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Pseudoscalar interactions
caused by dark matter axions



" A
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.

Even if the axion field is influenced by the electromagnetic
Interaction, this equation is used only for a determination

of the frequency E_ and does not change in the weak-field

approximation.
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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’79

Postulate new global U(1) symmetry - Peccei-Quinn symmetry
Re-interpret © as a scalar field a - axion - Nambu-Goldstone boson
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Axions manifest themselves in interactions with pho-
tons, gluons, and fermions (first of all, nucleons). The

corresponding contributions to the Lagrangian density
are defined by

o

L., = —%%HFWFW = goryaE - B,

2
d9ocpCo =
Lo="20 204G, G",  Ly=gann1"7°O4a,

3272 f,

where g%.g p/(4m) ~ 1 is the coupling constant for the
color field, Cy, gav~ and g,nn are model-dependent con-
stants, f, is the constant of interaction of axions with

matter (axion decay constant), and the tilde denotes a
dual tensor.



The oscillating contribution to the EDM (from gluons) is
given by
1
Lagpm = —Egd:ﬂﬂ“y Y Fu,
where the EDM is equal to d, = g4a and ¢, is proportional to g,y y.

Another contribution to the Lagrangian introduced
by Pospelov et al. is defined by the gradient interaction:

T
;E.‘n,,r — gﬂ;.,,rp,,i”‘fp’:r' ﬂpﬂ
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" N
The Lagrangian L = v¢'£1) describing electromagnetic
Interactions of a Dirac particle with allowance for a

pseudoscalar axion field is defined by

!
= H v - d w_5H .5

0 —1

(b |

A, = 0y, v2 =
—1 0

where /" and d are the anomalous magnetic and electric dipole mo-

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



" N

The corresponding Hamiltonian in the Dirac representation
reads
H=0m+a-(p—ecA)+ed+ /' (iv-E—1I-B)

—d(IL- E+iv-B) — gavv(7"Ag + 2 - A).



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

| |
(BIO.[OM]] — [o,[o,ﬂn}.

W= €+ -
R, 8 gk T3 2¢* + {e, M}
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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}

E:’

o {( o +,u’) L (2 mXE-X.[Ex7—V. E)}
4 € +m ¢!
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1

’Hg—dH-E+j{E [(E-w)(n-n)ﬂn-w)(n-E)”

Ve +m)
_j{i 62-[7pr}—E'[B><7T})}-

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 new terms describing the interaction with the axion fields

are given by -
JaNN P
€

JaNN | [T (22-p) (22-p)
2 {{E"EiA}+E"(E’+m)(p.A)+(A.p) } '




Corrections to the spin motion.
A comparison with similar
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
Qrpur = — {(9—2+ﬁ B 9 );5(5'5)

2m ; v+ 1
2
— — 21 x E) .
(9 RAEEY (B )} ,_ _
er 9
QEDEL»I:_‘? E-—pBB-E)+BxH
2m | v+ 1 i
A o
Qa.;r-ioﬂ. — 2*‘;}"&.?\.’*N (*\016 Y ~ + 1(16 . A) ’6 ) ?

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.



" A
Summary

m The Dirac Hamiltonian with an allowance for the field
of dark matter axions has been written down and Its
relativistic Foldy-Wouthuysen thansformation has
been carried out. The obtained equations of spin
motion are exact.

m The derived equation of spin motion contains a new
term. In comparison with the previous results
obtained in the static limit, this term extraordinarily
(three orders of magnitude) enhances the real value
of the axion-induced signal. This fact significantly
Increases an importance of a search for a possible
manifestation of the axion field in storage ring
experiments.

m The newly obtained contribution results in the spin
rotation about the radial axis.
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