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In this paper relativistic-invariant phenomenological Lagrangians of interaction between
spin-1 particles and electromagnetic field were obtained in the Duffin-Kemmer-Petiau formalism
on the basis of the covariant model that takes into account both spin polarizabilities and
gyrations of the above-mentioned particles. It was shown that in the suggested covariant model
with regard to the crossing symmetry, spatial parity and gauge invariance conservation laws,
definite spin polarizabilities and gyrations of spin-1 particles contribute to the expansion of
Compton scattering amplitude, starting from the corresponding orders on energy of pfotons that
is in the agreement with low-energy theorems for that process.
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Introduction

With the development of the Standard Model of electroweak interaction, new
electromagnetic properties of hadrons have been introduced recently. These
properties, by analogy with gyration [1,2], are connected with parity violation
[3,4]. In their turn, such electromagnetic characteristics as polarizabilities and
gyrations are directly related to the inner structure of hadrons and the mechanism
of electroweak photon-hadron interactions.

For more reliable determination of polarizabilities and hadron characteristics
connected with parity violation, a wide class of electrodynamic processes is used.
These processes include real and virtual photons scattering, as wells as two-photon
production in hadron-hadron interactions. In this context, the task of consistent
relativistic-invariant determination of the contributions of polarizabilities and
electroweak characteristics of particles to the electrodynamic processes' amplitudes
and cross-sections is of great relevance.

The solution for this task can be found in the framework of relativistic
theoretical and field approach to the description of interaction between
electromagnetic field and hadrons with the account for polarizabilities (both
electromagnetic and electroweak) of the latter. In papers [1, 5-9] covariant
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techniques describing the interaction between electromagnetic field and hadrons
were presented. In such techniques the electromagnetic characteristics of particles
are fundamental.

Effective covariant Lagrangian of interaction between electromagnetic field
and spin-1/2 particles that takes into account the polarizabilities of the latter was
introduced in [1, 10] and has been recently used for fitting the photon-proton
scattering experimental data at the energies close to resonance production A(1232)
[11]. Characterization of electrodynamic processes on the basis of relativistic
theoretical and field approaches, which are focused on the obtaining of
phenomenological Lagrangians, equations that describe interaction of
electromagnetic field with hadrons, as well as the calculation of electrodynamic
processes' amplitudes consistent with the Standard Model’s low-energy theorems
is one of the most effective methods of interaction processes investigation.

Currently there is a number of theoretical papers (see [12-16]) devoted to
introduction and calculation of spin polarizabilities of spin-1/2 hadrons that
contribute to the series expansion of Compton scattering amplitude at the energies
of photons in the third expansion order.

Along with the investigations of spin-1/2 hadrons’ polarizabilities, a number of
papers present the results of determination and estimation of spin-1 particles’
polarizabilities [17-20]. Such particles are characterized by both dipole, spin and
tensor polarizabilities.

Low-energy theorems play an important role in the understanding of
interaction between electromagnetic field and hadrons. It is stipulated by the fact
that they are based on the general concepts of quantum field theory and series
expansion of Compton scattering amplitude in powers of photons energy.
Currently, one of the most efficient methods of electrodynamic processes
investigation is the technique that uses phenomenological Lagrangians obtained in
the framework of theoretical and field approaches and consistent with the low-
energy theorems that are specified by the Standard Model of electroweak
interactions. Construction of such Lagrangians allows to obtain physical
interpretation of electromagnetic and electroweak characteristics of hadrons.

In paper [19] low-energy theorems for Compton scattering on a spin-1 particle
were obtained. On the basis of these and with the use of techniques for
determination of the contribution of spin-1/2 particles’ polarizabilities to the
amplitudes of electrodynamic processes, one can obtain relativistic-invariant
effective Lagrangians and covariant spin structures of two-photon interaction
amplitudes with consideration of polarizabilities and electroweak properties



(gyrations) on spin-1 particles. The present paper is entirely devoted to the above-
mentioned task.

In paper [21] the construction of the effective relativistic-invariant Lagrangian
of interaction between electromagnetic field and particles with constant electric
and magnetic dipole moments was performed with the help of dipole moments’
anti-symmetric tensor that is independent of electromagnetic field tensor F,,,.

The present article uses quantum-field relativistic-invariant Lagrangian, in
which a tensor of induced dipole moments is introduced. It means that, in contrast
to paper [21], this tensor depends on F,,, [22]. In its turn, polarizabilities tensor [23,
24] is introduced to determine contributions of polarizabilities and gyrations to the
low-energy Compton scattering amplitude with provision for particles, spin
degrees of freedom. Moreover, we take into account hermiticity requirements,
algebra of spin operators and the behavior of tensor components under space and
time inversion.

Such phenomenological approach allows to determine the effective relativistic-
covariant Lagrangian using the relativistic field consideration of the properties of
C-, P- and T-transformations, as wells as the crossing symmetry. It also provides
for conformance with the low-energy theorems for Compton scattering on spin-1
particles.

In the present paper the Lagrangian and the amplitude of Compton scattering
on the spin-1 particles in the Duffin-Kemmer-Petiau formalism with consideration
of their polarizabilities and gyrations were obtained in the framework of covariant
theoretical and field approach. The technique presented in papers [5, 22, 25, 26]
was used.

Determination of the spin structure of low-energy amplitude for spin-1
particle Compton scattering

We will follow the paper [27] in order to determine the contributions of
polarizabilities and gyrations to the low-energy amplitude of electromagnetic field

scattering on spin-1 particle. However, to calculate induced electric d and

magnetic 7 moments in terms of the electric E and magnetic H vectors of
electromagnetic field strength, we use the following formulas [2]:
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where & and f — are matrices, matrix-elements of which are the tensors of electric
and magnetic polarizabilities. Diagonal elements of these matrices are expressed
through scalar electric and magnetic polarizabilities:

a;j = a,6;j,

Bij = B16i;-

Low-energy amplitude of electromagnetic field scattering that was obtained
using formulas (1) and (2) can be presented in the following way [26]:

M(T_iz) = 471'(1)2{(5(/12)*&5(11)) + (ﬁzé’(ﬂﬂ)(ﬁlﬁé’(/lz)*) +

+(7,8327)(8Wfii,) — (8% 80 (7, B7i,) — (7yfiy) (R0 fE%2)") +

+[(ﬁzﬁl)(§(lz)*g(/11)) — (ﬁzg(ll))(ﬁlg(lz)*)]gp(’[})} (3)

Expression (3) includes the following designations: o is the incident wave

frequency, 1, = |'£—1|,5('11) and 751 are correspondingly the polarization and wave
1

vectors of the incident wave.

According to the definitions of d and m presented in (1) and (2), it follows that
@ and B should satisfy the hermiticity requirement. Taking into account this
requirement as well as the algebra of spin-1 operators S; [19] we can obtain the
following:

S0, 5] = i84jsSie (4)
A b8 A . 1/a A i A A A A
SiSjSk = l6ijk + 5(516]/( + Skal]) + 561']{1(5]'51 + SlS]), (5)
@ and 8 operators can be presented in the following way [26]:
aij = a16ij + ia26ijk.§‘k + ix55ijkak + (7(5153 + ) '§l)' (6)
Bij = B18ij + iB28ijeSic + iXnSijidi + B(S:S; + 5;Sy), (7)

where i,j,kand! can take the value of 1,2 or 3, while &;- is the three-
dimensional Levi-Civita tensor.

In formulas (6) and (7) a, and B; — are scalar dipole electric and magnetic
polarizabilities correspondingly, @ and 5 - are tensor polarizabilities, a, and B,—
are spin dipole polarizabilities, while Xz and X, - are correspondingly electric and
magnetic gyrations. As a consequence of crossing symmetry, a,, £, and X5, Xy



have non-zero contribution to the amplitude of Compton scattering in the third
expansion order of the photons energy.

As it was shown in [26], by substituting formulas (6) and (7) into (3) and
taking into account the contributions of a,5, & and S polarizabilities, one can
obtain the scattering amplitude in the second expansion order of the photons
energy. It coincides with beyond the Born part of the amplitude and is due to the
low-energy theorem [19].

Let’s determine relativistic-invariant spin structures of the effective
Lagrangian and the amplitudes of Compton scattering on spin-1 particles with the
help of covariant representation of (6) and (7) in the Duffin-Kemmer-Petiau (DKP)
formalism following paper [26].

The DKP equations for an unbounded spin-1 particle have the following
form [28]:

(8,0, + m)P(x) = 0, (8)
P(x)(B,9, —m) =0, 9)

where ¥ (x) and P(x) =P+ (x)n - are ten-dimensional functions of particles,

2
n= 2( fo)) — 1, vectors over derivatives g, show the direction of their action,

while four-dimensional vector is defined as a,{d, ia,}. In formulas (8) and (9) g, -
are ten-dimensional DKP matrices that satisfy the following commutation rules:

.Buﬁvﬁp + ﬁpﬁvﬁu = Suvﬁp + 5pv.8,u-

In the framework of theoretical and field covariant approach the effective
Lagrangian of interaction between electromagnetic field and spin-1 particle with
provision for polarizabilities has the form [5, 8, 26]:

L= _%l/j[ﬁvzwr(ga + Evaﬁv(ga]lp' (10)

«

where 5;, = 50 — 0.
The formula (10) for the Lagrangian includes tensor L, which is expressed
in terms of polarizabilities and gyrations as:

Zva(af XE) = Zva(al) + Zva(é) + zva(az) + zva(XE): (11)

iva(a" XM) = zva(ﬁl) + EVO’(E) + Eva(ﬁz) + Z’VO’(XM)' (12)

In order to determine the influence of crossing symmetry on the
contributions of spin polarizabilities and gyrations to the Compton scattering
amplitude in dipole representation we will transform tensors (11) as (see [22]):



Zva(al) + Zva(é) = E/u&,up (al)F})a + E//,t&‘up (&)Fpa (13)

Zva (“2) + Eva (XE) = Fvua/lealzupA(az) + E/ua/leaEup/l(XE) (14)
Derivatives in equation (14) operate only on the tensors of electromagnetic field

F., = 0,A, — 0,4,

Tensors @*P(a,) and @*P(a), as well as lzﬂp,l(az) and IEHM(XE) are the covariant

generalization of tensors that appear in the right part of formula (6). They have the
following form:

Aup = A16p + ‘7(@@ + Wqu) (15)
kupr = 52 Supache + 2% SupaicOic (16)

In equations (15) and (16) the definition of covariant spin vector is used. This
vector can be expressed in terms of 5, matrices (see [28]):

W, = ——— 8,5,/ 10M5
u — _ﬁ ;mé‘n] nr

where j1" = BsB, — B, Bs. All derivatives found in (15) and (16) operate on wave
functions ¥ and .

Tensor (12) is defined in a similar way. One just needs to introduce
constants 34, 5, E and y,,, in formulas (13)-(14) and make a replacement

Fyy = Fy,
where
- I
F;'w = E(S;wpa[';)a-
Let’s now determine the spin structures of the amplitude of Compton
scattering on spin-1 particle with provision for polarizabilities and gyrations. We

will take Lagrangian (10) as a basis and follow the procedure presented in paper
[28]:

& _ im8(k1+p1—k;—p2)
(kZ: p2|S|k1: pl) - (ZH)Z\/W M, (17)

here M is the Compton scattering amplitude that represents the sum of
polarizabilities and gyrations contributions according to formulas (11) and (12).

As it was shown in [26], the contribution of a, f and @, £ is expressed as
a sum of amplitudes

M, = M;(a, B) + M, (&, ). (18)



Spin structure M (a, #) in equation (18) has the following form:

2mi
My(@p) = (- =) (@[RPRD + R ED | +
+6 [ERES + BB [P (008,19 (). (19)
In its turn, structure M (&, B) is determined as:

_ = T\ _
(@) = (- 2) @ [RDED + RPESD) +

+B |EDES + EED P ) B Wy} + (W W, 18, [T (1) (20)
Equations (19) and (20) include the following designations:

2 A2)* A2)*
FD = byl — ey e,

1 A A
ED = kye — ey e,

where Fv(j) = §6VM%5FJ£§), P, = %(p1 +p,)s ppandp, - are the momenta of

initial and final spin-1 particles correspondingly.
Ten-dimensional wave functions in the DKP formalism are introduced using
complete matrix algebra elements 4?8 [28]

$OG) =) et + Ly e

In this formula

ROESYH

1
Yo @) = == (puA’ = 20p,),

Aff) — are the components of polarization vectors of spin-1 particle, while £¢48 — are
the elements of complete matrix algebra [28]:

AB _ AB .CD _ AD
(e%%)cp = Oacbpp, £°°€“Y = bpce?”,

where for spin-1 particle indices A, B, C, D =u, [pa], while square brackets stand
for the anti-symmetry with respect to indices p and o.

Wave functions Y™ (p) that are conjugate with respect to ™ (p) are
expressed in the following way (taking into account n matrix):



_ [ . [ . .
FO@) = @) = (- 55) [40 + 5 (5, A7 - A7)

§(1) [ ()
where 4, {Ai Ay }

Let’s now determine the spin structures of the amplitudes with provision
for the contributions of dipole spin polarizabilities «,, 8, and gyrations yg, xu. i.€.

M, = My(az, f, ) + My(Xg, Xm)-

Using the summands L., (a3), Lys (Xg), Lve (B2) (11) and L, (xy) (12), of the
Lagrangian, as well as the previous technique for determination of polarizations
contributions to the Compton scattering amplitude, one can find:

T
M (@2, B;) = —(ky + k)a8upnclas [FS B = B BD | +

+5, |[EQED — B ED [ 1) (B, WieA Wi, 1Pop ™ (o). (21)

Amplitude (21) in the target’s rest frame and with the neglect of the target
particle’s recoil can be expressed as:

MZ(C(ZJ ,82 ) = 4i7r(a)1 + a)z)a)la)zi)(rz)* .
. {(xz (.S_')[é)(/lz)*é(/h)]) + B, (5_‘)[771’25(12)*][ﬁlg(ll)])}i)(rl) (22)

Formulas (21) and (22) imply that dipole spin polarizabilities a, and S,
contribute to the amplitude of Compton scattering on spin-1 particle in the third
expansion order (series expansion in the energy of photons), while the crossing
symmetry requirements and parity conservation (with respect to space inversion)
rules are satisfied.

Using the above-introduced technique for constructing covariant blocks of
the effective Lagrangian with provision for the crossing symmetry and parity
violation, we can obtain the second summand of the amplitude that depends on the
contributions of electric and magnetic gyrations:

2mi
Myt ) = — (ks + ko )a8onc it | e By’ = BBy | +

o Bt B3 = Eg B2 WP P2 (p2) By T (). (23)



If we use approximation P = 0, in equation (23), i.e. we consider the particle to be
at rest and neglect its recoil momentum, the formula (23) can be rewritten in the
following way:

M Gt ) = 0,0, (109 100) gy + 60 200

+XM(I—€1 + Ez)[§2§1]}’
where T, = [7,6*)"], %, = [7,6™)].
Conclusion

Hence, we determined the contributions of polarizabilities to the low-energy
Compton scattering amplitude with provision for the spin degrees of freedom of
particles by transforming the polarizabilities tensor that satisfies both hermiticity
requirement and spin algebra. This tensor is also invariant with respect to space
inversion transformations.

The relativistic-covariant form of contributions of spin and tensor
polarizabilities, as well as gyrations to the Compton scattering amplitude in the
DKP formalism was found.

The effective Lagrangian that takes into account the changes of spin structures
during space inversion transformations and considers the crossing symmetry of
Compton scattering amplitude on spin-1 particle was obtained in the DKP
formalism using theoretical and field relativistic generalization. The coordination
of this amplitude with the low-energy theorems was performed as well.
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