Nonlinear Dynamics and Applications. Vol. 26 (2020) 100 - 106

Magnetic moment of p—meson in point form of
Poincaré-invariant quantum mechanics

Vadzim Haurysh*
Sukhoi State Technical University of Gomel
Prospect Octiabria, 48, 246746 Gomel, Belarus

_ Viktor Andreevt
Gomel State University named after F. Skoryna
Sovetskaya Str. 104, 246019 Gomel, Belarus

In the framework of relativistic quark model based on the point form of Poincaré-
invariant quantum mechanics the magnetic moment of the p—meson is calculated
taking into account the internal structure of quarks. It’s shown that the model
parameters obtained from the condition of matching theoretical calculations with
experimental data on lepton and radiative decays of hadrons lead to the results
that correlate with calculations in models based on the front and instant forms of
dynamics.
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1. Introduction

The study of the electromagnetic characteristics of mesons taking into account their
inner structure is the most convenient way for testing various theoretical approaches and
models for describing bounded quark systems. Updating the experimental data renewed
interest in studying the mechanism of interaction of quarks inside hadrons. Of particular
interest are light sector mesons consisting of u—, d— and s—quarks: such systems are purely
relativistic, which requires the involvement of appropriate approaches and models for a
phenomenological description of such systems. Among the variety of approaches and
models devoted to the description of various characteristics of bound quark-antiquark
states, we mark models based on the Poincaré group. Such models are purely relativistic,
which makes their using for describing light sector mesons the the most natural approach.

Among of the three forms of Poincaré-invariant quantnm mechanics (further PiQM) [1]
for calculating the characteristics of light mesons widely used light-front, form of dynamics.
This circumstance is due to the fact that in this form there are no pair production from
vacuum diagrams. The indicated advantage of this form makes it possible to use it
successfully both for calculating lepton characteristics and for calculating semileptonic
[2, 3] and radiative transitions of pseudoscalar and vector mesons [4, 5]. However, this
form of PiQM has a serious disadvantage related to rotational invariance of dynamic
group generators [6]. This feature leads to the so-called angular condition for matrix
elements I{\",\) (\', A — helicities of the final and initial and final state of the particle,
respectively) which, in particular, complicates the calculation of the form factors of the
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p-meson. So, for example in [7] for caleulating the magnetic moment of p-meson used
the matrix element /(A" = 1, A = 0), the author of the work {3] used I{\ =0, A = 0). The
;ndlcated discrepancy is due to the restriction of the matrix elements /(A" = 1,A = 0),
IXN =0,A=0)and [(N =1,)= —1) by angular condition, which in some works simply
wasn’t respected [6].

The instant form of dynamics is also used to calculate various characteristics of elec-
troweak decays of pseudoscalar and vector mesons. The calculations of the magnetic
moment p, in [8, 9] lead to the value p, = 2.16 £ 0.03. As features of the calculations
note the taking into account the anomalous magnetic moments k,, x4 of quarks.

In the framework of the point form of dynamics, calculations of the form factors of
pseudoscalar and vector mesons are less common. The indicated fact connected with
calculations both within the framework of this PiQM form and its various modifications
lead to results that differ from experimental data. Attempts to apply the point form of
PiQM to the calculation of form factors for various transmitted momentum for vector
.mesons were also unsuccessful.
~ Renewed interest in calculating the vector particle form factors is associated with
updating experimental data on light mesons. So in [10] based on experimental data
from the BaBar collaboration in the energy range from 0.9 to 2.2 GeV from reaction
ete” = mtn2n% the magnetic moment of the p-meson was calculated: the authors
showed that indirect estimates give value u, = 2.1 % 0.5 (in units ¢/2m,). However, this
calculation differs from theoretical predictions. It is known that the nonrelativistic SU(6)
- model, provided there is no interaction, gives the value s, = 2 [3]. The indicated equality
also holds for VM D - model, where p-meson supposed boson with a magnetic moment
Mo = 2. In contrast to the listed numerical predictions, in the framework of light-front
calculations in works [3, 7, 11] give an assessment u, < 2 which also confirmed by the
QCD-sum rules [12]. It’s follows that further calculations of p-meson magnetic moment
in different approaches and models are an important and relevant task.

In the work, the authors using relativistic quark model, based on the point form of
PiQM carry out the calculation of p-meson magnetic moment taking in the internal
structure of quarks. In section 2 the authors discuss the basic relation of the point form of
PiQM. In section 3 briefly discusses the procedure for obtaining integral representations of
decay constants P(qQ) — £v;, V(q7) = £1£ and £ — V(qQ)v; followed by calculation the
basic parameters of the model. As a result of the work, in section 4 developed technique
used to determine matrix elements for p-meson with following numerical calculation g,.

2. Basic features of the model

The scheme for obtaining the state vector of meson in point form of PiQM is as follows
[1]: in the case of a two—particle system with the masses m,, mg and, respectively,

4-momentums p; = (wmq(p,),pl), P2 = (umc(pg),pg) basis of direct product of two
noninteracting particles

[P1, A1) ® |P2, A2) = [P1, A1, P2 A2) (1)

defines a reducible representation of the Poincaré group. For irreducible representation,
that characterizes the entire system, we introduce a full momentum

Py, = p1 +p2 (2)

and the relative momentum k of particles [1].
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The requirement, that the operators for a free and bound 7Q systems satisfy the algebra
of the Poincaré group, leads to the fact, that the state vector of meson with mass A,
total angular momentum J and its projection p, are defined as the direct product of the
state vectors of free particles (quarks) (4) with the wave function (WF) @7 (k, 8,9):

e mg (P2)
Qup =Y Y fae %ﬂ—(pl—;’g‘m—’v s (k, Ba) @ {454} (0 60) x

ALAz Vi
% DV, (mwy) Diry, (0w,) p1, A, P2, M) - 3)
Note, that in eq. (3) the functions C {3 25}, C{,£ 51} are Clebsh-Gordan coefficients

of SU(2) group, Ye,m(0k, ¢x) is the spherical harmonic and D, (ny) — Wigner function.
For brevity, we use following notations [15]:

My (k) = Win, (k) + Wmg k), wn(k)=vk*+m? k= k], 4)
Q {vi,li,ft } (0x,6) =C {u-(Vfﬁ»w),mfw,;{ } Yeu—(vitv2) {0k, Bx) (5)

and WF &g (k, B,5) in (3) is subject of the normalization condition
S [ @ leb (sl =1 ©

Note that for the further calculation WF of pseudoscalar and vector mesons chosen as
[13, 15]

B(k 2 L3 7
( y5)=m3—/2‘ exp[—2—ﬂ2]. ()

3. Calculation of model parameters

The basic parameters of the model are obtained with the integral representations of
the lepton decay constant [14]

W, (&) WE, (19
Fi(mg,mg, Bls) \/7 / dk k* @(k, ) Mo(k) wnm, (k)wma 00 g (D g ()

2

x (1+a,m), WE () = w () £m,ap = -1, av =1/3  (8)

for pseudoscalar (I = P) and vector (I = V) mesons. Using the pseudoscalar density
constant

9r (mq,mQ,,ﬁgg) = \/%% /dk Ko (k, 3.%) m%k—) (m+
+ W, w,, 19) ©)
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from the equations

My — My, = Mg — My = (2.5 £ 0.4) MeV
(exp)
Jplmg.mg, vQ) ,

10
fV(mq:mQI ,,Q) = (exp), ( )
(g +7irg) gplrmg,mg. B Q) =/ (exp) M3,

where 71, — current quark masses and f,(f v - experimental values of decay constants

[16], one can obtain following values of quark masses and S-parameters of the WF [15]:

mu = (219.48 + 9.69) MeV, my = (221.97 +9.69) MeV,
= (367.93 £ 25.10) MeV, ﬂ -=(311.95 + 2.14) MeV. (11}

4. Form-factors of p—meson in point form of PiQM

Calculation form-factors of vector p-meson will hold with matrix element [3]

1 1
21 V2 wu(Q) vZ wrr (@)

IMON,0) = (Q, M, X |J*|Q, M, )) = x  (12)

x( A () - )P+ B (P ) )+ (P-e(h) ) +

(r-eone ) )

2M M

+ Fa(g?)

In relation (12) )
P=Q+Q, ¢=Q-¢, (13)

and form-factors I}, F; and F3 when ¢*> — 0 defined as charge ¢, magnetic p, and
quadrupole moment Q, of p~meson |3]:

F(0) = e, F2(0) = ~fips F5(0) = Q. (14)
Since polarization 4-vectors ¢(\) and ¢*(A') determined by the relations
(-e) = 1. 0:0) = e

for generalized Breit system (Vq + Vi = 0) we define 4-moimentum vectors by

= 7—{M~/1+ =,0,0,MvV~-1+ @}, @ = f{‘l V1+w,0,0,-MV-1+®},
(16)

where (Vg - Vy) = @; in this case

€)= —={(3? - 1)’V=T + @, A2, -\, (¥ - 1'VI T}, a7

\/-{
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Table 1: Matrix element for different pairs of p—meson helicities

A=1 A=0 N
¥ =11A(d)xtn B@)x 6] 0
N =0 |F(g?) x £ |linear combination of Fi(¢?), Fy(q?} and F(g?)|Fale®) x &0
N=-1 o Fg?) x—[;?'“ R < in
1
eN) = —={(M? - DV=T+2, A% —iX, - (A% ~ 1)*VI+ @},

V2

so relations (15) fulfilled automatically. Using (13) ~ (17) one can get the following table
(see table 1) for the matrix elements of form-factors for different helicities of the initial
and final states, Note, that in 1 we use following notations:

i = M+ M _100M’ 1+~ M o _ 1
A=) 0 MAMTrm, |72
(18)

From the table one caq see that form-factor Fj(g?) can be calculated directly from a
matrix element I§, , . Using that in point form of PIQM

M'(~1+ wy2) (0,1, 44,0}

Mo = i (K) + wing () Mg = wm(kyz) + wimq (k12) (19)

kiz=k + vq ((wl‘g + Dwm, o (k) — k\/—w’i;-’—dl cos 9k) , (20)

after some calculations of the spinor part the expression

where

Pt 3 5 [ ace (vt {43} ol e

nw v2v

@y, (kz, m,) B(vg) P, (K, 71t) v ,“_",”_‘QS‘-(E-)-D,/ (02 )+
x L ® (k2 Bia \ om0
V2 Wiy (k2) 2 wim, (K) @

STl maBva gt el (51 ) “'""(kl)”““”““”‘))

D)
2 Wingy (K)2 wmg (K1)

with
Yisd . RO+ B0 =ke (22
I“‘ 5 = l“l(qz k4 F 2 .’———1 g vy 1’1(0) = €4,Q° !
@ 3 (g )2 e v
one can obtain 2
V. e+ eQ) . (23)
et = 0 = [ @ [o (o)l
. —eg=1/3(n units ¢) taking
Since charge p-ieson cousists of €4 = € = 2/3 and €@
account relation (5) from (23) one can obtain Go(0) = 1
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Calculating magnetic moment of p-meson could be perforined directly from Iif o Oor

I 1;,'11 (calculation equivalents). Similar procedure for calculating quark transition currents
and limiting ¢% — 0 from (12) ~ (21) gives

2
F3(0) = / dk k@ (k,8) [ (eo mlkomme)+ (24)

€qKq CRAQ

+2mq Ta(k, mq.mQ) ) r)l(k,mQ,mq) - -2_171_0 T)z(k,mQ,an)> y

where

1 g (K) (2 My = Mm@ + Wiy (K)) + Wz (K) (my + 3 w, (k))
k Y= g Thiq £ ('] The
rll( lmme) 3 W,znq(k)

(25)

and

2k (i + (W, (1) +m,) (wmg (k) +2 mq) ) +3 m2 W, (k) (wimg (1) + my)

ik ma) =3 AW W)

(26)
Using values of u,d-quark masses, S—parameters of the WF ( see (11) ) and anomalous
magnetic moments of quarks, obtained from radiative V(P) = P(V)y decays [14, 15]

Ky = —0.123, Ky = —0.088 27

after numerical calculation with oscillator wave function (7) one can obtain u, = 2.29 +
0.02 with anomalous magnetic moments and j, = 2.91 + 0.02 without ky, &4 (in ¢/2m,
units). Comparing with experimental data p, = 2.1 £0.5 we can conclude that the
proposed model describes both leptonic decays and hadronic form-factors of pseudoscalar
and vector mesons.

5. Conclusion

The work is devoted to the calculation of the form factors of vector particles in a
model based on the point form of PiQM. As a result of calculations, it was shown that
the developed model for calculating the leptonic and radiative decays can be successfully
used to analyze the observed of p—meson. The calculation results for y, are compared and
in a good agreement with experimental data. As the result of the work one can note the
obtainment of a self-consistent model for describing leptonic and hadronic meson decays,
based on point form of Poincaré-invariant quantum mechanics.
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