vaa(r) =

—+— xXp(—=r/A)g-(vxr
16mme  \r 12 exp (=r/A) )

1.0°r pseudo-Scalar, breaks Pand T
2.0"V pseudo-Scalar, breaks P and C

3.0 (Vx I') scalar



SERF Magnetometers:

Lock-in Computer

Software [ | DAQ I
Photodiode Array

(Analyzing) Polarizer

—

High Power
Diode Laser

Field Coils *

Pump Beam r':

L ovenl L=

Yo" Probe Beam
Beam Expansion Lenses

Faraday Modulator
Single Frequency
Diode Laser Polarizer

Spin

based on polarized alkaline metal and have ultra high sensitivity

100

xi .
A’l =
\"\./\M/\’ VNN AN

—

Magnetic Field (f1/Hz'/?)

Ty

—_—

1 [ 1 1 I 1 1
20 10 GO S0 L0 120 140

Frequency of applied B, (Hz)

|. K. Kominis, T. W. Kornack, J. C. Allred & M. V.
Romalis, "A subfemtotesla multichannel atomic
magnetometer." Nature 422, 596 (2003).



https://physics.princeton.edu/romalis/magnetometer/papers/Kominis%20et%20al.%20-%20A%20subfemtotesla%20multichannel%20atomic%20magnetometer.pdf
https://physics.princeton.edu/romalis/magnetometer/papers/Kominis%20et%20al.%20-%20A%20subfemtotesla%20multichannel%20atomic%20magnetometer.pdf

The proposed experiment

scheme:

magnetic shielding

Yo z
r

High speed rotating mass sources + magnetometer
array

1.Modulation frequency~20Hz, 40 times noise
reduction;

2.Magnetometer array, increases statistics and

cancels common-mode noise
1

B;;z == I(Blz — BQz + B3z - B4z)

= Bj, +/Bs,® + By, + Byy” + B,

.1
— sz + §Bbg
K.Y. Wu, S.Y. Chen, J. Gong, M. Peng, and H.

10*

T
103_ \
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v
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102

Hz

102 107 10° 10°

Spin

The typical noise power density of a Rb

magnetometer

_ h?gsgp, 1

1
Vsp(r) = —5

2

+
8Tme Ar r

B4z — ngz + Bcom + Bbg

Jexp (—r/N)a - r

Yan, Phys. Rev. D 105, 055020(2022)



Data processing method:

5 9vga [ aexp ([T T/ |
B/ ) — 1~ 21
val) = S5 [
- hg? 1 1
Bl aa(f) = —2— [ &°F - X
A47) = grmacre /‘ Y= e
- — r—7
exp (—[7 = |/ A)(¥ x )

gvga =94 =1

o0
B'(t) = co + Z Cp cOS(nwot + @)

oo

Bexp(t) = aco + Z Cp cos(nwot + @) + n(t)

n=1

a = gyga for the VA interaction

o = (124 for the AA interaction

alp, =

00 |noise

cos (nwot + @) Begp(t)dt

2

Cn ‘\ T

~Y

o \,”“"“‘"MM]

n=1
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= . 1 / )
Cp = T cos (nwot + @) B (t)dt
T T T T T T T T T T 104 T
1 ] \
3l
10 - -\/\
08}
102+
—_ N
%06 =
= N
5 T 10'¢
2 e
E =
04t
100 F
02}
10-1 L
1 . )
1 1 1 1 1 1 1 1 1 1 10
0 10 20 30 40 S0 60 70 80 90 100 102 10"

Frequence (Hz)

10°
Hz
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Spin

Phys. Rev. D 105, 055020(2022)



The experiment setup: 1Xe

Spin

(a) ,
y
j—b

Servo motor

encoder

K. Y Wu, S.Y. Chen, G. A. Sun, S. M. Peng, M. Peng, and H Yan, Phys Rev. Lett. 129 051802 (2022)



Main results: %

Spin
Mass(meV) Mass(meV)
2 3 4 2 3 -4
N L N 19 7 0 L
\ N 5
s Kim et al. [26] S Kim et al. [25]
-29 ’ ¥
10777 3
10730 1020
o < —
o0 231 o <
z > 10 on
L0 ZE<
-32 |
10 102! 5
A
10721
This Work )
This Work
104 T T ' 1022 . . |
10 10”! 10° 10! 2 . 0 |
A (m) 10 10 10 10

A (m)

gy g5 = 0.07 £ 2.06(stat) = 0.07(syst) x 10734,

g\ g5 = —0.06 + 2.36(stat) £ 0.08(syst) x 10722

K.Y. Wy, S.Y. Chen, G. A. Sun, S. M. Peng, M. Peng, and H. Yan, Phys. Rev. Lett. 129 051802 (2022)



Astrophysical limits: hard to exceed %

Spin
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C. A. J. O’Hare and E. Vitagliano, Phys. Rev. D 102, 115026 (2020).



Using the Sun as a source: %
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EQUINOX

/LN

hgY g Ne , 1 | . _ A
- = Qat) X Qat)Y
B = 47Tmnfyn (5 + 2)exp(=R/A)[cos (Qet) X + sin (Qat)Y],

' N ' .
Bl = 2 :,74 © eXp( RR/ A [—Qg Rsin (Qot) X + Qo R cos (Qet)Y],

thg N@( 1 )
8Tmpcyn AR R2

Bjs = - exp(—R/\QeRZ,

L.Y.Wu,K.Y.Zhang, M.Peng, J.Gong H.Yan, PRL,131,091002,(2023)



Earth’s rotation as a modulation: %
. Spin

b

—— — ) > X
K%
(a) (b)
KaNa N~ 1 1 cos 1 cos (Qgt) coswgt + sin (Qgt) sinwegt
bsp = Is9p'0 + —)exp(—R/A) | — cosncos (gt) sinwegt + sin (Qgt) coswegt |,
Atrmpyn AR RZ?

sin 7 cos (g t)

by — 99 g% Ne exp(—R/\)
VA — v
TYn R

cos N sinwgt sin (Qgt) + cos wgt cos (g t)
— sinm sin (Qgt)

)

[ — cosn coswgt sin (Ngt) + sinwgt cos (Ngt)
®

baa

=y (v + 55 )exp(—R/A)vg [ — sinn sinwgt

- flgﬁ'gﬁ No, 1 1 sin 7 cos wgt
AR R? —cosn ’

L.Y.Wu,K.Y.Zhang, M.Peng, J.Gong H.Yan, PRL,131,091002,(2023)



Effective field perpendicular to the Earth’s rotation axis: %

Spin

hgs gpNo , 1 1

. R T ) PR/

[sin (wgt)Z + cos (we )y,

90 94 No exp(=R/))
TYn R

[— cos (wgyt)Z + sin (wgt)y],

hg g% No , 1 1 ,
bas, =—ATATO (/\R + ﬁ)exp(—R/)\)v@ sin 7)

ETMp CYn

bspi =

bVA_L = — Vg COST)

[cos (wgt)Z — sin (wgt)y].

Lorentz violation experiment:  F. Allmendinger et al, PRL 112(11),110801, (2014).

b, | < 0.023 T (95% C.L.).

L.Y.Wu,K.Y.Zhang, M.Peng, J.Gong H.Yan, PRL,131,091002,(2023)



SP type interaction—exceed the astrophysical limit:  o-r

102 ¢

| jaa r

g5 g3

———————

This work-using the Moon /

This work-using the Sun

10° 107 10% 10° 10" 10" 102 10" 10"

A (m)

Exceeds the astrophysical limit by ~70 times

L.Y.Wu,K.Y.Zhang, M.Peng, J.Gong H.Yan, PRL,131,091002,(2023)
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VA type interaction: limits improved by many orders g-v %
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Mass (eV)

lg> g%|

| This work-using the Moon /

This work-using the Sun

10° 107 10% 10° 10'° 10! 102 10" 10"

A (m)

L.Y.Wu,K.Y.Zhang, M.Peng, J.Gong H.Yan, PRL,131,091002,(2023)



AA Type interaction: established constraints at astronomical distances %
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Mass (eV)

(o ) (VX r) o 107 1071 1076 10" 1078 10" 102
1071,

lgY g% |

| This work-using the Moon

1030+ /‘

This work-using the Sun

10-35 raasul L2 sl s aaanl PSR | soa sl MR | PEETETRETrT | Lo s
10’ 108 10° 10" 10" 10" 10" 10
A (m)

L.Y.Wu,K.Y.Zhang, M.Peng, J.Gong H.Yan, PRL,131,091002,(2023)



Conclusion & Discussion:
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Conclusion & Discussion:

) - . - . .
@ -
P
v .:‘o. -
: I~
\ . .
' . A B
. 4 o \
> 4 7 e
R S

ﬁ e All mass is
R T o JEE interaction.

o TN o ~ Richard Feynman

Cosmos

Many of these interactions could potentially be spin-dependent.
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