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Pseudoscalar interactions
caused by dark matter axions
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C'P-noninvariant interactions caused by dark matter
axions are time-dependent. Like photons, moving axions
form a wave which pseudoscalar field reads

a(r,t) = apcos (Eqt — pg - T + @g).

Here E, = /m2 + p2. p,, and m, are the energy, mo-
mentum, and mass of axions . The Earth motion
through our galactic define its velocity relative to dark
matter, V ~ 10 °c. Therefore, |p,| ~ m,V  and ax-

ions and axion-like particles have momenta of the order
of |Va| ~ 10~ %ac.

We suppose that axion-like dark matter interacts like the axion.
The Peccei-Quinn theory introduces a new anomalous U(1)
symmetry to the Standard Model along with a new
pseudoscalar field which spontaneously breaks the symmetry

at low energies, giving rise to an axion that suppresses the
problematic CP violation. 4
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Strong CP problem and dark matter

QCD Lagrangian:

contains CP violating term:
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Neutron electric dipole moment Problem: why so small? |
d, ~©10 1% .cm < 107%%e - cm © < 10~*
Peccei&Quinn’77, Wiczeck’78, Weinberqg’78

The tilde denotes a dual tensor

Postulate new global U(1) symmetry - Peccei-Quinn symmetry
Re-interpret © as a scalar field a - axion - Nambu-Goldstone boson
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The result of axion-gluon interactions is an oscillating
EDM of a strongly interacting particle like a nucleon:

1
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where the EDM is equal to d, = g4a and g, is proportional to g 544

The axion-photon interaction leads to mixing of electric
and magnetic fields and results in the Lagrangian density

» - gu o -
Another contribution to the total Lagrangian density

(Pospelov et al.) is defined by the gradient interaction
(axion wind effect):

1‘:' N = QaNN .-..lr_ H ":r' ? 'l'lj [ L

M. Pospelov, A. Ritz, and M. Voloshin, Phys. Rev. D 78, 115012

(2008); V. A. Dzuba, V. V. Flambaum, and M. Pospelov, Phys. Rev.
D 81, 103520 (2010). 6
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The Lagrangian L = L) describing electromagnetic
Interactions of a Dirac particle with allowance for a
pseudoscalar axion field is defined by

!
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N\, = Oy, v =
—1 0
where ;' and d are the anomalous magnetic and electric dipole mo-

ments. In the last term, a = ag cos (m.t — p, - 7) is the axion field.

The corresponding Hamiltonian in the Dirac representation
reads

H=0m+a-(p—ecA)+ed+(ivy-E—-1I-B)
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Physics— Uspekhi 66 (2) 109 —-147 (2023)

General relativity eftects in precision spin experimental tests
of fundamental symmetries

S N Vergeles, N N Nikolaev, Yu N Obukhov, A Ya Silenko, O V Teryaev

Attnbuting the local
energy density of dark matter ppy, == 400 MeV cm ™ [386]
to axions in the invisible halo of our Galaxy, the amplitude
of the classical axion field a(x) = ap cos [ru,:u-;,f — k,:u-;,x] can
be evaluated as [56]
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the oscillating contnbution to the EDM of nucleons
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where the chiral suppression of the EDM [101, 102] 1s shown
exphicitly: T m* 10-2
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Optical experiments



" =B o imakoff effect

The Primakoff effect is the resonant transformation of a
photon in a static electric or magnetic field (for example,
In the field of the nucleus) into a massive neutral
pseudoscalar particle (in particular, axion). Particles that
can be born due to the Primakoff effect are capable of
splitting into two photons and converting into a photon in
an electromagnetic field (the inverse Primakoff effect); in
fact, both the forward and inverse Primakoff effect are
described by a vertex on the Feynman diagram
connecting a pseudoscalar with two photons.
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Charged particle



* Powerful magnets.
* \ery weak signal (~1021 W)

— Cryogenic temperatures.

— Resonant radiofrequency (RF) cavities for enhancement.

—> Tunable over a good frequency range.

9

At the cavity's resonant frequencies the microwaves reinforce
to form standing waves in the cavity. Therefore, the cavity
functions similarly to an organ pipe or sound box in a musical instrument,

Ei‘:‘flll

oscillating preferentially at a series of frequencies, its resonant frequencies.
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Still another application of the direct and inverse Primak-
oft etfect 15 1n the “shining laser light through a wall”
approach [396], when an intermediate axion 1s produced 1n a
magnetic field by the Pnmakott mechanism. then penetrates
through a wall opaque to the lLght, and subseguently
regenerates back into a photon 1n the magnetic field [407]. A
number of experiments were carned out with helioscopes,
which make 1t possible to detect ultrarelativistic axions
emitted by the Sun in the X-ray range (see, for example,

[387. 408, 409]).
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Relativistic Foldy-
Wouthuysen transformation
and the relativistic Hamiltonian in

the Foldy-Wouthuysen representation
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B For arbitrary-spin particles in external fields, the Foldy-
Wouthuysen (FW) representation restores the
Schrodinger form of relativistic quantum mechanics
(QM) while the Dirac representation corrupts this form
(Foldy, Wouthuysen, 1950; Silenko, 2003, 2008).

The position and spin operators, as well as other
operators, are counterparts of the corresponding
classical variables only when they are defined in the FW
representation but not in the Dirac one (Foldy,
Wouthuysen, 1950; Zou, Zhang, Silenko, 2020).

The passage to the classical limit usually reduces to a
replacement of the operators in qguantum-mechanical
Hamiltonians and equations of motion in the FW
representatin with the corresponding classical
guantities (Silenko, 2013).

The FW transformation belongs to the foundation of QM!



In the general case, it is convenient to present the Dirac Hamilto-

nian as follows:

H=M+E+O. GM=Mp, pE=EG, pO=-0p8.
The even operators M and £ and the odd operator O are diagonal

and off-diagonal in two spinors, respectively.

FW transformation for relativistic arbitrary-spin particles
In arbitrarily strong external fields — final results and the
proof of validity:

If one holds only terms proportional to the zero and first
powers of h, the final FW Hamiltonian takes the form

| |
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This is the only relativistic method which gives the exact
form of leadina terms in the FW Hamiltonian of the zero and

first orders in i and does not need cumbersome derivations.
The first-order terms in /i describe spin effects.

In the considered case,
M=m—-—pY-B—-d¥X F,. E=ed—g,nnv2- A,
O=a-(p—cA)+ip'y - E —idy- B — Gun N o

The FW Hamiltonian has the form
Hrw = Hi + Ha + Hs.

Hi = B + ed — 5 { (’uom + ;u") T - B}
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where H; defines the (C'P-conserving part of the total Hamilto-

nian Hpw, po = eh/(2m) is the Dirac magnetic moment, € =
Vm2+m2 and = 1 (LTV x B — %?) is the density of

external electric current.
The terms describing the direct interaction with the axion field

are given by -
JaNN P
H:_J) — 2 { 'J'\'O}
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Eur. Phys. J. C (2022) 82:856 THE EUROPEAN )
https://doi.org/10.1140/epjc/s10052-022-10827-7 PHYSICAL JOURNAL C il

Regular Article - Theoretical Physics

Relativistic spin dynamics conditioned by dark matter axions

A. J. Silenko'-%3
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Corrections to the spin motion
including
corrections caused by the axion-
iInduced EDM
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In the semiclassical approximation, the angular velocity of the
spin rotation has the form

Q= Qrpyr + QLepy+Qazion.

e 2 — 2)y
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where Qrpyr is determined by the Thomas-Bargmann-Michel-
Telegdi equation and the factors g = 4(po+ ' )ym /e and 1 = 4dm/e

are introduced.
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The equation describes the spin motion relative to the
Cartesian coordinate axes. In accelerators and storage rings,
the spin dynamics is determined relative to the radial,

longitudinal and vertical axes. The angular velocity of the spin
motion relative to the latter axes is given by

Q=0 — w..
where w.. is the vector which is parallel to the vertical axis and defines

the angular velocity of the cyclotron motion.

Hs = —g.vn2 - A in the nonrelativistic limit. However, a particle
motion can be relativistic.

The newly added first term in 2. . 1S three orders of

magnitude larger than the second term. This fact significantly
Increases an importance of a search for a possible
manifestation of the axion field in storage ring experiments.



Witten effect and similar effects
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Volume 86B, number 3,4 PHYSICS LETTERS 8 October 1979

DYONS OF CHARGE e8/2x

E. WITTEN !

CERN, Geneva, Switzerland

If a non-zero vacuum angle @ is the only mechanism
for CP violation, the electric charge of the monopole is
exactly calculable and is —6e/2m, plus an integer:

g=ne — 0e/2m

It has been found much later

ChunJun Cao and A. Zhitnitsky, Axion detection via
topological Casimir effect, Phys. Rev. D 96, 015013 (2017);
A. Zhitnitsky, A few thoughts on and the electric dipole
moments, Phys. Rev. D 108, 076021 (2023).

that magnetic dipole moment g of any microscopical
configuration in the background of fg, generates the electric dipole moment {d;,q) proportional to gy,
. 0 . = = forp 72 -
Le., (ding) = —==u. We also argue that many CP odd correlations such as (B, - E) = ——22 B, will

be generated in the background of an external magnetic field ﬁm as a result of the same physics.
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There is also the new idea to use electric-magnetic duality
to motivate the possible existence of non-standard axion
couplings, which can both violate the usual quantization
rule and exchange the roles of electric and magnetic fields
In axion electrodynamics.

In this case, an electrically charged particle acquires also
a magnetic charge and becomes a dyon.

B. Heidenreich, J. McNamara, and M. Reece, Non-standard

axion electrodynamics and the dual Witten effect, arXiv:
2309.07951 [hep-ph] (2023).

We can use this idea and find equations of motion of a
particle with electric and magnetic charges and dipole
moments (dyon) in electromagnetic fields.
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A. J. Silenko, Equation of spin motion for a particle with

electric and magnetic charges and dipole moments,
arXiv: 2309.04985 [hep-ph] (2023).

The Lorentz force F acting on the electric charge e and

the Lorentz-like force F* acting on the magnetic charge
e* are given by

d
d—f:F+F* —e(E+p3x B)+¢"(B-p3xE).
The method of derivation has been presented in

J. D. Jackson, Classical Electrodynamics, 3rd ed. (Wiley, New
York, 1998); T. Fukuyama and A. J. Silenko, Int. J. Mod. Phys. A

28, 1350147 (2013); A. J. Silenko, Phys. Scripta 90, 065303
(2015).
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Equation of motion:

du# w i
m—— =efF " u, +e F v
dT v v

Equation for the angular velocity of spin motion:

Qz—i{eiﬁgfh—ngiBm (G+—Lqﬁx£1

m Y v+1 v+ 1
e 1 G*y 1
— ||G*+ - ) E - .E G* Bl .
+m[( ,) f+ﬁﬁ )ﬁ+( +?+i)ﬁx ]

Here G = (9 —2)/2, g = 2mcp/(es), G* = (g" —2)/2,
g = —2mced/(€e"s).
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Summary

m The Dirac Hamiltonian with an allowance for the field
of dark matter axions has been written down and Its
relativistic Foldy-Wouthuysen transformation has

neen carried out. We take into account the axion-

photon and axion-gluon coupling and direct axion-
particle coupling (axion wind effect).

m Axion-induced interactions lead to an appearance of
oscillating EDMs and, possibly, oscillating effective
magnetic charges. We obtain related equations of
motion.

m The axion wind term results in the spin rotation
about the radial axis.
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