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I. Introduction 

The a:1.m of this paper is to investigate the <t}<it. meson spect
rum in the frame work of the quark model which takes into account . 
a nontrivial character of the QCD vacuum. Originally, four-quark 
states were considered by Jaffe et al. /l/ on the basis of the MIT 
version of the bag model. From the results of this model it follows, 
in particular,· that the scalar meson~ s (gao) and s (gao), are, most 
probably, ~'!.it states. That work has st~ulated theoretical and 

.. M ~ 

experimental studies of multi-quark states ( ~ 'f_ ; ·· m..,. n '> 3 ) , 
which may possess quite exotic quantum nUmbers. So the data received 
by the groups JADE, TACCO, and CELLO 12•3 •4 •5/ make one to believe 
that the resonances interpreted as ~2 ia mesons ·flG/ are observed 
in ao -collisions. At the Serpukhov 1 s accelerator the c-resonanqe of 
a mass "" 1. 5 Ge V w:l.th exo.t:Lc quant~ numbers (I=l, :fPc. =1.""-) has 
been revealed in ·the 'f>.Y&'" system /7,at. -Being a 4-quark state, it . /~ .. . 
must have a G -parity partner with I=O .• ~Besides ~ecently 
GAMS has reported on the h2t -resonance of a mass -1.4 GeV ( :t"e. =1-+) 

· ' /IO 7 . 
which, it seems, is a G-partner of the C -resonance -l2 .Further, 
in the vicin:l.ty of J.l GeVtwo groups/lJ, 27/ lia,;e observed several 
resonances with various eleotrio charges and strangen~sse~, which 
possibly are the members of the same four-quark multiple't with' 

orbital excitation of a diquark-antidiquark pair. 
Along with extensive exper:l.mental search of multiquark states, 

theoretical studies within the various composite quark models/ll,l
2

, 
23, 241, QCD sum rules / 25• 261, eta, are in .progress. In ,these calcu
lations attempts are made to obtain more aoourate state characteris
tics, to use more reasonable assumptions and to estimate th~ role of 
certain effects. In this paper,· wj consider multi-quark states iri· . 
the frame work of the quark model 161, in which the hadron oharaote
ristics. are explicitly expressed via the~QCD vaouum,parameters. 

The paper is organized as follows Sect.2 is devoted to.basio 
-t 

assumptions of the model. The calculated results on the ct.'<t: meson 
spectrum are presented in S~ot.J, and in ~ect~4 the conclusions 

are made. 

G!rttlliir;~ur;t.f im:r-.~ I 
r:m-:;;siJz Gcc.,?.nonm;atl • 
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2. Calculations on the QCD vacuum e£fects·in the quark model 

The QCD sum rules turned out to be extremely £ruitful when 
describing various hadrdn properties. The results obtained by_ this 
technique point to an essential role of th~ quark-QCD vacuum field 
interaction. 

In /l6/ we formulated the quark model which was in qualitative 
agreement with th!l results of the QCD sum rules. For instance, the 
mass scale of hadrons, composed of light quarks, is determined by a 

..J 
quark condensate, while the interaction of quarks and vacuum fields 
substantially depends on hadron state quantum numbers. Within the 
modei, the quark ( 'I' ) and gluons (II,.. ) fields are represented. 
as sums of the valence fields q,~1 , A~'i , with characteristic 
frequencies w ..... R-" and vacuum fields Q .. ,.,, A;:."'' : 

~ = '/,-Be..~ + 

A 6cc.:J-,.. .,. A~ +-

Q., ... .,_ 
A va.e ,.. .. (I) 

· g,.i A , ... ~ where ~ , ,. are governed by the equality of the bag model 
/14,15/: . . 

( iP +ntdcc,Ci) = A'oEc.'(..C~J in the bag (2) 
-- ... )/ .... I. - ~n .Pr-r. . = <frt.J s 

s ' on the bag surface • 
., .... A v .. e The quantities ~ , ,. satis£y ~he QCD vacuum equation:B, their 

intensities being specified by the magnitudes of quark <q'> and 
gluon < r: > condensates. The. £ie lds .p , A-,.. satisfy the total 
QCD equations. According to the basic assumption of the model} the 
QCD Lagrangian, as a result of the substitution (1), reduces to 161: 

~ Qc o = ~ :~ ( 't-''""s' A l<o.f ) + 

+ x~kt ( q,'o..s-, A eq,,. i QVQ.C. I Av«e) + ~V4C. (~~A"""'). (J) 

where ~6'1 is the bag model Lagrangia/14,l5,l7/ with B s~= o. 
It involves the boundary conditions imposed upon valence fields and 
perturbative quark-gluon interactions. So, the one-gluon exchange 
contribution to the hadron energy is determined by the expression 
/15/: 

A IZ~-=- o~..s { foi;,· <A 1 oq 'th (,lq?)j t4> 
~ R L>j I J • · 

(4) 

2 

... Q. 
where N is the total number of quarks inside a hadron; 6;. ( J.;.) 
are spin,color). operators of an i-:th quark; ·,.U.'-J. · are i~teraction 
intensities; I h) are states of the considered hadron. The · 
Lagrangian· ~~~ in (4) describes interactions of the. bag fields 
and the vacuum ones. When applying the standard perturbation theory, 
we obtain the leading contribution to the energy of the quark-vacuum 
oondensa te interaction /l6/: . ' 

u,d,s _ -a 
0 

A E. - - " A!Q <~<1~ .. > R. Ca. (nt"' )+ ... , 
u va.c..- £-Jec.v 

(5) 

where summation is curried out ·over the flavour, a..= u,d,s; Alq. is 
the number of quarks in a ha.a.ron; R is the bag radius;· €,.: are 
numerical coefficients. The interaction between quarks and long-wave 
vacuum fields dominates at distances of an order of the confinement 
radius ( R

0
"'.1 fm).At an intermediate distances (,f'c ~ 0.2 -:-_. O.J fm) 

the vaouum'structure is characterised by high-fre,uenoy £luotuations 
approximated by instantons ( ~c. .. st."" if .. >> c..>~ ) 19 , 201 • _The inter
actions via instantons are taken into consideration by t'Hooft's 
effective Lagrangian/181, while the appropriate contrib~tion to 
the energy 1161 is: 

L\ E t.'-'.st. = - < A. I 1-1. ~ .. ,t I h > -
e 

qJYl fc. u ol S I ' • (6) 
.t_' Iae <n{ (j.+ f-~ .. f.e)(_ti-!i_)qAc(f+sl. ~)I">. =--r? 
"')g .. 

. 
where the coefficient of the sum is associated with the instanton 
density of the instanton liquid modelll91. 

Thus, the hadron energy is composed of the quark kinetic energy 
determined by_ equations· (2) and of the sum of interaction energies 
(4),(5),(6) . 

E(R)-::. L,C:<. +A Ev~c..+AE3 f. AEL,..~t. 
~ (7) 

, The interaction with long-wave vacuum fields (5) .induces dynami
cal stability of a bag at the bag constant equals to zero · 8~ = o 
(the hypothesis on vacuum indestructibility inside a hadron): . 

{
.·. M'a = Et

. ~ M~ -
dir:. 0 

< P~>. 

3 

(8) 



Table I 

- ----· 
State c,s,:f LIE!J A E. ~kSi. 

Example 
__________ )A-~ :.5 Me~-- p-40 MeV ------
qq lc, ls, Sf -16 -6 p %, i'} 

lc, ls, lf -16 12f 2-' l-l 

lc, Js, Sf. 16' 0 
f, ~J ~ ~ J .,."¢{ 

lc, Js, .l:f 16 0 J -------------------------
Be, ls, Bf 2 -3/8f 
Be, ls, l:f 2 3/l.fp ~2 iz 
Be, Js, Bf -2/J 0 
Bc,.Js, lf -2/J 0 

-------------------------------------
qq Jc, ls, Jf -8 -J p 

Jc, Js, 6f B/J 0 
6c, ls, 6f 4 0 
6c,' Js, Jf -4/J 0 

Table 2 

The masses of z ~· 
1 
w 'f mesons and the expansion 

coefficients for the basis S~(J) x SU~2) x SUjJ) 

m exp m theor B:f lf 

N .. 
A 

z L,;;- ----;2, -------------
0.952 O.J07 

e' 96o 1200 -0.307 0.952 
'(> I020 !070 .... 0.817 0.577 
w 7BJ 760 0.577 O.Bl7 

_:...___ ----- -----

tltl 

where M is the hadron mass, <P\ is the squared momentum of the 
quark mass center in a bag. The mass :formula (B) _has no parameters 
because the ~onstants cL1 ,Je., <i<t- >' .. ' characterizing, various · · 
contribution's have been chased just as in.the QCD sum;rule/21 • 221, 
<LJCf .. j • o.7, <'f.~> = C-250 Mev)3 , and iri the instant on liquid mo-
del 191 .Je. = 2. Gev-1. · 

4 

The model enables us not only to describe the mass' spectra 
of the hadron ground states satisfactorily, but also to solve such 
known problems of the composite quark model as the problem of ~JO
and 22' splitting (see ~able I). 

J. QZQt mesons 

Pair :forces· acting within diquark ( 't) and quarkonium ( q..ii,. ) 
systems occur due to the interaction via gluon exchange and instan
tons. In those channels, where instantons give attraction, ~ompact 
quasi bound systems arise (table 1 ). Just due to these effects ·::rc
mesons are lighter, than the .Jl -meson while the A-AI splitting is 
due to production of a light diquark ( 3c., S=O, I:o) within· a .nucleon 
at the expense of the instanton interaction 1161• The stronger role 
of pair forces may be revealed in multi-quark systems where all the 
states presented in Table I are allowed. So, experimenta~ And theore
tical studies of such systems are extremely important for understan~ 
ding the quark-vacuum field interactions. 

In order to calculate the _hadron spectrum within the quark .model, 
we shall construct the state physical basis in which the hadron 
energy (7) is diagonal. The kinetic energy and the energy of inter·ac
tion with a quark condensate depend ~n the quark masses ( hl...,=m.,., 0. 
rns = 0.2 Gev), and so these contributions are diagonal in the basis 
of the states with a.definite number·of S -quarks (ideally mixed sta
tes, or an ideal basis). The· quantity AEL .. st in (7) is diagonal . 
in the basis SUe O.)x SUs(2)xSV~C3) of the states with definite flavor -
_color - spin quantum numbers. When constructing the state physical 
basis for a four-quark system a situation occurs which is analogous, 
in many respects, to the one :for system of the 2·2' mesons. First 
these mesons have no definite number of $-quarks. Second, they do not 
enter into any irreducible representation of the flavor group 
but they are the mixture of the singlet 1-f and octet 8.f • The 
mesons are physical states, determined :from the Hamiltonian diagona
lisation (7). In Table 2, the results of this approach :for t t~ · . 
((), V -mesons are presented. · 

In the MIT there are no reasons for occuring the·basis, 
differing from the ideal one. So it is possible to. classify particles 
with respect to the SUI(J)-multiplets: 9:f, J6:f, lBf. As we shall see 

5 



below, the general case the instanton interaction mixes irreducible 
represel?'.t;.ati.o~s of the SU+'(3)-group, and separation particles int'J 
:flavour mUltiplets becomes meaningless. 

3.1. Scalar ttit mesons 

A :four-qtiark system may have three spin states:·(~~~ o+, 1s ) 
( 'JP ,;,1+~-- 3s) ( "J" ,.2+, Ss ). Let us~<C.ons:!der:first scalar states. We 

shall'construct the color- singlet, consistent with the :t'auli prin

ciple, b~~is 1,2. lj} states with t!1e combinations of diquark systems 
(Table 1): 

I 1 >es:: I ( 6 c. , 3 s .• 3 J ) ( 6 c. o 3 S , 3 1 )}-::. I < 'f. 2 
)( <1. 1) > 

l:?..>-::1(3c 1s Jn)<3c,1s 3o)> 
c.s • I 1' - I 1- • 

I 3 > = I ( t;c 1s (fn ) ( '' 1s 6 n )> cs. o 1 "f o 1 <' 

l'l>.:s= I ( 3c., 3s I ~.f) l 3c. 1 3s, 6 u> . 

Separatly the total irreducible :flavor representation 

3l X~-~-= CJ.f -: 1~ {'3) i- 81- l9) 

6~ x 61-=- 3 61 =- I>~ C?.') r 8f{?.6) of- 2. 'f.f 

(9) 

(IO) 

for scalar t~iz. mesons we obtain ten candidates for the basis states 
with a definite :flavour: 

/f>cfl.tf9)
1 

/2>e.s fl{9) 
1 

/3)c.s {-/(?,(,), l~>c~ 1.113,), (1._,> B.fl'i'), 

{2}, s 8t l9), /3>es 81 lW/ 14>cs 81 l36)1 l3>._s H;" lfl>es :<. :,.f • (11) 

In this basis, we calculate the cont:~ibutions of the instanton 
interaction (6). The kinetic energy and vacuum energy (5) are com
puted in the most simple way in the ideal basis which is connected 
·with the basis (IO) by the well-known .transformations /l/• :IJue to 

the connection between the basis, the instanton contribution may be 
rewrite in the ideal basis while the kinetic ene~gy may be put down 
in the basis (IO). The physical states are defined by the require

ment that thetotal energy (7) be diagonal. In Tables 3.1-lJ.l. 
present the results of decomposition of physical.states over the 
ideal basis, in order to show how the mesons revealed by Ja:f:fe/l/ 
are mixed. 

6 

Masses 

Table 3.1 
2 2' + p of qq. 0 (J) mesons (I= l)·and the expansion coefficients 

for the ideal basis according to (9) 

--.--~ 

j rn .. :~! :c,:·(gf · .. -c~f9) 4-ts') c" t3l.) 
I . ' : . . 

-~He.V·!Jf>ci_J.:l>£l. l3)c$' ••• 9 

:·e}liC) 4cs') 
_l1>cs· 

1. : IIOO ,. 0.674 0.457 0.356 · 0.455 
2. i 1700 -0.222 · 0.746. -O.I52 -0.357 

0.026 0~ 043. 
0.301 0.391 

. ~~I 3. I 170v-- I o. 069 -0.121 o. 787 -0. 61lO 

4. ! 1800 f0.615 0.373 0.361 0.3IO 
5. I 2050 o. 026 ' -0. 014. -0. 0J3 o. 009 

6. 1 1350 -0.336 -0.283 o.315 o.458 

--- -------------

o. 036 . o.oo1 

-0.272 -0.428 
0.8IO -0.585 
0.422 . 0.565 

Table 3.2 

The recouplings of q2~2 0+ (~:t'J' mesons (I=l) .with the pair (qg)(qq) 

mesons according._ to (12),(13) 

3 

. . \]T)£!. 

~ o.~37 
0.029 
0.121 

l.!!l>c:s 
0.123 

o.ogo 
0.219 

l~>e_l 
-0.;388 

-0.345\ 
;..o~364. 

-----------------
-0.257' -0.159 ·' -0~547. 

· -0.398 · -0.428 · .·.· "..:-o.r09. 

o.oao 

0•045 

: ·.; 0.22g_· __ 
0~ 053. o. 033 ... 

. o. 066. ··. .· o. 059 

"'... 0,.730· . ..:.o.651 -0.14;:;.:9~--
.,_0.358' .:..0.484' 0.158 
' -0.261. ,; -0.167 . -0. 281 ' 

9.537 -0.445 ' -0.116 

-:-0~512 .. :0.471. 0.119' 

·-0~026 0.016 .Q.OlJ 

0.099 .. . 0.159 ' -0.102 
: 

~0.093 .-0.234 
0.233. 

· .. :7.: 
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Table 5.2 

2 2 + II: ) . The recouplings of q q 0 (JJ mesons (I=O with the pair (qq)(qq) 
mesons according to (12),(1J) 

1'1\_j f :\jiT>.;~ li: '"-I:_.?.,- 1 :;;:G. ~r>., -~~~'-' _liii>.s _ liY>e;r 

0, 709 o. 007 -0. 075. o. 405J : o. ()04 o. 050 -0, 088 o. 0)6 

!IX }~~0,147 -0,09J -0,186 0,491: :0,064 ...:o,IOJ 0,125 -O,OlJ 
' ill 

800 ,, X } I o. OJJ -0. 000 0, 064 -0. 07111700~0.129 0, 411 0, J81 o. J84 

I XI > f o. osJ o. 009 -O. 04 7 o. OJ4j ;..o. 005 o. 461 o. 444 o. 262 
:IXII)j i 0, 022 0, 004 0, 016 -0. 021 •. 0, OlJ 0, 018 -0, 006 -0.015 

----..,-----· ---------------+----------pvin.,r' 0,1J7 0,5IO 0,542 0,)85
1 

: 0,02J' O,OOI -O,l7J O,IOJ 
I' IX>" 0, 050 o. J7J o. 266 0,181:. 0,18) -0.115 0,156 -0.076 

1J50IIX >1 o.054 0,02J -0,066 ·o,OS6'.
1
1950 0,069 o .• 444 -0,425-0,112 

I I 1 II XI > ~ o. I04 -0, 0)2 0, 029 o. 050 I -0,008 0, 494 o. )68 0,125 

--~~:==~~=-~40_:0,00~-0~==-~~=~~- ~0,14~~::~~-0·~=-~~-
. il VIIII~O, 054 -0, )80. o. IOI o. 258: ~0, 04 7 o. 09) 0,142 -0.181 

I IX·> Q; o. JJ5 o. 546 -O, J20 ~o. nJ' :;.o. 260 -O. 021 -O, o56 o.12J 
1700I(X )~· 0,184 0,114 0,15J -0.095 2IOQO,l40 0,280 0,067-0,284 

lXI )pi...O,l52 0,008 -0,047 0,2J2 ~O.J21 -0,167 0,069 . 0,218 

1l XII), 0, 004 -:-0• OOI -0, 002 0, 004 ! 0, 445 0, 091 0, JIO -0,425 

----1j;~;/ ;I0;---;;~~;--0,27~--~~;;; -~~01~~~~;;--~~01;=~02) 

II IX> i o. J46 -0, 244 0, 526 -0. ISO -0, OJl -0. OlJ 0, 015 o. OII 

1600

1

1 X ) 1 o, 240 -0,127 o, 214 -0. i99 2J50: o. 0J5 -0,092 0,128 -0.044 

I XI >~ -0,187 . o. OJJ -o. J09 0,165 t-o. 064 o, os9 -0,125 o. 015 

jl XII}f o. 04J -O. on o. I04 -o. 027 o. 061 o, 725 -o. 61J -0.185 

-~~/viii1 o.o42-:o~or5--o.oo5--o~192 --7-oJ2:0.o8)-:o-:I210:'169 

1
, IX) J-0,195 -0, I02 -0, I05 0, I07 ' 0, 241 0, 0)1 0, 054 -0.120 

1140./X ){ 0,602 -0,005 -0,014 0.259 2600 0,017 -0,1J2 -0,275 0,J59 

I XI> 1 o. no -O, 052 -o. 211 o. 528 o. 464 -O. OJs o. OJ4 _o, 06s 

1 /xr~>l!-0.114 -0,047-0,058/ o.11J ;0.422 o.r69 0.217-0.417 
___________________ j_ 
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Table 6,·1 
Masses of q2q2 o+c/) exotic mesons and the expansion 

coefficients for the basic S~(J)xS~(2)xS~(J) according to (9) -------r------------a • · 2.11 e~.f. 

---- --------------- . (3 >es ___l!i>e._s __ 
27f I J ~ \J,.m =IIOO, E ,..t' M=l250, E :1Tc M=l450 0, 594 0,804 . 

27.J .. "' •1700,_!!~_!!=!85~• M•202Q__ 0.804 -0.594 

Table 6.2 

The recouplings of q2q2 o+(i) exotic mesons With the pair 

(qq)(qq) mesons according to (12) 

---1----------:--~. -
.' . . (I>es l.i:>c.r I Hi >cs JlY >e.s 

27~i-E ;;-;--,-E 1r-;---,-E ~:--- o. 0;~---;;~~~. 65;--~~~ 160 

27f I E 1'-?r ' £'11" /c. ' E 1<. K 0, 645 0,187 o. J97 -0.625 

-------------- ----------------
Table 7.1 

Masses of q2q2 1 +c/) mesons {:t.· = 1/2., f~} and the expansion 

coefficients for ~he id.eal basis according to (14) 

----.--------------------------
~;;.(re) ckfiiJ c;zlfs) Cie/t~) ci,(r.r} c.~ (~J') 

ck. lt8} C~c.tte) C~c.fi8) c~cit) et:_ ti8J c~ U.f) 

rn l1>es 1'2/cs 13 >cs • , lt>cs {3>cs l'l>cs -------------------------
1760 0,669 0,468 -O.J87 . -0:270' 0,228 ..:0.'242 

1550 -O,J75 0,721 0,216 . -0.416 -0,241 0,250 

1740 O,J97 0,)04 0,688 0,526. 0,000 o.ooo 

1400 -0.)04 0,J97 -0.526 0,688 -0,000 • 0,000 

2IOO -0,1J2 o. 0)8 0,076 -0,022 0,88J. 0,442 

1900 0,)79 -O,IOI -0.219 0,058 -O.JJJ 0,827 

. ' --- ------------- -

ll 



Table 7.2 

T.he recouplings .of q2q2 o+(J) mesons (I=l/2,l8f) with the 
pair (qq)(qq) mesons according. to (l6),(1J) 

m ,···MeV 

1760 

1550 

---------·----
1740 

i ---zsl _____________ _ 
~ !_I_?es __ l..!t >es __ lll>e! __ IJ.r_~ 

I v ) .p 
I VI >1 
I V~I} I -----
IV >.; 

-0.578 
O.JJJ 
o.OJJ 

---
-0.078 

0.045 

O.OOJ _o.ooo o.ooo 

_..:-o.oo2 -0.628 0.226 

-0.2JJ -0.047 _o. 2JO 

-0.569 -:0.000 o.ooo 

' o. )28. _0.)04 -0.589 I VI ) J . 
~VII) _L -0• ~~--~~~---~· 04~---~:~ 
\ v > ,p . o. 013 o. 675 -0 •. 210 
I VI ) I o. 02) -0. 000 -0. 000 
I VIII> -1 -0. ooo · o. ooo -0. ooo 

-----------r-:----- --------------------
. . \ V >'f. -0. OlJ O. J5J O. 2IO O. 675 

·1400 l \VI "> ~ -0. 02J O. 612 -0.000 -0.000 

--'---------- _1 vr!) :1_ ~· oQ_Q ___ ~ oog_ ___ ~~.Qg ____ Q~ 
'v · > 1 • o. 061 -o. 076 _o. ooo o. ooo 

2IOO 1 I vi· >. 1 -O.OJ5 o.044 o.OJ7 -O.I06 
\VII) f 0.690. -O.I05 . 0.616 -0.)29 

.--,-----. ----t-:--- -...,--~---------.,----'---------
\ v > 1 . -0.178 · o. 21J o. poo -b. ooo 

. 1900 I I VI ) ,f. O.IOJ . .;.0.12J ,...o.III .O.JOI 

-------------I VI!._tf_ _ _Q.l45 __ _Q!.~hL.-· . _O!.J4l __ O. 522_ 

To .analyse .the decay properties.of the ct-... ii.'. mesons, the 
basis composed of ·the meson pairs (~Ci. ) (~Ci. ) must also be con
sidered. InTable·J.2-6.2 the expansion coefficients of/the ,physical 
states.in the basis states of mesons pairs ( (~Cl,) .(cz,q. )>are lis.;... 
ted. The £ollowing color - spin basis is possible: 

II'>~s:. _ll 1c., 1s)( 1c fs>>::. I cce,<t,JC~ij,>> 
I Jl>cs = .1 ( 1c. 

1 
3s)(1( 3.sH 

.· . Ill! >-0 F I ( Sc. 1 1s)( 8, 1d> 
·.IU1>Gs=l (8c.., 3s)(8c.3$)> •· 

(12) 

Fo'r exotic .in.esons' their masses (Table 6.1) as. w~ll as· the decomposi- . 
tion in'th~ ba~iS· (12) (Table 6.;2):).lractically coincide With. the re-

. sults of(l/ ~ For: the· r.est of mesons o+(J ) one must extend the 

det.ermina~:l.~n. of the basis (12) to ,the flavor decomposi.tion: · 
. ' 

\ I > ,f :: ( k \()X=.:( 1 ~' >.j = C .1r:rc)r:o 

I]. ).l = ( 1r ~s):I=:i I 1X } A : ( 2o 2o)"(::O (lJ) 
\ill)~ :: ·~ (j'r lz_o)'%:::1 \ g. ) J. = ( K k: )-r =o 

) .. - ~ \Xi >I = (.eo ~)r=o llit>~=<~'lr - . 
I y_) ~ -= ( {( trY~~.f".f'Z. \- ( )z~o ~ ) I = ~s ~s . 
\Vi) J. : ( K ~0 )

1 :i"'Z. Zo~ k (uu +dd) \ y- ~ -f/'Z. 
\ "Yl1 ) -1 = \( ~$ . ' 

'2.s :. s s 

Expressions (12),(1J) form, in general, bas.es states of the. C~<i. ) 
( ~(j, ) meson pairs with a definite fiavor •. As is seen from the 
presented data, we have isolated the o+( 1P) mesons (exceptions are 
exotic mesons) with isospins I=l,l/2,0. . 

J. 2. Vector. 'f.,~ lj} mesons 

Analogous results are~:.,obtained for the ~'1. it l+(JP) meson~ 
(Tables 7-11) • The basis :.for the vector mesons consistent ·with the 
Pauli principle and composed of diquark systems (Table 1) is as 
follows: 

11 >::::I C 6r .15 '~)(Zc; 3.s 3p> :./ Ci~)(i"iJ> ts I 1 · · I 

12)= 1(3, 3s 6l)(3c.
1

1s 3_,)> 
<s I I - - I -

I' 3 )c:s = I ( (,c. I 3 s I ~ ~) ( be.. l 1 s ' (;.f) ) 

l '~\s::: I ( Ic., 1s, .31)( 3c.
1 

3J 
- I 

'~)> 

30> l !i >cs = I ( 6t. , 3 s 1 3~) ( 'G c. , 3 s , 

I 6 'cs =- I l 3,. 1 3s, C ~) ( 3 c:.. , 3 ~ 1 '~ ) > 

Combining it with th~ total irreducible SU (J) re~resentat16ns 

bl x 3~ =- 18.,.: a.,. +-to-t 
CtX3~.: -lB>f.= §4·.rTo-t 

. 3# X 3,f := '3-/ .; .{f .._· ~ .{ · 

c,. x 'Gf = %.f = 11- +e.~- f. :Z.!ii 

(14) 

(15) 

we obtains for ve.ctor mesons 13 basis states with a definite flavor. 
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, . ·'rable._s.r ..... 

_ Ma~~~s of q~q2 .1+(/) mes~n {::J:::: _-1; 1Bi.; ~) and the expansion 

· _:___c~ffi.Qients:1Q!:~he i!!_eaLbas~§...:.!!;Q..Q2rdi.J!B to Cli2 
. r c;,ti.fl · e1rtteJ , c.:tfiJ c-ru~J· c:_uaJ · epm . -~~tiaJ e;.{ii) 

J1.)sL.,__t2) sL_j_3 >u_~>er ~-_!_=-~~~l3)es_~ 
0~561 o.429 · 0.562 0.4JO o.ooo o.ooo _o.ooo o.ooo 

-0~4JO 0~562 -0.4J0 0.561 o.ooo -o~oor O. OOI -0. OOI 

-0.560 ~O.J74 0.558 O. J7J:.J O.l5J ..:.0.158 -0.153 0.157 

0~:304 -0.594 -0.:304 0.594 -0.164 0.168 O.l6J -0.168 

0~102 ..;.0~0:30 -O.I02 O.OJO 0.626 O.Jl8 -0. 621 -0. :314 

:..o. 291 o. 086 0.2.91 -0.086 -0.247 0~589 o. 24 7 -0. 589 

-0.000 o.ooo o.ooo -0.000 0.559 0.428 0.564 o. 4:32 

..:o.oor o.oor -0.001 o.oor ..:.0.4J0 0.561 -0.4:30 . 0.561 

--------------------------------------------------
'rable 8.2 

The recouplingsof lii2 o+(Jp) mesons (I=l,l8f) with the pair 
_(qq) (qq):mesons according to (16),(1:3) 

-~-h'\ es 
MeV~ 

------------. =-r----~-:-----------
\:;::~ll-\1\:._)c,_~ii)cf. \lv>cs ~~!~s l:if>c:.r_~~>cs- l(Y ~S' 
O. 707 . 0.027 O. OOI -0.000 f-0. 000 0. 000 -0. 0.J4. O. IOO 

·o. oor_o. ooo o. 675 -O. 210 195d-o. 066 o. 08.J o. ooo" o. ooo 
. I 

-0.000 0.000 -O•OOO -0.000 '-0.692. 0.102. O.OOJ -O.OOI 
n_:fo.ooo -o.ooo o.ooo. o~ooo . o:ooJ o.ooo -0.618. o.J27 

----rrr 1-o. 02:;--o: 70;-:-o~ ooo:::O. ooo • -~-ro~ ooo-:o. ooO.:o:-o98:o:287 

-o.ooo -o.ooo -0.2IO o.675 
o.ooo o.ooo -o.ooi _o.oorjl75 

o.l88 -0.2J8:-o.ooo _o.ooo 
O~lJ8 -0.624, o.ooo _o.ooo 

__ 2LJ=O• OO.Q_=O• ~.Q£.__2~ O.QO -:fh.QQ.Q _ _:~· O. OO.Q_=Q• 000 .:.::.Q!.J.J.§..=O~ 542 
rnl-o.ooi o.ooo 0~628 -0.241 •. _o.ooo o.ooo.-o.ooo -o.ooo 

o. 672 _o. 018 -O. ooi. o. ooo .· · o.ocio ..:.o. ooo _o. ooo o.ooo 

1600JI -O.OJ4 0.211 o.ooo'-o.ooo 190 o.ooJ _o.ooo o.675 -o.210 

· ]I o.ooo -o.ooo o.o4o 0.216 0.101 0.027 o.ooJ _o.ooi --- -- - --. ----------.------ --.-~-~--------------
. . I -0. 000 0. 000 0. JOg O. 591 .

1

. U. 000 O. 002 o. 000 -0. 000 

VI · 0~ 094 0< 660 O. 000 O. 000 O. 000 -0.000 O. OOI O. OOI 

1J5o r_· · o.OJ6 ..,.0.2J2. _o.ooo o •. oo.o 157t_o.ooo _o.oo~ .o.2.IO 0.675 
II -0.000 0.000 -0.04J -0.2.J0 .-0.027 0.707 0.000-0.000 

---· '- --.-. ----------· - ·.· . - ---

• Table 9.I 

Masses oi q
2
q2 l+(Jp) mesons (I:=O,l8f) and the expansion 

coefficients for the ideal basis according to (14) m--Tc_5_t_8_J ----- c. 5t8 J cS(gJ cs caJ 

l 't>es 

2000 0.704 0.071 -0.70J 

~_y__ ___ [i !_1 ).£.L_ _____ I~ )~ _____ Jne.s 
-0.070 

1550 -0.4)0 0.561 . -0.4)0 0.561 
19 00 · O. 561 O. 4JO . O. 562 
'l§UO ___ .Q.07!_ ___ -0.704 ..;.0~.0~7~1~---· 

0.4JO 

o. 704 

'rable 9.2 

'rhe recouplings of q2q2 l+(JP) mesons (I=O) with the pair 

(qq)(qq) mesons according to. (16), {13) 

-~-K~~ ~~sl1r~~---l1I-..,-c.~---- lill>c.S' . l~>er 
, ~~iL~--------------------------------: I 

. l'XI)f' 0.000 0.000 -0.464 0.5J4 
gQQ.Q ~;__~ ..:.=0.612_ ___ 0.348 _____ .:_Q.OOQ ___ -=fh.Q.QQ_ ___ _ 

~
lXI>~ -0.027 0.707 0.000 0.000 

=~?0 1 x ) _.Q!.Q.Q.Q ___ _.Q. oo_o ____ _2:..g_I0 ___ ~2. __ _ 
I XI> -l O. 707 . o. 027 O. 000 -0. 000 

19° 1x >f o.ooi _o.ooo 0.675 -0.2IO - - ------------ - ---
IXI>f _o.ooo -o.ooo o.5J4 o.464 

1200 l~-~L.~· J~---~· 6~----=~ 00~ -0. 000 

Table IO.I 

p . 
Masses q2q2 l+(J ) mesons (I=O) and the expansion 

coefficients for the ideal basis according to (14) 

--------·---- -

rn C.o{'?>) c.•(3') c.S { ') cs {J') c,SS£~) 

MeV 1£~----LPcs l~>es I '>es l t;>cs -
12.50 0.9J1 -0.)51 -0~ 099 0.022 0.014 

1600 0.226 0.772 -0.582 0.060 O.IOJ 

1700 0.181 O.J52 0~608 0.689 -0.005 

2000 -0.218 .-0.:389 -0.467 0.670 0.)65 

2400 0.048 o.on o.254 .-o. 268 0.925 



Table IO. 2 • 
The recouplings .of q2q2 lT(~ mesons (I=O) with the pair 

(qq)(qq) mesons acco!ding to (16),(1J) . . 

~- tz ~o I 1 &o_o -=-~::0.-oo--=-_-r= ~;oo =-T-;;;;-= 
·~ lt_?es l~J>,!. J:il>~!._W>.,r l~~f @;,s r ~><:.~_:_@_>e.r t!\0>e.! 
VIII _o. J22 o. 759 -0.428 -0. 06J -0. 2J4. o. 026r o. 268 -0.042 -0.055 o. 012 

. . .... ! 
IX -0• 517 O. 205 O. 481 O. 4 78 0.196 O. 25 Oj -0. 212 -0. 284 O. 0J9 O. 057 

· o. 054 -0.048 O. 272 -0. Jl 0.150 O. 6J2! O. 578 O. 004 -0.259 o. OJ7 

XI· I 0.028 -0.067 0.20J -O.J60 -0.646 0.070; -0.196 -0.54J 0.051 0.256 
XII O.OII 0.008 0.084 0.059 0.004 -o.OOJI 0.298 0.211 0.755 0.5J4 ------- ______________ _:]_ -----

X 

Table 11.1 
Masses of q2q2_ 1-t-(J) . 

mesons (I=l) and the expansion 

coefficients for the ideal basis 
according to (14) 

-;;--1 C.?r L3GJ ----C-/(:s'T-- cj Z 'J) -
(!-i_!.'!.L {6 )e,L___jG>c.s_ _ __j~ >e_r_ 

1500 0.86J O.lJ2 0.488 
1850 · -O.JOg · 0.902 O.J02 

1650 -0.40I -0.412 0.819 

Table 12.1 
Masses of q2q2 l+(JP) mesons 

(I=l/2) and the expansion coeffi~ 

cients for the ideal basis accord

ing to (14) 

"M-TI-. I(M>---c;;rr~---cf:ll4-
t~e.'!.J {..S"_ll_ __ . _l_!!.~L- l'>c.s __ _ 

1400 . o. 968 o. 24J . o. 065 

1700 -0~21J 0.928 · -O.J04 

2050 I -0.1J4 0.281 0.950 

Table 11.2 

The.recouplings of q2q2 1~/~P) mesns (I=l) with the pair 

(qq)(qq) mesons according to (16),(1J) 

- ~ =--=~4:. ~:.::=-~~7~ --== 
1500 I I I > ; -0. 206 -0.146 

--------L~A-2.1 __ ..::Q!.J58 ----=.Q!.25J ___ _ 

· \ · I III 1 1 0.178 -0 •. 2. 52 
. ·l85° I I ) -t o. 346 O. 245 ______ 1_'..::.. > { --~-695 ___ -0.492 

l III > ( · O. 2Jl -0. J27 
1650 . . I I ) ,f -0. 7IO -0. 502 

I II ) 1 -0. 2J5 -0.166 

----- --------·----·---
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Table 12.2 

The recouplings of q2q2 1-t-(Jp) mesons (I=l/2) with the pair 

(qq)(qq) mesons accordin:g to (16), (lJ) 

rn. 
'<~c.~ .. 

~-- l.lOcs \y:•>es 1__ -----------
I V > .f -0. J84 . O. 754 

1400 I I VI)_, 0.451 -0.27J 

-----r~yp)1 _o. 05J ___ -,-_o. o1_1 _ 

I \V )'.# 0.486 0.117 ' 

170jOI.VI > ~. 0.595 - 0.551 
_____ _t!!.!. > ___::.Q. 24§ _____ o!.llg__ 

I V ) / 0.182 -0. 014 
2050 I VI >l 0 •. 160 0.195 

· --- I VII> l. _ O. 71§_ __ O. 2.!9 __ 

Table lJ 

Masses of q2q2 l+(J) exotic mesons (18f 1 lB~ ), the expansion 

coefficients for the basis (14) and recouplings with the pair 
(qq)(qq) mesons according to (16) 

---------· -------~~ > c_r _L t{ >_e.,! 
E;ci(, m=1900 E*,.,( ,m=175 

~~.t..l!l~2..Q _ _!_~!L~!40~-0!.&Q§_ o. 79! 
E KK' m=1900 E*'" iC ,m=1750 0 •. 794 0.608 
E oe IC, m=1550 E 1r' K ,m=1400 -0.608 O. 794 

TAble l4 

('f,9,)('fJ) 

I.E_>e~_lii>~t tiii>q_~IW>ci 

0.707 0.027 -0.675 0.21 

-0!.2ll_~!.l21_-0!.ll_::0.675 
0.707 0.027 0.675 -0.21 

-0.02i. 0.707 0•21 · 0.675 
' . --------------------

+ 'p 
Masses of exotic mesons 1 (J ) , J6f and the expansion 
according to (14) 

- ------~ ... ~r--. -21f' 
. . . 15'/ ' ' .,,> 

;=--~=-14.00; E:-~:1600; Elc~--:--:= i750 -~~;~~-~.;;;--
-~ ~~ . K . . 

. . ----------------------------------
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Table 15 

Masses of q2q2 2+(~) mesons 

-------------------------------------------~-
J6f co Cx , E:n:,- 1650 

I 

~K I EkK 1800 

cz ct- Elt!l<. 2000 I 
' .J c.s 

1<:. 2150 

C $S 2J00 

--------------------------------------------
9f co 

CIC 

cs 
I 
c; 

1650 

1800 

2000 

----------------------------------------------

Ins.tanton interactions in bases (14),(15) lead to mixing of the 
18~ and 18.1- plets (Tables 7,8,9) and 9f - ~d J6~-plets (Tables IO, 
11, 12). ~'he coefficients of transition r'rom to 'tai2. 1 +( 'jp ) 

physical states to the basis states of the mesons pairs Cry}) ( 1- 'i,) 

II}cs =1(1e 3s)(1c 3s)'?=/t~~){'j.- 0-)> 
I I /" 

IJI: >cr =. I (8t., .JsJ( 3e
1 

3s/> . 

, I:&.> cs =~(I (8c 3s)(i, fs)> -l (d'cJs- i(ee 3s) > ) 
I.JY >c.t = i (/ (1c. 3s)( 1c is)> -I (-te fs){ic :Ss) > ) 

Vi: 
I.E} -= ~ ({ ( 8, '31 )( fc {s)> -/ (8e. fs){6'c 3s) >) cs u . 
{:ii.>c.s = Fz (/ (fe 3s)(1e fs))-:( C1c 1r)(-fc 3s) >) 

are reported in Tables 7.2-12.2. 

J J '" · t -z • • .o.ensor 'j, t mesons 

(16) 

~'he in~tant.on c~ntributions for tensor mesons equal zero. So,· 
the results (Table 15) practically coincide. with those obtained in· 
the MIT-model Ill. 
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4. Conclusions 

The quark-vacuum condensate interaction energy (5) depends on 
the number of quarks inside a hadron while in the MB.' version the s . • 
term proportional to R does not depend on N~ • 'l'his leads to a 
faster growth of the characteristic mass scale with increasing W 
As a result, our tt'cj} meson mass spectrum, as a whole, lies higher 
than in the MIT-model 111• For several states high masses are 
associated with the· fact that the strong coupling cf..s in our model 
is one third of that in the MI~-version. So, the negative contribu
tions in A Ew (4) reduce meson masses less tnan in the MIT-version. 

Taking into account o-: t~~ instant on contribution changes the 
total pair interaction strength in.many channels (Table 1) while 
in particular two channels ( fc. is 6'1 and 6'c. -fs 8{ ) the sign is 
also changed. As a result, a number of consequences arise, First, 
the spectrum dependence on the flavor representation of the quark 
system occurs, forcing us to refuse the ideal bases as a physical 
one (tz.z' mesons, ~!.iz 0":1+-(;P) mesons;. Second, a number of states 
degenerated in mass have been splitted •. Third, rather a high degree of 
mixing for scalar and vector mesons does not allow us to classify 
them over the SUiJ) multiplets. Fourth, taking into account the 
instanton interaction changes the decay properties of the four-quark 
states. In particular, if the isoscalar to/~975) (it was St975)) 
0
++ ,. : t-:1. 711 ( meson is interpreted as a ~ ~ meson Table 5.1, 5•2, 

m = 1140·MeV), then, along with KK, ~'Z. channels Ill, the non-
zero coupling with the '1(1{ channel will arise. 

Thus, we see a number of the experimentally testable consequences 
of nonperturbative QCD effects in multiquark. hadrons. 

We would like to express our deep gratitude to P.N.Bogolubov for 
his support and permanent interest in this work. Besides, we are 
thankful to Gerasimov S.B., Achasov N.N., Kondratyuk L.A., Titov A.I. 
and Kim V.T. for useful discussions. 
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,UopoxoB A.E., 3y6oB IO.A., Ko-qe; 
BaKYYM KX.U . B KBapKOBbiX Mo.o;enax 
H q2q2 Me30Hbl 

PaccMaTpHBaeTcH KBapKoBaH Me 
CH B3_aHMO,ZJ;eHCTBHe. Ba.rieHTHbiX .KB< 
3aHO, 'liTO OCHOBHb!M 3tPtPeKTOM, OJ 
COCTOHHHH, HBnHeTCH HHCTkHTOHHc 
W~ee ,!J;HKBapKH H KBapKOHHH, lloc· 
roHanH3YW~Hli nonHyw 3HeprHw a.o;] 
Mace q2q2 Me3_0HOB. 0Ka3anocb, ' 
3aBHCHT OT apoMaTOBOro npep;cTaJ 
llpHBO,!J;HTCH pa3nO)J(eHHe tPH3H'l!eCKI 
HHHM, nony'lleHHb~M · B MIT Mo.o;enH 1 

paM. Ha6nw.o;aeTCH H3MeHeHHe CBo1 
KOBb!X COCT<?HHHH ITO cpaBHeHHW C 

Pa6oTa BbmonHeHa B J1a6opaTOJ 
OIDUI. 

IIp~npHHT 06'beAJ:IHeaaoro HHcrnTyTa HJJ:• 

Dorokhov A.E. et al. 
QCD Vacuum in Quark Models and 

• I. L 

The quark model, in which tl 
cuum interaction is taken into 
The state basis.diagonalizing I 

constructed., The q2q2 meson spc 
pointed out that the main effec 
quark state.spectrum is the in: 
forms diquarks. 

The investigation has been 
of Theoretical Physics, JINR. 
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