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Abstract
The mass spectrum of the bound state is analytically derived. The mechanism for
arising of the constituent mass of the bound state forming particles is explained.
Change of the bound state mass and of the constituent mass of particles is analyzed
by the varying the coupling constant. The mass spectrum of the two-gluon glueball
is calculated taking into account spin-orbit and spin-spin interactions.

1. Introduction

For the last three decades theorists have been trying to derive the effective potential
of the quark interaction, starting from the basic principle of the QCD which explains
the requirement of the confinement and deconfinement of the constituent particles [1].
There is a lot of potential models of quarks which are constructed on the basis of non-
relativistic picture of confinement. These models are mainly applicable to physics of
hadrons consisting of heavy quarks. The properties of hadrons consisting of light quarks
are dominated by the relativistic character of the interactions, which requires additional
efforts to incorporate relativistic effects. It is known (for instance, [2]) that relativistic
effects in the bound state formation in the quantum field systems can be taking into
account as small corrections only in the weak coupling regime, but the strongly coupled
systems like hadrons in QCD ultimately require fully relativistic consideration which can
be adequately realised only by means of genuine field theoretical methods. One of the
most powerful method of this kind is based on the Bethe-Salpeter equation. Application of
Bethe-Salpeter equation in QCD assumes an appropriate approximate choice of the kernel,
which is usually chosen on the basis of physical assumptions about nonperturbative QCD
vacuum (see, for example [3, 4]).

Another field theoretical method based on the Fock-Feynman-Schwinger representa-
tion was suggested in {5]. This method successtully applied [6] for the description of the
hadron and glueball mass spectra. The keynote of this approach is the presentation of the
polarized loop function as a functional integral and the main problem is its integration. Of
course, this integral is not evaluated in general but only in certain physical assumptions.
One of the alternative methods of the functional integral evaluation and determination of
the glueball mass with taking into account the nonperturbative and relativistic character
of the interaction is suggested in the [7]. In this work, we was present one of the alterna-
tive methods of the bound state mass determination. The bound state mass determined
in the form

M = \/m3 — 2B (1) + \/m§ — 262E' (1) + pE' () + E (). (1)
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The parameter g can be determined from the equation

1 1 1 1 1
- ===t ) (2>
By He \/m1 —2u? - E'(u) \/n12 ~ 202+ E'(u)

where the following notation is used:

E'(u) = OE(u)/0p. (3)

We will consider the parameters u; and uo as masses of the constituent particles in the
bound state. These masses differ from m; and m, which represent the masses of a free
state. To describe the mass spectrum of the relativistic bound state, the constituent mass,
which differs from the mass of the initially free particle. Particularly, when describing the
hadron mass spectrum, the masses of the valence and current quarks are introduced. On
the other hand, if the bound state consists of two gluons, then the constituent mass of
gluons is nonzero, according to (2). In this case, one can identify the two-gluon bound
state with the pomeron which is broadly used in describing the mechanism of the inelastic
scattering of particles. The quantity F(u) is defined as eigenvalues of the interaction
Hamiltonian with the nonperturbative correction. The nonperturbative correction to the
interaction Hamiltonian represented as(the detail see [7])

4oy
H= 2u P 3‘i +V(0) ;
4o 1
0 ._ s
AHnonpcr = TR ~ 11 . (4)
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2. Calculation of the glueball mass spectrum taking
into account the spin-orbit interaction

Let us determine the mass spectrum of the two-gluon bound state when all effects of the

gluon-gluon interaction such as the one-gluon exchange, nonperturbative character, and

spin-orbit corrections are taken into account. The total Hamiltonian can be written as

a sum of two parts. The first one is the central Hamiltonian which corresponds to the

conditions of the one-gluon exchange and nonperturbative character of interaction and
also to the confinement. The second one is the Hamiltonian of the spin-orbit interaction

H:Hc+Hspin s (5)
where H, is the central part

da, _da, ! -
3ro 37 ik D/w)

HC = TP 4 OodT —

The second part of the Hamiltonian is defined in the standard form
Hopin = Hgs + Hpg + Her . (7)
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where Hgg is the spin-spin interaction Hamiltonian

_ (S4S2)
12

AV, , (8)

and also the spin-orbit interaction Hamiltonian

_@S) 39, 19
Hes="ga vor 7o) ©

and, at last, the tensor interaction Hamiltonian

r 2
S 18 3‘/}

Hrr =g |7ar " " 52"

Here V, is the vector potential corresponding to the one-gluon exchange

4o 1

3 it ()

V=~

Vs is the confinement potential
Vs =704 ; (12)
and also the following notation is used:

S=8,+S, (13)

4 ey 3
512 = m_—lj L S2 -— '2‘(LS) — 3(LS)2

Using the explicit form of the Hamiltonian introduced in equations (7)-(13), let us start
to determine the mass of the glueball with the spin-spin interactions when ¢ = 0. In this
case, for the energy spectrum we have

o(E) = €5 (E) +5°(E) (14)

where €5 (E) and €5°(E) are the contributions of the Hamiltonians of the central and

spin-spin interactions, respectively:

(B = (L+pw  4p°uoe T(4p)  4p°uE T(3p)

0 2 W1 T(1+p) w»TD(1+p)
160,027 2yl +e T g
i / \/u2p+€ =k : (15)
SS asP(SIS2) w!te
YT 36 I'(l+p)
After some simplifications we obtain for the energy spectrum
E(p) = +/0ua- {1/1)112% [a:A + %B} , (16)
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where the following notation is used:

_ _Z_'iI‘(Z +,0) n 4ZC¥S F(Zp) _ asp(Slsz) Z3 X
"~ 8p2 T(3p) 3 T(3p) 144p* T(3p)’
1TWp) | _ B

m b
T ZTGp) VOad

and the x parameter is derived from (1), (2). Using this parameter for the glueball mass
we have

(17)

M = o |2+ B (15)

In this case, the mass glueball corresponding to the following states, is determined

JPC = ptt , 1+ Pasul

)

Our numerical results are presented in Table 1.

Table 1. The mass spectrum of the glueball with taking into account the
nonperturbative character of interaction and spin-spin interaction for the case of £ = 0.
In GeV units. 04q = 0.45 GeV? | a,=0.3

JPC T our result | lattice data | Exzp. | other works
1.73 [8]

ort | 164 1.63[9] | 1.50 [12]
161 [10] |211[12]| 1.98 [14]
175 [11] | 2.32[13]| 2.69 [15]
5.40 [17)

o+ | 197 23509 |2.02[16]| 2.42[14]
2.26 [10] 2.70 [15]
2.42 [11]

From Table 1, we can see that our results are in good agreement with the results of
other authors. Let us now consider the general case when £ s 0. We obtain the energy
spectrum E(u) for the total Hamiltonian from SE

E = E© 4 E®9) 4 EUS) BT (19)

Here E©) is the contribution of the central interaction Hamiltonian
5O _ TN0alQ+p+200) /Gt D(4p+200) (20)
8p* TI'(3p+2pf) zz T(3p+2pf)

4(13162\/0'_(1; / 3p+2p€ 1 e %
3U(3p+ 2p8) \/uz" +220(¢ + 1)

EX%) is the spin-orbit interaction contribution

- L 3p+2p£—1 —u
ELS) = 2%, /Taa(LS) {_F(2P+2p€)+4asxz/du } @)

8T(3p + 20¢) Tz 20 4 220(¢ + 1)]3/?
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ET} is the inclusion for the tensor interaction

-3 op+ 2p8—-1
BT = 222 uaShe / du— e % (22)
12T°(3p + 2p0) w”-{—zé(—)—l)]
and E(5) is the contribution of the spin-spin interaction
3p+2/)€ 1 e
EGS) asgvo'a Sls2 228 p? /du _ - (23)
18T (3p + 2p8) 204 220+ 1)]P2
x { 24 2 (3+2€)(1+€)} .
The parameter z is derived from the equation
OF
24 e - 24
SvEwr il (24)
and then the energy spectrum is determined in the following form:
E{u) = min [E(z, p, 2)] . (25)
{p2}
The numerical results are in Table 2.
Table 2. The mass spectrum of the glueball for the general case. In GeV/ units.
Opa = 0.45 GeV? |, @, =03
=1 £=2 £=3
our other our other | our other
JPC  result | works | JPC | result | works | JPC | result | works
S=0[0""1] 295 0+ | 3.39 1.72[8] 1 0-~ | 3.95
1= | 2.99 171 342 1™ 3.97 | 3.81[§]
oFF | 347 (350 [11] ] 2 | 4.00 | 3.90 8
377 1 4.05 4.10 [8
S=110""1 292 [{25917]| 0" | 336 | 482(8 | 0~ | 3.90 | 3.64 [10]
1= 2.95 1t~ 339 | 2958 | 1% | 3.95
27t 103,02 [3.1017] 1 2% | 344 | 4108 [ 277 1 3.99 |3.89 [10]
3t 352 | 3.83[8] |37 4.03
471 410
=201 286 ott | 3.31 2.67(8] 107 | 3.90
1=~ 2.89 1+ 1 3.33 171 3.92
277 | 2.95 2v*+ | 338 | 2.38(8] |27~ | 3.95
377 3.05 37+ ] 346 [3.69(10] 3 | 4.00

The mass spectrum of the two-gluon glueball is calculated taking into account spin-
orbit and spin-spin interactions.
Our approach allows a unified description of the mass spectrum of glueball for var-
Further, we will apply our
approach for the description of the glueball mass spectrum taking radial excitation into

ious states with various spin and orbit quantum numbers.

consideration and for determination of the hadron mass spectrum.

86



References

(1] Ball, G. S., Schilling, K., Wachter, A.: Phys. Rev. D56, 2556 (1997), hep-
1at/9703019; Ball, G. S., Boyle, P.: Phys. Rev. D59, 114504 (1999), hep-lat /9809180

[2] Efimov, G. V.: Few-Body Systems 33,199(2003)

(3] Efimov, G. V., Nedelko, S. N.: Phys. Rev. D51, 170 (1995); Phys.Rev. D54, 4483
(1996)

[4] Roberts, C.D. and Cahill, R.T.: Aust.J. Phys. 40, 499(1987);
Praschifka, J., Roberts, C.D. and Cahill, R.T.: Phys. Rev. D36, 209 (1987); D41,
627 (1990): Ann.Phys.(N.Y.) 188, 20(1987)

[5] Dosch, H. G.: Phys. Lett. B190, 177 (1987); Dosch, H. G., Simonov, Yu. A.:
Phys.Lett. B205, 339 (1998); Simonov, Yu. A.: Nucl. Phys. B307, 512 (1988)

[6] Kaidalov, A. B., Simonov, Yu. A.: Yad. Fiz 63, 1428 (2000)

(7] Dineykhan, M., Zhaugasheva S. A., Kozhamkulov T. A., Petrov Ye. V.:Few-Body
Systems 34,(2004)(in press)

[8] Godfrey, S.: hep-ph/0211464
[9] Niedermayer, F., Rufenacht, P., Wenger, U.: Nucl. Phys. B597, 413 (2001)
[10] Teper, M. J.: hep-lat/9711011
[11] Liu, D. Q., Wu, I. M., Chen, Y.: High Energy, Nucl. Phys. 26, 222 (2002)
[12] Bugg, D. V., Peardon, M. J., Zou, B. S.: Phys. Lett. B476, 49 (2000)
13] Anisovich, A. V., et al.: Phys. Lett. B471, 271 (1999); Nucl. Phys. A662, 319 (2000)

[
[14] Szczepaniak, P., Swanson, E. S.: hep-ph/0308268
15

]
]
| Hou, W. S., Wong, G. G.: hep-ph/0207292
[16] Zou, B. S.: Nucl. Phys. A655, 41 (1999)

[17] Morningstar, C. J., Peardon, M. J.: Phys. Rev. D31, 034509(1999); D56, 4043
(1997)

87






VIL

APPLIED
USE OF

RELATIVISTIC
BEAMS






