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S A search for unusual meson resonances'% glueballs and
hybr1ds - comes across unsatlsfactory knowledge of the back—
hgground of - "standard" exc1tat1ons of a qq-system obeylng the -
same 'quantum number JPe of course, the 1nvestigat10n off
‘"standard“ exc1tat10ns has a great 1nterest 1tself :

e In th1s paper the spectrum of rad1al and | orb1tal exc1ta—?
'%ﬁtlons (w1th LS-O) of  light' mesons (con51st1ng of u, d, and s

quuarks) is calculated within :a relat1v1zed potent1al model'

7?elaborated by Gera51mov

~g,prox1m1ty of - our results - to 'the results

/1/

“1t1al approach .given by: Todorov /2/ CAT s1m1lar approach was

,on the basis of the quas1 poten—'

‘ developed by.:Godfrey and Isgur /3/ to descr1be ‘the spectrum
”‘of all mesons -and their . excitations from: ‘the pion. to the.“
p'up51lon., SR L S TG "\",n‘l”' : g
, ~We . do not .pursue such global purposes and we concentrate
A*our efforts on,the best descr1pt10n of light: mesons only.’ A

/3/

; approach. Also we do not cons1der rad1al and - orb1tal exc1ta-'

Just1f1es our'

f,tlons with LS#0 in order to av01d amb1gu1t1es carr1ed by un—
:f.certalntles of the sp1n—orb1t 1nteract1on, and n—n'—mesons
(7fbecause for these mesons the ann1h11at10n channel,Awhlch is
~not enough studied, is essent1al i lj‘;
,' Er ‘In Sectlon 2 we br1efly rem1nd general features of the'
mfemployed model /1,2/ (In Appendlx A we' glve the app11cat10n E
: of this model to our case: 1n more detall) ‘At the same t1me'

>k~we compare the calculated spectrum of rad1al and orb1tal

fsexc1tat10ns (w1th LS—O) w1th experimentally observed resonan—f
zgces of llght mesons. ; :
: The data analysls on the ba51s of pred1cted resonancesf‘

w111 be presented 1n Part II of thls workg
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. 2. The predicted spectrum of rad1a1 and orb1ta1 excita-

tions of 11ght mesons

The rec1pe of the relat1v1zat1on of the potent1al qq -

/1/

we -have to solve ‘a- nonrelativistic problem on ﬁthe

' model g1ven by ' Gerasimov consists in the followlngf

First,

eigenstates of relative motion of quark and antiquark coupl-.

ing by elected (nonrelativistic) potential*);?Secondly, we

subst1tute A1nstead of quark and ant1quark masses
:‘ effect1ve energ1es S
e - = f[wz‘if( m? - m? \)]/(zW).' D

. where W is the’ total energy in'the c ‘m. 's;

R

to resclve the equat1on for W ‘3f:

W= (c;z )/(28 ) + (e- : ;?)/(2c1):+“E(é'

:*‘where E(c-r,e ) “is; Just a man1fest (not numer1ca1') solutlon‘i
~of . the nonrelat1v1st1c problem for the: b1nd1ng energy e1gen—: !

fvalue wlth the: above subst1tut1on m s a"m-ee- i
‘In our problem, we cons1der a. comb1natlon of the Coulomb—
( ‘11ke potentlal w1th the 11near potent1a1 oot

LR + V(r)‘=

,

We impose an add1t1ona1 requ1rement for the b1nd1ng“‘

'energy of the ground state‘to van1sh

RS A
SR

bfand thus e =m , e-‘=m- in th1s stater Under thls ansatz we
g :

have a supplementary d1men51onless equallty o }_M

K

(2ua)2/3 \='Ao

i

2; 144.... (1/u

P e

’wh1ch g1ves a. connect1on between the; parameters x.-andi‘a.

N .

X)L

AR Remark. all th1s procedure 1s Just1f1able 1f the potent1al;g_.,
behaves as a Lorentz-scalar that is usually ‘implied”for thevq

S conf1nement potent1a1

atheirb“"

Thirdly, we have

%) B

~ux/r + r/a?r~ e w"“"’ﬁ(3)

'“(t4)7

m+ 1/m-). sy

'v1st1c) spin-spin’ coupling.

: 1nstance s

We propose that the parameter A has a f1xed value (5) for alI
states So,‘all calculatlons w1ll be performed at th1s un1—'
versal value a .(v

"~ For the manifest solution of the nonrelat1v1st1c problem
with the, potential (3) we-employ the 1nterpolat1ng formulae
presented in Appendix A being somewhat improved of the’
corresponding formulae from the work /4/. o ‘ -

Then, we are in need of introducing a spin-spin inter-

;action, and we put it into the l1near mass operator 1n the

form of a contact term

M =W+ 4C sqosa‘s(r); ‘ : (6)

U . : - o : ~ ; ) ) S
. For matrix elements of the operator C between i and j states

of;thedqg—system we propose"

: ; FRREE DR B P V7 L LR RN
=.C/(e - £~
vclj ~/(»q>§q eq q ); R G (7

‘with C.as a universal constant. Really, we will consider two

different variants: first, when the spin-spin coup11ng 1s de—

termlned by this ‘formula (7)  and which we call the "weak"

: ‘sp1n—sp1n.coup11ng, and second, when we substitute in formula‘
7(7) masses of:a quark and an antiquark ‘instead ‘of ‘their

effect1ve energies and which we call the "strong" (nonrelatl—
In the latter case we have matr1x
elements 1ndependent of states

CU = C/(m m-). o ’. ‘ L ‘(u(8)

Now, the unknown parameters of the problem are:. masses

: of nonstrange (m ) and strange (m ) quarks, the strength,of
; the spin-spin ‘interaction ),

‘ and the parameter of, for
11near potent1a1 (a) » hese four parameters are
f1xed by the reproduct1on of exper1menta1 masses of m(140)-,

p(770)—; K(496)—

are calculated as total energ1es of the ground states of our

and b (1235)—mesons. The f1rst ‘three masses

problem w1th tak1ng 1nto account the m1x1ng of rad1al exc1ta—
t1ons w1th the\ ground state st1pulated by the spin-spin’
1nteract1on. The mass of b meson is calculated as the total

_energy of the P-wave orbital excitation of the gg-system with




s=0 (Thevmixing of orbital'excitations is ignored)
parameters take the values:

'sp1n coupl1ng

=336 MeV, .

m_ =491 MeV,

for the case of

and for the case of "weak" sp1n—sp1n coupling

m,=311 MeV,

The masses of other meson states (with LS=0) are calculated‘

m_ -492 HeV C=152 MeV,

the
spin-

.‘Then,
"strong" -

c=115 HeV, a=3.74 GeV'?!,

a=3.58 GeV ',

within these two schemes at these fixed values of parameters.

e

The results of .our -calculations of masses of radialp i

(L=0)

,'mesons are. presented in Table 1.

excitations

cf pseudoscalar (07 ")

and
In part1cu1ar

vector (177)
, the calcula-

tion of masses K* (892) and ¢(1020) ‘serves as a’ control of our

approx1mat1on

The bigger value of calculated mass of the

¢-meson compairing to 1ts exper1mental value can be part1a11y

“stlpulated by the neglect of a mixture of, strange: and ' non-

strange quarks for the w- and ¢-mesons.

‘The results of our calculations for the orbital (with
S-O) ‘excitations together with their stubsequent radial‘exci-

tatlons are presented in Table 2.

In the same: Table: 1 and 2,
/3/.

s1on the results of paper.

we present for -the compari-

-As we:'can see,

. for the first

. rad1a1 exc1tat1ons of both S- and P-states our results are 1n

good . agreement w1th the results
_higher radial exc1tat1tlons as ‘well as for higher (D and F)'-

/3/

For the second and

’orb1ta1 excitations: our pred1t1ons are 100-150 MeV lower than

the correspondlng levels 1n paper

/3/

It can be expla1ned by

a smaller” 1nc11nat1on of the linear potent1a1 1n our case

than an’ analogous value 1n work /3/

Now ,

calculat1ons of paper

/5/

mental data

- /3/,

we can compare the results of our calculatlons (and 7‘
as well) w1th the ava1lab1e exper1—"

shown in’ Tables 1 and 2 One can be conv1nced

of ‘a co1nc1dence of our pred1ctlons of n— K—

mesons (Table 1
ved,resonances.

second column) with the correspondlng obser—”

It 1s wonderful that the 1atter

p—f , and ¢-

settle’wdown,

“Data

‘Data

Roen 1 ] weak"

“ e

[

Table 1

Mass spectrum (in MevV) of radial excitations of pseudoscalar

-and. vector ‘light mesons-

Pseudoscalar mesons, J

PC. 0™*(L=0, s=0)

nm-resonances

Our calcu:

lations 137.
Theory/?/ 150
i 137.5

K-resonances

Our calcu-

lation >’496
. Theory”®’ 470
“pata’®”

496

+0.5 1295165

1300

1790165 2165165 2490170

© 1800

1300+100 1770130

1435155
1450

~1460

Vector mesons,

)

1900160 2255+65 2575i70
2020

~1830

PC

=1 (L=0, s#i) '

p/w-resonances

- Our calcu-

'Vcation © 2)geg
Theory/3/ 770
" Dpata’® 768
‘ /782

*
K -resonances

Qur calcu=.

lation *’896
" 'Theory’® 900
Data’®’

", ¢-resonances
our calcu—

'~lat10n 103716
‘Theory”®’ 1020
el 1019.4

a)

892

1420%15
1450
14508

187045 - 2230+15:2545120

.:2000 -
1700+20 .2150

/1391+18 /1594112

153042
1580
1412412

1960+15:2305+25 2615130
2110~
1714420

1640115 2050125 2385+35 2685140

1690

1680150 -

2840170

2770+£70;

2820125

2880£35

294545

spin-spin coupling schemes respectlvely
Underlined values were taken as input ones.

In our calculations up. and down deviations correspond to
and. "strong”

(5}



, Table 2
of light mesons

Hasé'spectrum (in MeV) of orbital excitations

1+ -mesons (L=1, S=0)

b, -~resonances

Our calcu:

1235 1715120 2095+30 2415%40

lation
Theory”?/ 1220 1780
pata’®’ 11233110
K, -resonances
Our calcu-, N
lation ° 1365t8 1820125 218035 249040
Theory”’>’ 1340 1900
pata’®’ 1270£10 1800
140247

h -resonances(ss)
Our calcu-

latlon
Theory”>’ 1470 2010
'Data’5’; 1380120

2_+—mesons (L=2, S=0)

m, -resonances
Our calcu-

. lation - *) 1560110 1945125 2295+35 2580145
Theory’®’ - .~ 1680 2130 ‘
pata’®’ 1665+20 2100150
Kz-resonances

Qur Calcu—) T
‘ ° 1670+20 2040130 2375t40 2655145

“'lation-:
Theory’?/ - 1780 2230
Data’®’ 1580 2247+17-
; 176814
. ¢2-resonances

QOur calcu-

lation
Theory’*/ 1890
Data ?

s a) 1490115 1920130 2270140 2570145

2845150

2} 1780425 2135:35 2455:45 273050

2695+45 2945150

2765150 3010155

2835150

2915450 3165160

2980155

3075£60

3105155

3230160

o ot

"gw .“\—"“vy - .

of k¥ (892)—meson'

‘1n the latest experlment c1ted 1n
" an enigmatic degenerat1on of this strange resonance with the.

(contlnuatlon of Table 2) e

i'3+ —mesons(L—3 S—O) Y

1!3 =resonances

Our calcu—) ,
= 1830£20 2170130

lation
Theory’”’ 2030
Data ?

: Kafresonances

Qur calcu-

‘lation ' 1920:25 2255:35
Theory””/ 2120 -
Data’®’ ? 2324124

"¢3-resonances

Our calcu-, T :
%7 2015130 2340140

;lat1on
Theory ,’ 2220

Data : ?

’?‘The,ﬁotations are the’same as in Tabie 1.

'between our pred1tlons for the "strong" and "weak" sp1n-sp1n

coupllng So, we can rely upon a plaus1b111ty of our approach
for other cases.
The only exclusion takes place for the rad1a1 exc1tatlon

/3/

tion is' 1530t2 MeV (the prediction is even higher?

- 1580 MeV/):in compar1s1on with the observed mass of K" (1410):

1412112 /5/ ~(or .even smaller 1367+54 MeV as 1t was observed
/57 ). Moreover, there 1s

corresponding p(1450)/w(1390)-resonances found

recently /5/. So, K (1410)-meson looks.as a superfluous reso-

nonstrange

nance with respect to the "standard"

system.
of second radial excitations

Further, the positions

(Table 1, third column) of n- and‘K—pSeudoscalar mesons are

ra

our prediction for the mass of this exc1ta7f

exc1tatlons of the qq— '

Iy



in agreement with the observed resonances /57 A comparision. -

for second radial excitations of vector mesons with experi-
mental data is more difficult in consequence of the existence
of the D-wave orbital excitations possessing the same quantum
number 1°~ in the same mass regionf'In the Part II of.our

‘»work we shall try to elucidate this 51tuatlon .and  discuss -

some evidence for the existence of the p/w(1200) resonances
correspond1ng to the strange K (1410)-resonance. o

N F1nally, the approx1mate conformlty of evaluated orb1tali
(and their radial) exc1tat10ns of light mesons (with S-O)’j,
with the crresponding experlmental resonances is obtained asat~

‘we‘can see from Table 2. Remark only that experimentally ob—

served resonances K1 and K2 are mixtures of stateswith"
" different magnitudes of total quark—antiquark spin S=0'and~.‘
‘S—1 due to'the mass difference between strange and nonstrangeﬂ
unarks 1nvolved in the spin-~orbit coupling.’ So the phys1call
'resonances K, (1270) " and K (1400) are mixtures of P and P :

‘states and K (1580) and K (1770) are mlxtures of D and D
fistates (thus. they have" not 'a definite: C—parity) However, we

‘cons1der only P .~-states-and 1D ~-states, and therefore, we’
~jcannot directly compare the pOSltlonS of these states w1th,

‘ ‘experlmentally observed ‘resonances.

Cae

.I would like to thank S. B. Gerasimov for‘numerous dis—'
cuss1ons and espec1ally for the- explanatlon of hlS method of‘

relat1v1zat10n of the potentlal model

Appendlx A. The Relativized Potentxal Model

' The Schrodlnger equatlon for the rad1al wave functlon:

w1th the potentlal (3) can be rewrltten 1n the form .

“d*u(p)/dp® +[C- p+x/p—L(L+1)/p ]u(p) (A 1)'
with ‘the d1men51onless varlable p ‘and the only d1men51onlesst ons

~

parameter A are

’ = (2u/a%)'%r ;2 = (2ua) Sy

~where ‘u=mqma/(m&fm;) . The ‘rad1al functlon -and. :the binding

‘Usingh(AlG) we find

energy are defined by

R(r) = [(2u)'’%/a] u(p)/p . : C(AL3)

E, =¢, /(2ua*)’? (A

"The eigenvalues an are characterized by the principalﬁ

quantum number n=n_+L+1 where n_ is the radial quantum number

equal to the number of nodes of radial wave function
_(nr=0,l,2,..,),and L is orbltal quantum number (L=0,1,2,...).

‘ For the S-wave functions we have'theAFermi-Schwinger sum
rule |

. w© } .
R%(0) = 2u | R*(r)(dv(r)/driridr
° ' (A.5)
= (éu/az)[i+k<p'2>]:
where
e | o |
’h<p‘2> = fkdp u’(p)/p®  with 'ffdp u’(p) = 1.
. il S : 7

For ‘the man1fest form of a solutlon we imploy somewhat'

“1mprov1ng the 1nterpolat1ng formulae /4/, so that they turn

into Coulomb-like dependences in the limit Asw
e : 2 3 2 2 ‘
an = [an(0)+anA+anA J/(1+dnLA')“A /(4n ), (A.6)
L -2 = -2 : ' 2 ’ 3 2 3,
;<p‘ > [<p ‘>n(Q)+BnA+7nA ]/(1+5 AT)+A%/(2n7).. (A.T)

The values of the coefficients 1n these formulae are glven by

»Tables Ai and A2

The condition (4) means' h

€,s(0) = 0.~ o "~ (A.8)

A = 2.144... , (A.9)



Table‘Alh_

Coefficients in Eq. (a6)
.The state ¢,..(0) b . C.L d .,
s 2.338 -0.848 0.201 0.0262
2s 4.088  -0.582 0.032  -3.4x10°°
3s 5.521 -0.474 0.014 3.9x10°°
" as 6.787  ~-0.408 - 0.008 1.4x107°
55 7.903 -0.325 0.007 2.3x10°°
65 1 8.973 -0.288 0.004 . ~-1.0x10°°
1P 3.361 -0.510 0.037  -4.1x107°
“2P 4.885 -0.411 0.016 -2.2x107°
3P 6.215  -0.360 0.010  1.5x107°
4P 7.406 -0.314 0.007 1.2x107°
5P  8.508 -0.281 0.005 2.1x107°
. 6P 9.543 -0.255 0.004 0.9x107%
1D 4.248 -0.395" 0.036 0.0028
2D 5.630 ~0.330 0.008  -1.4x107°
3D 6.892 -0.303 0. 007 2.6x107%
4p’ ~ .8.030 -0.273 0.005 2.2x107°
5D ©9.092 -0.249 0.003 ~0 ..
6D 10.095 -0.229 0.003 .0
1F 5.056 - -0.325  0.011 ~  3.9x10°°
2F 6.358 ° -0.291 0.007 0
- S ‘ Table §2
Coefficients in Eq. (A7) B R
The radial -2 ' » :
state <p >n(0) Bn 7n 6n
. 1S 1.122 0.620  -0.359 -0.0461
2s 0.821 0.287 "-0.032 . O
3s 0.695 0.196 -0.010  -5.9x10°°
4s 0.622 '0.151 -0.005 -6.9x10"°.
55 0.570 0.124 -0.004 ~ 0
6S 0.532 0.105 ~-0.003 ~ 0

10

x WE.Rh(O)/Rl(O) [(1+x ,<P > )/(1+x 0P ®> )]

i R
’<1|M|j> = wla-

. tudes of radial wave functions of n-radial state and of the

ground state "at zero"

1/2 .
n

toe
Sy

The eigenvalues cn‘ and values of X at A, —2 144

“The eigenualues of C at thls value ~of A are presented in
Table'AS In the same table we. . present the rat1o of magni-. .

- (A:10) f;‘

‘ Table A3

n. cns cnP‘ ‘ >CRQQ nF - “n
010 215 3.3 438 1
2 2,70 3.95 4.8  5.72 _ﬁ;‘ ~0.695, .

3 4.4 542 6.23 - 0.619
4 587 ez 743 | - —o.s80

s 749 7.0 855 - ‘o.s58

6

8.3¢ 8,99  '9.60 - _0.548,

o BT
£y PSR

C‘ : '; x', “ ’ |

' In accordance with the. usual 'conventlon signs  of

consequent wave functlon "at zero" choose alternate.

.. Now the Eq. (2) 1s rewr1tten in the form oo " oo

w4—2(mq2+m-2)w2+(m z_m;z)z = 

.

tlons (6) vand (7) - or. (8) Now,‘ we - have for. -the matr1x‘

:hcoupllng

:.+

12

o

+16m°Cx,x <5_*S>W W, /[(w Af)(wj -A91Y2, (a.12)

1 J
2y2

11

P

(2/a)4’3[w ~(m gz-qu)zlz’ac (). N
7iSolut10ns of thls equatlon g1ves e1genva1ues of the total‘a~g
renergy "4 1n the c. m. w1thout a con51derat1on of sp1n—sp1n‘

h1nteract10n. We take 1nto account the 1atter under propos1—h_*

i“elements of the mass matr1x.‘1n the case of "weakﬂrsp1n—sp1n,f'

‘where ‘A= (m_ -ma )%, ‘and- 1n ‘the case of = "strong" ‘spin?spin i

En



“coupling
LA 4.' —: L ’ ’ g . - .‘. - ‘ -
<1|H|J>_— w,ai »+4m Cx xj<sq s;>/(mqmq),v
In Eqs.
: pseudoscalar mesons respectlvely Now, -
Vthe dlagonallzatlon of matrlx (A 12) or (A. 13)

account 6 rad1a1 states.'
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(A.13)
(A.12) and (A.13) <s_es;> = 1/4, -3/4 for vector and
the task consists in
We take into.

’15iINt- SYmP- hhfenshoop;‘Berlin—
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- OHAH.

FOBopKOB A B, : ‘.E2-91¥358:
06 ocoGeHHOCTﬂx cnepra Pe30HchoB =eTl oL
nerxux MESOHOB :

,I Monenb"

CnekTp peanbumx H ODGHTeHbHHX BOaGymueHMu (c LS ‘ = 0):
JIerKHX Me30HOB, " quucneuumu Ha OCHOBE pelITHBH3O0BAHHOI1
noTeHuHanbHoM KBapKOBOIi - MO/JIBJIH, "XOpouo .corjlacyeTcs ¢ s3Kc+

rnepnMeHTaano Ha6nmnaBmMMHCR pesoHchaMH chnmqeuue co-
crapnser. papHanbHoe 3036yxneHHe k¥ (892)—M€30Ha

' Pa60Ta anonHeHa B HaGOpaTopHH Teopeanecxon ®H3HKH

r

' Coobuueitue OBneHentioro HCTHTYTA AAEPHEIX Mecnenopauni, Iy6Ha 1091

" On the Subtletles of the Spectrum hwf
of L1ght Meson Resonances S :
,I The Model

exc1tat10ns (w1th Ls =

_sistent with. experimentally obsetved resonances. The oh-
~,ly exceptlon is the rad1a1 excitation of K%(892).,—;,‘

1of Theoretical Phys1cs, JINR o

L

Govorkov A.B. o . E2-91-358

Tt is. found that the spectrum of radlal and orbltal
0) of light mesons. evaluated on
the basis of a relativized potent1a1 quark model 'is coh-

‘The 1nvest1gat10n has been performed at the Laboratory
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