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INTRODUCTION· 

Four-quark mesons were·first considered in articles [1), (2) in the MIT 
version of the bag modeL From this consideration it followed iri particular that 
known aa(980), /a(975) mesons may be assigned to the lightest q2 iP states .. Now 
ther.~ exists so~e additional experim~ntal indications of multiquark meson states. 
Let us numerate the most clear of them. 'In the experiments on vector.:meson ' 
VV' production in 77'scattering there are perhaps observed resonanc~ like.signals 
of four-qmi.rk nature. (3). In Ser{mkhov facility in hadron-hadron scattering the 
extraordinaryC-resonance was disc6vered in the 4>1r;system with mass ;...,1,5 GeV 
and quantum numbers (1=1; JP< = 1--) [4). Later the GAMS group has reported 
on the resonance structure in the TJlr channel (5) with exotic quantum numbers 
(!=1, JP<;;:. 1-+) whiCh is probably a G-partner of the C-resonance. 

\ Reach material for the q2iP meson spectroscopy can be extracted from 
N N --+ ( q2ij2 )( qq) --+ mesons reactions. In paper (6) there is analyzed the· res
onance observed in pn-+ 1r-X0(1480) --+ 311"-211"+ reaction. The decay of Xa(1480) 
goes ~ainly through the papa system. ·This resonance possibly also gives a con
tribution to 11 ,;__;papa reaction and was observed by the TACCO, CELLO and 
JADE [3) groups. Recently the ASTERIX c~Uaboration presented the data on the 
annihilation of pp into the 7r+7r-1ra system (7) where the resonance in the 1r+1r-:
mass spectrum with a mass~ 1565 MeV and a width 170 MeV is observed. The 
Crystal Barrel collaboration in LEAR sees ,in. the pp --+ 1ra X2(1515) --+ 1ra1ro1ra 
reaction a tensor meson with a width ~ 120 MeV [8). In many papers there is 
widely dis~ussed the E(1420) meson with a width;..:: 60 MeV obser'ved for example 
;in pp--+ (K± I{.7r'~')7r+1r- (9), [10). The decay of theE-meson goes mainly through 
'aa(980)7r (a0 (980)-+ KK). So, if aa(9SO) is really a four-quark state then-lt is 
natural to suppose that the E. meson is also ·a four-quark state:' . : ' _ 

All these experimental data need a theoretiCal analysis to answer the ques
tion: is it really these states may be described as q2ij2 states? The calculation of . 
q2q2 meson mass spectrum and their wave functions are' necessary to c~r~y out in 
the quark model where the mixing of hadron states is taken into account. In the 
first part of this article we describe the quark m~del with QCD vacuum- induced 
interaction. In second part we present the mass spectru;TI of q2 ij2 meson~, their 
recouplings and the basis of physical state~. Parts3, 4 an~l'5 are 'devoted to appli
cations of the results obtained to the manifestation· of four.- quark states in N N · 
annihilation process, Scalar, vect'or and tensor mesons ru-e considered and four-

·quark nature. of the aa(980) ~. n1eson· state is aiso discussed. . 

1 Quark model witl~ QCD vacuum - induced interaction 

In [11) the quark bag model has bee~ formulated in whiCh importance of the 
quark-QCD vacuum field hiteraction'ha.S been stressed. The crucial fact allowing 
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to construct the realistic model of hadrons is .that' tli~re is the physical mediU:ni 
surrounding a bag and pop~lated by collective iritensive .vacuum fluctuations. The 
interaction of fields inside the bag with externat vacuum fields completely changes 
the. structu~e.of the standard bag model. Within this approach the bag surface· · 
is d~termined. self-coTI:sisteritly. by ~ininii~irtg the total enefgy' oft he' hadrori as .;: . 
syst~m of Dirac quarks in. an extemal. vacuum field, . . . . 

· Let us consid~r 't.he hie~archy offi~ids in the QClD Va.ctium and the bag-
vacuum system. As it is known, the QCD ,va~;uumhas quite a complicat'ed struc

·ture. Conventionally the .nonpe;:.turbative fields can be divided in two parts: a' 
shortcwave. component that provides the helicity sensitive interaction of quarks at 
sm:ali distances and a'long~wave component that gi~esthe confine~ent: I~ the 
framework of the instantonliquid·model[l37 12] the first part i~.co~~e~ted.~ith a 
fin~iy granular ~acuum strU:cture wh~re the one-in~tarit~n inte~actio~ with eff~cti~e 
size Pc ~ 1.5 + 2 Ge y-t. dominates. The second COl!lponent is r~latedwith long
wa~~ coll~ctive excitati~ns of the instanton liquid.~ith':w~~~ lt;ngth ,\ ~.R ~ Rco.nf• 
where-.R i::::: 3pc is an average distance between instantons and Rconf ~ 5-;-6 GeV-1 

is·a confinement radius. · · .. " . 
The main assumption of our model [11] is that the QCD vacuum is almost 

not destroyed by color fields inside the hadron and the interactionofquarks and. 
gluons localized in the bag .yithyacuum .fields defines the hadron structure. We 
shall consider the bag and fields localized inside'it•immersed inside the physical 

· instant on vacuum and suggest that quarks do (almost) not disturb the l~cal prop- · 
erties of this medium. This suggestion is analogously to QCD SR one.' 'In the 
latter cas~_as a.probe, i.e. a nonlocal object selecting the lowest hadronsta_tes, the 
correlator of hadron currents is used like the' bag in our' quark niodeL' Here, one 
also suggests that local sources do not pe~turb the properties of physical vacuum, 
the quantities of quark and gl~on condens'ates. ' · · · ' . · 

There are three different length scales of fluctuations in .the bag-vacuum 
sy~tein:· s~all-siie instanto.n fluctmitiori \'\ith' characteristic freqm;ri~y·;;:i ."'.1/ p~;. 
fluctuations oHields localized inside the· bag witli frequency' €~ ~ 'Wq/ Rbd9, and 
long-w.ave V!lcuum fluctu'ations witli fv~c ',.,:, 1/ Rcon/ For low-lying ,excitations of 
quarks in the bag the factorization of small, intermediate arid'laige 'dis.tances 
occurs .1/ p~ >> 'wq/ Rb~g >> 1/ Rc~nfl and the us7' of the effective' Lagrangian 
technique is correct[14]: At the sc.ale: 'r :::;· Pc the 'main' effect is the: interaction 
related with turin'~ling ti-ansiti~n due to instariion and at. the scale r "- 'Rb;,;· it 
is· the confinement. of quarks in the bag.· With this hierarchy of interactions we 
can' regard that the interaction of quarks in 'th.e hadron mainly 'de~elops' on. one 
instariton in'the backgrmind of extermilvacuuni'medium. ··· ' .· · ' . · • <· · · ·· 

Long-wave vacu~m fields Q(x), :A~(~) ~atisfy the'classfc'al Yarig~Mills equa~· 
tions (acting (m the state of ~hysical vacuum! Q. >) 

;(iV- ~;)Qi(x) I Q. ;_.;;, o,' (i:i) 
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Y'~bG:~(~) fri :>~gQ;(~)~a ~~Q;(~~ I Q >,· 

c~" = ai'A~ .c.. a~~~~+ grkA:.A~. 

Their solutions are parametri~ed by singlet renormalization~invariant averages [15]:. 

< Q I ;; : G~11 (0)Ga~'_"(O) :1 Q >~ 0.012GeV\ (1.2) 

< Q I a-:/9 
: Q(O)Q(o) :I Q >~· -(250 Me V)3

, ••• , 

where the values of condensates are deter~ined pheno~eriologically within the 
current algebra and QCD SR: By dots the operators of higher dimensions are de: 
noted and the normal ordering of operators with respect to a perturbative vacuum· 
state I 0 > is implied. · 

In order to describe the interaCtion of valence q~arks with long-wave vac
uum fields let us do the substitution . 

q(x)Gv(x)---+ q(x)Gv(x) + Q(x), A~(x)8v(x)----: A~(x)8v(x) + A~(x) (1.3) 

in the bag model Lagrangian 

£QcDev( x) ---+ £QCD8v( x) + D.cac, (1.4) 

where 

'D.£"ac = 
i+: __ , i+:t 

[q(x)Gv(x)](''2 8)Q(x) + Q(x)('2 8)[q(x)8v(x)] + 
. . ,\a . 
+gq(x )t~'2q(x )A~(x )8v(x ), (L5) 

Q and Q are anticommuting v:acuum quark fields, A~(x) is an external gauge fi_eld. 
Localized field components q(x) and A(x) are approximated by the solutions of. 
the bag model equations in the spherical cavity approximation. , 

. . The interaction with the external long-wave vacuum field (1.5) ~esults in 
an additional energy increasing ~ith bag size[ll]. As a consequence, the situation. 
oc~urs whena. further growth becomes impossible (that is, l8:rge fluctuation~ of 

· the bag size are stronglysuppressed). Thus, within our model the bag stability. is 
due to the interaction of bag fields with vacuum fields. . , · 

, . The interaction of quarks with the short~ wave component of vacuum fields, 
small-size instantons, IS approximated by the effective' 't Hooft Lagr~gian' [16, i 7] 
which in the instanhm liquid model [12,21, 14] is: 

D.£inst = i=~·• nc( -k'2){q;MiL!liMJL[l+-;2 >-i·>-j(1-~a~v:a~v)]+(R ._. ~)} (1.6) 
' ·~ . . ' . 

4 

1 
;) 

I 
I 
l 

I 

'I 
I 

'. 

where the~constant. '' , , •: • ~.. ' f ~ , • 

:.; )", 4 .. 3 .· .; . 

·k'='·7rPc~ 

3 (m.pc) ·. , . . .. .. 
characterizes the'interaction strehgth ~f'a quark,;ith 'an instanton and i~ propor
tional to the :instanton. volume, n~ i~. the instantoh density in the vacu~m.'related' 
to vacuum energy density by' B(Jcv ~ 2itc, Pc is an effective size of the in.'~tanton irt 

, ' . f·-· · ;.-:; .'' ,·, ·. -,, • '·· ' 1 .r ·? . ." ·. '.·.- .7 •..•. • .
1 

!···· , • :, 

the QCD vacuum, qR,L(1 ± 15)qj2, m* ::;= -31r2p~ < Q I QQ I Q >IS the ,effective 
m~ss of the quark "~ith zero current mass in physi~a.I vacuum [17] , < 6.1 oiQ~ 1 ·o_ > 
i~ a quark conden,sate. An effective-~ass takes into account long-range fi~ld corre
lations in the instanton vacut1in. The tenn( R ._. L )in ( 1.6) corresponds t~- th~. 
interaction through an'anti-irist~n£on. In addition, averaging over instariton spac~. 
positions and orientations in color space is implicitly S';Jpposed. .The av~~aging 
over' collective variables provides tnm~latio~ and gaug~. invariance of instanton in-. 
tera<:ti_on. TJ:l;~'Lagr~~gi<t~ ji.6) is writter{for qq-i~t.e~actioll inthe§Uj{2) fl~vo;· 
seo:;tor of S_UJ(3). Selection ,of SU1(~) corresponds to the case wl!en oneofquark~ 
ir~terads with a v~c~um condcr1~mte .. For qij- system one shm.ild change in. (i.6f 

")' • ' ,. • • j.', • '· ' • 

>.q -7 .._ ,\ T. 
q' 

. . T 
a q -7. -aij. 

; 

'·t'' 

Let us riokthat a specific feature of th~ effective Lagrangian . (1.6) is''that: 
only a~pli tudes with.· q~arks being in. ze~o fermionic mode st~tes [16] 'are nonzero:: 

~ • ~ ,_, I • > ~ '• ( 

(a\ EB ci)· 1 >= o, ; ' (1'.7); 

where iii is the sp_in, 2-{is',the color (subgroup SUc(2)) of a i-th quark. This yields 
nontrivial spin-spin forces. between zero _mode· quarks· and is especially important 
in the phenomenolgy of multiquark states [18, 19]. 

· The i~teraction bet~een quarks with long~wave vacuum fieldsdominates 
at distances ohu1 order of the confinem~1it radius (R~ "'\{m ). At :intermedi~t·e· 
distanc~s:'(pc ':':" 0.3 Jm) the vacuum struct~re is ~haracterized by high-frequency 
fluctuations approximated by.instantons (~inst "'": v pc).: ' . ' . ' 

The hadron energy is a sum of the quark ·kinetic energy and energies ·of 
int~raction due to one - gluon and one ~- ir1stantonexchange ~n~ of interaction 
with condensate: . . . 

,_.,t: '. .. ('·~.l·. 

l. •.: 'E =•Ekin + D.Eoai; +D.Binst. +Eva~~ ,', (1.8) 

The constants a., Pc, < qij >,characterizing various contributions have been 
chosen as in the QCD sum rules, a_, =' 0.7, < ijq >~'(-250.McV:)3 ·ar'Id in the 
instanton liquid model Pc =· 2Gev-:1 .. ' 

. . Taking i~t~ account. the interaction with instantons and condensates enables 
us sati'sfact~rily t~ de~c;ib~''bcith the ~~ass spe~tra of til<: h~drongrou~d states and 
t~ obtain right values of 1r - p, N - D., ~ -'- :=: and 17 - 17' -splittings. [14]. 
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2 Mass spectrum of q2if mesons in the· quark model with 
QCD vacuum induced interaCtion · . 

Pair ~orces in diquark (q2
) and quarkonium (qij) systems occur due to the 

interaction via gluon and instanton exchang~'s. Gluon exchange contribution due· 
to small hyperfine coupling constant is not important as a r~le .. To calculate the 
multiquark hadron spectrum in the quark model we should co~struct the physical 
state basis where the energy is diagonal. · . · ' · 

The kinetic energy and the energy of interaction 'Yith a q~ark condensate 
depend only on the quark masses and so these contributions are diagonal in the 
basisof:states with a definite number of s-quarks (magically mixed states or a 
inagic basis). . . • · 

However the instanton contribution L\E;,:,1 isdiagonal ~n the basis states 
of the SUc•/{12) - group with definite col~~-spin~fh\vor quantum numbers. . 
: · . A situation with constructing the physical state basis for four~qu~rk systems 

is analogous in many respects to the one for a system of ry, r/ mesons. First~ the 
physical states of these mesons have no definite number of s-quarks, second, they 
do not enter into any irreducible representation of the flavor group su,{3), but 
they are the mixture of the singlet - T/l and octet - TJs states determined from the 
diagonalisation of the energy. In the MIT model there is no reason for occurring a 
bMis differing f~om the magic one. So it is possible there to classify particles with 
respectto the SU1(3) multiplets: 9!>361, 181. As we shall see below, in the ge~
eral case the instanton interaction mixes irreducible representations of the su,{3) 
group and separation of particles into flavor multiplets becomes meaningless. 

As to spin degrees offreedom the ground state of the q2ij2 system may be 
in JP = o+, 1 +, 2+. 'Let US first COnsider scalar four " quark states. . 

2.1 Scalar q2if mesons 

We shall construct the basis of q2ij2 states. A pair of quarks may be' in the 
f~llowing color, spin, and flavor representations: 

3c®3c=6c+3c, 2.18)2,=1.+3~, 3/18)3/=6/+3!.'' (2.1) 

Then from the combinations of diquark and anti-diquark which a~e color singlets 
and obey Pauli principle we shall construct the basis ofq2ij2 states (22],[23] : 

I 2 -2 I( 2 2 2) ( -2 -2 -2) q ,q >=· qc,q.,qf' qc,q.,qf >, 
11 >cs= l{6c,3.,3J),{6c,3.,3/) >, 12 >cs= 1(3c, 1., 3 ,), (3c, 1., 3/) >, 
13 >cs='= l{6c, 1,;6,),{6c,3s,6J) >, 14 >~~= 1(3~;3.; 6j); (3;,, 1., 6,) >.(2.2) 
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I.·. \Table 1. Masses of q2ij2( JP = o+) mesons and coeffiCients ofaecbniposition'. 
• i,n the magic basis (1=1). · . , . , , , , . , ,. 

•I. 
m,MeV c;{9) C!(9•) C.-(36~) c;(36) ·c;(36•) c;(36} 

:1100, .814 '-.021 . . ·~025, .577, .· ·.OQ4 ,,, ... 05Q 
1350 -.438 -.034 -.010 .556 :o14 .705 

-~- t. _; •: ' 1 

1700':;,; ; .254 '\736' .. ·.084 ;; ~.379 .· .. 017 ·.493 
: ~ J • ~ 1700 .•· .. ·.-.014 .-.139 .989 ··-.030 :: ,028, .022' 

1800 -.282 .661: . .113 .462 .028 -.506 
2050 .014 . -.027 -.032 -.012 .. 999 -.005 

, ..... ·i· J·} 

., . "Table 2 .. Masses of q2ij2(JP = o+) •and coefficien~s ofde~ompositionin·the 
magic basis {1=1/2)>' :· ;: '' . . .·' ·' , .•.•. '· .•. ., . 

m,'MeV CK(9) CkW) .·CK(36•) CK(36) CK(36~) CK(36) 
970 . .958 , ... 000 .<,,:015 ,· .271: . - .008, . ; .... 093 
1400 . ' -;182 .. -.133' .. ·.009' ,, ·,821· .. -;009 : .:~.524 
1550· ;. . .000. • • .985 I -.034 : ··.060 ·•.-.015 . ·, -.157 -j, •· 

1,· '~ • 1990. ;;. . '• .000 ·''; .028 ' .··.997 ;:·-:038 . ';·-.040 ... -~'010 
2000 -.222 : :,:;104 '.058 /" ; .496: ' .. : ~.014. :' .831 ·'· 
2200 ,• :~.012 . ; .016 .040 :·.·.· •. 012 .. 999: •', ·.002 . ·:'';""'' 

~~-:: ,. ,, , ·; ,._'_.,,;,.~ •. ,.• ',J , ,,tj I :·;~ • .. "<>•:,:.l~·,,':. ,',~·.,~. !~, 

'Table 3 .. Masses ofq2ij2(;JP = o+)·and. coefficients o[decompositionin.the 
basis of the MIT model· (1=0). , : .. ··· '• • 1 •• ' ~ ;.,. • •• ,, -'~ , • 

! '~ t" . '" ~- J'. ~ ., ', . ~. ;'-.' '.I'; {I', ';-·, 

m C9 c g• c 36. c 36' C'9 C' g• c• 36. C'.36 C" 36• C" 36 

800 .924 -.003 -.030 -.350 -.045 .007 -.040 .130 -.002 .034 
., 1140 -.108 -.107 '-.039 . -.293 •.:872 -.019 . -.020 ; \ ~311 ' ' ;.022 -.176 

1350 .040 .978· .. 084' .034 .. 150 . -.001, .. 066 -.059 ... 011 -.062 
1600 .123 .071 -.550 .584 .026 .101 -.267 ·'.485 .. -.i13 .074 
1700 .144 -.077 ', :787 .443 .063 ' .137 .•. 013 1 .367 -.000 -.006 
1700 .045 -.010 ~.176 .095 .100 .964 ~.016 -.134 .020 .018 
'1!Jiio' ·.i3o ~.080 • -.19i .240, .046 ·~:052 ; '.886' ''.029 ~197 ··~.230 

('210iJ -.207 :o96 -.012 ~.312 ~·.144 '.115 .'~309 .487 . ~:043 .:. :694· 
·;2350 r~·:o36· ·~021 . ~~025 <026' ::o29 .' -.005 ~.201• ' . .i2o• ,, · .. 969· ... 034 

2600 .181 -.075 .021 .. 297 .419 -.160 .028 -.493 .073 : .650 ~; ~ . 

---

,· 

, .. : ~ . . -·. ''. 

~. • - .• j 
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Taking irreducible flavor representa:tio~s:. _ 

3,@ 3f= 9! = 1,(9) + 8!(9), 

61 @ 61 = 36r= 1j(36) + 8A36) + 271(36) (2.3) 

we obtain f~rscalar q2 i'P mesons ten possible basis stat~~ with adefi~ite flavor; 

11 >cs 1!(9),. 12 >cs 1J{9),· 

11 >cs 8,(9), 12 >~. 8,(9), 

13 >cs1J(36), 

13 >cs 8,(36), 

l3.>cs 27J,
1 

_.; 

14 >cs 1 J(36), 

14 >cs 8,(36), . 

14 >cs 27J. 

(2.4) 

In the' general case the, physical states are arbitrary superpositions of these 
states. Thus, in describing experimental data it is necessary to choose nine mixing 
angles of these states which are free parameters. So of main interest is the calcu- , . 
lation of these parameters within some dynamic- mechanism leading tc a physical 
basis. Early we h~ve shown that instanton induced interaction-dominates in the 
~nitarymultiplets mixing (11). Thus,-we shell suggest this interaction as ~ain dy
namical meChanism of construction of the physical basis. The kinetic energy and 
vacuum energy are easier, calculated in the magic basis which is connected with 
the SU1(3) basisby known transformations (1), (2). The connection. between the 
bases allows to rewritethe instanton contribution in the magic basis or the kinetic 
energy'in the SU1(3) basis. Physical states are found by diagonalisation of the 
total energy of a' hadron: In Tables. 1, 2, 3 there are.shown the decompositions 
of physical states in the magic basis (MIT bag states) obtained in our model. 

To analyze the decays of q2i'P mesons it is necessary· also to consider the 
basis co~ posed of mesonic pair ( qij)( qij) states, for which there are possible the 
following color -.spin states: 

IM >= l(qij)(qij) >~ l((qiJ)c, (qij).)((qiJ)c, (gij).) > 

11 >cs= l(1c, 1s)(1c, 1.) >, 12 >= l{lc, 3.)(1c, 3.) >,' 

13 >cs= l(8c, 1.)(8c, 1s) >; 14 >= l(8c, 3.)(8c, 3.) > · (2.5) 

For exotic mesons ( [. > 1 ) in the basis (2.5) the values of masses and the 
recoupling coefficients practically coincide with the ones presented in [1]. Fo~}he 
remaining nonexotic q2 ij2 mesons the basis (2.5) has to be supplemented'by the 

· flavor recoupling: . . . . 

/ 

(KK)I=t, 
(K1r)I=t/2, 
(7r7r)I=o, 

(77o77.), 
7ls = SS, 

( 11'7]s)l=t, 

(Kryo)I=t/2, 

(77o77o), 
(ry.ry.) 

1 ( -77o = V2 uii + dd). 

8 

( 7r7]o)I=t, 
(Kry.l=t/2, 
(KJ()I=o, · (2.6) 

! 

l 
$,'' I. 
.'I 
i 
I . 

·:t 

:i 

\, 

., 
/'~-

" 
\t 

:,...• 

-~ .. Table .4._, Recoupling coefficients for q2.ij_2(Jr>, = 'o+} i;n~SOD:s ~nto tl_le pair of· 
·(qij)(qij) mesons (I=1). · · · ,: . . ·. · . _ 

t ' ' • • ' ' ~ ~ ~ "' 'f . " ~ 

m, MeVT. f 11 >~:. 12 >~.· 13 >cs ;14 >cs 
1100 I:K~K :-.288 ·.026 :.087 -~.274 

[{,0[{? ' :288 ,7.026 ,-.0.87 .274 
- 0 i 

·:,.453 '-.029 .-.09Q .345 ':·71' 7ls. 
.. ·'71'07]0 ~ . ; •. 373' ... 121 ~219 .-.364 , .• 

1350 J{+J{-:- .387 ',' ·.070 ... 113 -.072 
,[(0 [(0 , o.387 • 7.010 -.113 .072 
. 7rol] •. ' .09.6 : , .093 C• .23~- -.522 

, , 7ro7]o· ·' : '.358 : .091 .. 233 -.345 

.J(+ [{:_' ' 1(00 .. 130 ,-.182 .-.113 -.387· " . 
'.387 Ko Ko ·. ' ~.130 .. 182 '.113 

71'07].' ;.267 .398 .428 .. . 109 
0 . 

.. ·11. 710; c.241 -.001 .-.208 .222 

1700. [\.:+ J(r ·, .001 ,.057 ... 037 .024-
·.[(~ J{o .• -.001 7.057 -.037 -.024 
. ;ory,· .. 021 ·. -.045 -.066 -.059 

0 .. 11'.7/o. .ozi .730 -.651 -.149 

180,0 J{+J{-:- .001 7.253 .. -.342 .112 
. [{° K 0 c.001 -.253 .342. -.112 
. o' "' . , 

.167 .281 ,,. 1_- .71' 77o , 7.461 . .261 
. 0 . • ., 

.115 -.307 · i 71' 7]5 • .302 · .16!) 

2050 H: Jc- 1 .012 .380 -.314 -.082l 
.. .. J{o [(o · -.012 -.380 .. 314 .082' ' 

. 71'07].: 
".-\\,·, '- .. 
... ,.037 . •,.512 --.471 -.119 ' 

' ' 0 ; ._ ~.oo9 ~:026 ·· .£n6 .013 . 71'_ 7]0 . 

I I 
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Table 5.''Recoupling·coefficierits for q2ij2(JP = o+) mesons into the pair of· 
(qij)(qij) mesons (I=I/2). · · · · ' 

m,MeV f II >cs 12 >cs l3>c• l4>cs 
970 K+1r .575 -.004 -.074 .367 

Ko1ro :.407 ·.003 .. 052 -.260 
7ro7Jo ~.204· ~on .I68. -.458 
7ro7] •. .050 .022 '.033' -.059 

I400 K+7r:..: .. I37 ,J .007 .097 -.331 
1(01r0 '-.097 c.Q05 -.069. .234 

7ro7Jo . 5I4 .170 .311 -.359 
1ro7]. -.338 -.099 ~.207 ·.328 

I550 K+1r- -.I08 .443 .453 .271 
Ko1ro .. 076 -.313 -.320 -.191 .. , 7ro7Jo .119 -.330 -.267 -.228 
7ro7]. -.102 -.039 -.054 .100 

I900 J(+1r- .. 003 .312 -.257 -.051 
Ko1ro -.002 -.221 .182 .036 
7ro7Jo .016 .626 -.580 -.131 
7ro7J• . -.034 -.039 .006 .038 

2000 J(+7r- .002 .107 .140 -.202' 
\ J(01r0 -.001 -.076 -.099 .143 

7ro7Jo .371 .075 .092 -.226 
7ro7J•. .535 .136 .347 -.515 

2200 J(+Tr- -.005 .02I .000 -.007 
J(07r0 .003 -.015 .000 .005 
7ro7Jo .OI4 .022 .-.025 -.OI2 
7ro7J• . .042 .743 -.645 -.170 

--
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l 

I 
i:! 

-: 

i ., 

I 

·r 

I 

' ,'l 
'' I 
:i 

·I 
! 
I 
I 

·-
Table.6. Recoupling' coefficients for q2ij2(JP'·=·o;) mesonsirito the pair of 

(qij)(qij) mesoris(I=O): .. , .. ·. "' · '' .... . '' ... 
.-, .. . .. 

m,·MeV f -. II><.- 12 >cs l3>cs 14 >C8 
800 ?r+;r;. .394· :.063 ~.162 .513 

I ·?ro?ro. : .278 -.044 -.115 .363 
.. , .K+K-;-.. .024 . .000 .045 -.050 

K°KP .024 .000 · .. 045 -.050 
'f}o'f}o -.540 -.053 -.028 -.105 

•· 
,. 'l}o'l],_: .083 -.009 .047 ':-.034 

' . . 'l],i].· .022 .004 .016 -.021. 
1140 ... 11'+11'- -.121 -.078 . - -.op -.003 

' 11'011'0· :· -.085 -.055 :.051 -.002 
·K+K-:- .425 . -.p04 -.010 .183 

. ·. KOKO. .425 -.004 -.010 .183 
'f}o'f}o -.134 -.038 -.057 .220 
'l}o'IJ, -.320 .062 .211 -.528 ' 
'I}, 'I], -.114 .047 -.058 : .113 

I350 . ?r+,r- -.091. .472 .409 .285 
1To1To,.; -.064. .334, ,.290 .202 

](+](';- .038 .016 .~.047 .061 
, • J(DJ(O, .038 .016. . -.047 .061 
: 'f}o'f}o·.·, .094 -.255 -.336 -.242 
. -. 'l}o'f],: -.104• .. .032. '-.029 -.050 

'I], 'I], -.040 -.003 ,.032 .037 
I600 • i 11'+11'-,; .200: -.096 -~·-.259 ·<034 

.[ ,ro?ro . 142 -.068 . :, .183 -.024 ;.. ' -~ 
,· /{+[{";. .. 169. :_ -:090 :151 -.141 

. Koi{o. .169. -.090 .'.151 -.141 
•·,< . 'IJo'IJo' · .267 -.285. . .502 -.289 

'l}o'l], '·· .187 . -.033 ' ' .309 -.165 
·, . 'I}, 'I},;.' .043 . ~.071 ... 104 -.027 

I700 11'+11'- . .215 .231 -.185 -.123 
. - . 11'011'0 .152. . .164 ·-.131 ~:o87 
.. o I K+K- .130' . .080 .108. -.067 
.. :I'· KOKO. .130 .080 · :108 -.067 

~. ·. 
·'IJO'I}O' .215. .602 . ~.248 -.385, 

. 'l}o'IJ• .152 . -.008 .047 -.232 
'I], 'I], -.004 -.001 -.002 .004 I 

-· 
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m;MeV f .·. 11 >cs 
·1700 71"+71" .047 

71"071"0 .033 
K+K- -.092 
·KoKo -.092 

'f/O'f/0 ·.029 
TJoTJ. . 006 
TJ.TJ. . 013 

1950 71"+71"- .138 
71"071"0 .098 

. K+K- .049 
KOKO .049 

TJoTJo .072 
TJo'f/s .008 
TJs'f/s ' -.140 

2100 71"+71"- -.203 
71"071"0 -.144 

K+K- .099 
.KoKo .099 

TJoTJo -.089 
'f/O'f/• .321 
'f/s'ls :445 

2350 71"+71"- -.029 
7ro7i"o -.021 

K+K- .024 
KOKO .024 

TJoTJo c.OOO 

TJoTJs .054 
'f/s'ls .. 061 

2600 71"+71"- .183 
71"071"0. .130 

K+K- .012 
J{OKO .012 

TJoTJo . 093 
TJo'f/s -.454 
TJsTJs .422 

12 

12 >cs· 13 >cs 
. -.053 .052 

-.037 ... 037 
.291 .270 
.291 .270 
~.094 ... 139 

.-.461· -.444 
.010· -.006 

.... 081 .040 
-.057 .028 
.314 -.301 
.314 -.301 

-.058 .227 
.494 -.368 
.106 -.221 

.023 .018 

.017 .013 

.198 .. 047 

.198 .047 
-.091 -.151 
.167 -.069 
.091 . 3iO 

.001 .Oi6 

.001 .011 
-.065 :090 
-.065 .090 

. -.028 -.005 
-.089 . 125 
.726 -.613 

-.012 -.011 
-.008 -.008 
-.093 . -.195 
-.093 -.195 
.087 .· .132 
.038 . -.034 
.169 .217 

14 >c• 
.006 
.004 
.272 
.272 

-.038 
. -.262 

-.015 

-.011 
-.008 
-.079 
-.079 
-.127 
-.125 
.110 

.013 
:oo9 

-.201 
-.201 
.218 

-.218 
-.425 

-.002 
-.001 
-.031 

·-.031 
.025 

-.011 
-.185 

-.016 
-.011 
.254 
.254 

-.207 
.. 068 
-.417 

) 

! 
f,~-c -.·-

1 

~-

I' 
I 

/ 

I 

'I· , 
. i •. 
-t' 

t 

Table 7: R;coupling ~oeff!ci_ents for q2 i}-2 m~son~ into p.;,ir of vector .~olor: 
singlet VV' and ~olor-'octet~~ states. · · ' ·: .. ·..:.. · 1 ·. ' •.. 
...... :, .... :·:: VV' ~. ·' 

··'--

; I; 

Table 8. 
mesons .. 

Recoupling coefficients .in flavor for tensor mesons into vector . 

'·· 

-;,: 

~: 

~ J{•OJ(• 

0 

1/2 
. 1/2 

0 
·.;. 0 

0 

Jpc .. . .·(• 2 :::z·. :_) I ?+1. 
total q q ' qq ~ -

20 1 .1-(3.) . (9.,4.) ,J . 
• " . -t. 3\/3 .:-373 
o-(1.) · (9.,4.) 

1-(3.) -(3.,4.)'' 
o-(1.) (3.,4.) 

I 1-(3~) : (1.,4~) 
o-(1:.) (1., 4.) 

0· 

0 
0 
0 
0 

0 
.. 

0 
0 
1 
0 

" 

<P<P 

0 

o. <:· 

.0 

·o 0 

1 '' 0 
0 0 

0 0 

·o 0 ... 
0 1 

'I. --~ 

'"' 
,. ··-s 

0 . 1 . 
'73' 

'1; .. 
D V'3 

0 0. 
·o 0 .. 

0 ,1 

Table 10. The ratios between production channels of the a
0
(980) meson in ]VN· 

reaction, cos28 "' 2/3. ··· · · · · ·. .~ · ·. · · · • : ·· · · - · •... :· ·· · · ·.: · 

u(pP-+ao?r 

· Table 11: Tl~e r~tios between p~oduction channels of the tc~1sor mesons in:. 
.N N reaction. . .. . . . . . .. 

· u(NN-'JV) u(NN-TV) 
u{j;n-E--p+) u(pn-E..--p+) 

pn ->.E _Po .. 1/2 pn-> C,w . 1/2 . 
PP _. E-p+ 1/4 fip-> C;p+ 1/4 . . 
PP~ E+p- 1/4 fiP _. c;;p- 1/4 
fip-> C~p0 1/4 pp-:+ C~w 1/4 
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'· .· Th~ states from. (2.5), (2.6) f~rm together the basis of states with definite 
color~spin-flavor content. In Tables ·4; 5, 6 the recoupling coefficie'uts of physical 
q2q2 .states in the mesonic pair I( qq)( qq) :>:states are presented. 

The q2q2 mesons decay into a pair of qij mesons through the OZI - superal
lowed diagram (Fig. 1). The width of theclecay is deter~ined by:' 

I< C;lmm' >12 
• . 

fc;-mm•(s) = 167rM· Fmm•(s), 
' - . t . .~ ' 

< C;jmm' >=:go< C;lmm' >c< C;lmm' >.< C;lmm'>t (2.7) 
~ . . 

where < C;lmm' >c, < C;lmm' >., < C;jmm' > 1 are the recoupling coefficient~ 
for a four-quark C; state with a pair of mesons MM' for color, spin and flavor, 
respectively, and a~ecollected in Tables 4, 5, 6. In [25], [26] in order todescribe 

· the signals of resonance type in the 'Y'Y ---+ VV' reaction the four-quark states were.· 
used. . 

2.2 Vector and tensor mesons 

As it WM shown in details in [22] the spectrum of JP = 1+ q2q2 mesons hasthe 
following features. The main effect of the instanton interaction is that' unlike the 
one gluon exchange interaction it mixes multiplets: 1St with i81 and.lSb with 36!. 
Further, the states with. different isotopic spins which are irreducible in masses in 
the MIT model are splitted by the instanton mechanism("' 50-200 Me~). 

. At the same time for tensor ·mesons .the iristanton interaction.practically 
do not change the results ofthe MIT model. In Tables 7, 8 .the color-spin and 
fl~vor recoupling coefficients for q2ij2 mesons into the pair of vector mesons VV' 

. are presented. · . 
·So, we obtain (Table 1-8) the basis of physical states of scalar, vector and 

__ tensor four - quark mesons and their mass spectrum within the quark model with 
QCD vacuum induced quark interaction. . 

3 Four-quark states in N N annihilation 

The production of q2q2 mesons may go according to the-OZI- allowed diagram 
of Fig. 2a. · In this process the annihilating qua~k·- antiqu~k pair has vacuum 
quantum miinbers: 3 Po, JPC = o++. Then it 'follows that the P-wave of N N process 
will be dominate in this diagram. Due 'to this fact this ieactiori ~ay be used as a. 
good filter for q2ij2 states. . . 

- There exists also alternative way of q2q2 meson production. In Fig. 2b it is 
shown the OZI -superallowed diagram which is enhanced as compared with the 
diagram of Fig. 2a. Moreover, the processes in Fig: 2b may go in the S-wave with 
qq meSOll being in the JPC = o-+ Or 1_:_ State and q2 q2 meSOn being in o++, 1 ++ Or 
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~~~ 
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du(NN--+ mm')"' IE< NNjC;:n" >< ?;m"lmm'm" >12, (3.1) 
' · _ ; m; - s- zy'si';(s) 

where C; is four- quark state; m is mesori state, m; and f;(s) areniass and width 
of C;, :< C;m"lmm'm" >"'< C;lmm' >. To ca.Iculat~ it we should know the 

. matrix Clements < N NIC;m" >. First of all, let us consider the wave function of-
a nucleon as a q2q system : - . 

IN>= lq2q >= l(q~q;qJ}(qcqsqf) >, 
1 - -

IN<= y'2(1(3c3s6J)(3c2s3J) > +l(3c1s3J)(3c2s3J)>), (3.2). 

-. 1. -- --- . ' - -. 
IN >= y'2(1(3c8s6J )(3c2s3f) > +l(3c1s3 J)(3c2s3j) > ). 

From the group - theoretical point of view -th~ wa~e funCtion of the N N , 
system may be decomposed in a complete set of lliJ2,qq >states. From · (3.2) 
one can easily obtain expanded: 1 

INN>= E < NNI(q2q2 )(qij) >; l(q2ij2 )J,(qiJ)t)>; l(liJ2).,(qq)~) >;~3.3) 
i 

1 
= 2(l36J,9J > 19~,4. > +V'il18t.9t > 13.,4. > +l9h9t > 11.,4. >). 

The total spin of the j(q2if2MqiJ).> system is defined by the tota.I spin of 
NN which may be JP = o-,1-(1.,3.). In.Table 9 w~ present the spin recoupling 
coefficients< NNI(q2ij2)(qq) >.. ' · 

The flavor recoupling of the pp system into the l(q2q2 )t(qif)J > states has 
the following form: - . -. . 

I36J, 91 >= 1/31Et,.7r- > 
2 lEo o -373 'lfll'7r > 

+1/3IE;,.1l'+ > 

+1/3ICt7r- > 
-1/3IC~7r0 > 
+1/3IC;7r+ > 

· +1/3IC,.7J :> · 

-37siC7ro > 

+7siC77 >, 
1The color decomposition is trivial, so we do not pfesent it her;. 
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j- ''-c·.--" C ___.;---' .- __ ,_, ··c-~:--_-., -_.-· . -_ · 
.... ._' . ~ .. · ~ - '. • .? -. 

.. ·--~ .. :·~·_.:·.~--~:-_ --~-- ·_··. 

.: .. ~·;_ ':. 

. ' 

. '~- :-. _, g 
• 

'· ·~ _.. ·.,·; 

Figure 1. The diagrams of q2 ij2 mesoli decay 

:..; -----...... " -------------- .,_ •·'" N.~qq. 
N 

a). m 

N 

m' 

N qq N m" 

c). b.)' ... '~ "' .: --~·,-. 

' ~ -~ . 
Figure 2. The diagrams of q2 ij2 meson production in N N annihilation a) . 

the OZI ~• allowed diagram, b) the OZI ~ superallowed diagram; c) the vertex cor~ 
·.responding to b). -' - -- . . . . . 

.. ,. 
+ 

L. 
·'. p··-< -~---.. 

K KL+:<: 
g C<• ~ "-' 

.._ ~ ,._,- . ' 

. ~ - " 

Figure 3. The diagram of a0 (980)-meson production in pi\- scattering. 
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dN K-P-ao -~+ 
20..; 

dmn-, 
15 

10 

·s 
'- -----

8-1.-;.:, 
.4 0.6 1.2. 1.4 

dN 400 

dm,•, 

300 

200 

100 

8.4 

dN 800 

dm,.•, 

600 

400 

200 

. . 8.4 .. 

PP-aow 

.. .. ......... 
0.8 

m -~ GeV · 
TrT/ : 

. b) -[ mrr•11 GeV 

PP-ao7J 
+ preliminary 

• 

• •••• 
. ·· ... • 

• ·,;' ... ... ... 
• ... 
• 

0.8 ('2 ... 

c) rnn•7J GeV 

Figure 4." . The mass spectrum of t]tc 1r17 system in reactions a) K- p .....:. 

( C(llOO) + C(1350)):E+ ~ ( 7!'-77 )~+ and b )pp _:.. now, · c>P'P ... Clfil· · 
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l9j, 91 >= 1/v'2(-IC0 77 :> +IC0 1r0 > ), 
• ~· ~ i. 

l18j, 9, >= 1/V6"(1C~(181 )ry .> -16~(181 )1r0 >)

-1/v'3(IC:(181 )1r- >+IC;(I81 )1r+ ?' ), 
62(181) = 1/v'2(C2(181) + C~(I81 )), 

~ri +:dd 0 dd -·uu 
n- 71" -
.,.-; v'2 ·, ' - v'2 

,·<, ." 

..J 
Here E1f1f' C1f, C are .four-quark states in the magic basis 

E!'"' C!', 1r± mean the charge of thee st~te: ·: ·, "~-- .. : · · 
For. the pn system we have.the expansions: 

136,,9, >= /2f271E?,1f7r- > +1/v'271C7r- > -: 

-v'2/3IE;1f71"0 > . +v'2/3IC;ry > + 
+2/3IE;,.-7l"+ >·, 

19" 9, >= IC0 7r- >, 

118"9' >= 1/v'6(_:_IC~(181 )TI:- > +IC~(f81 )'7r- >)+ 
+1/VJ(IC;(181)7} > -IC;(f81)ry >)- -
-1/VJ(IC;(IS,)7r0 > +IC;(f8,)7T0 >). 

(3.5) ' 

(3.6) 

and sign of 

(3.7) 

(3.8) 

(3.9) 

The pn system has exactly defin~d iso~pin quantum numbers I=l, Iz = -1 
and th~s in the expressions (3.9) theC,.· state~ hav~ definite G-parity. 

. So we obtained color, flavor,· and spin recoupling of the N N wave functions· 
into the (q 2q2 )(qq) wave functions based only on group- theoretical considerations. 
It allows us to formulate a simple model of the ( q2ij2 )( qij) meson production in the 
N N annihilation. Let us go to the discussion of concrete examples from meson 
spectroscopy. 

4 ·. The problem of the a0(980) _meson 

_ The indication of four-quark natur~ of the a0 (980) meso'u as C!(9 1) state is 
yet given in article [1]. Later in ref. [24] there is suggested the description of the 
ao(980) meson as a wide resonance .(r ao-+1f'1 "' 300 - 500M e V). In this case the 
narrow peak in the 1r77 mas spectrum is cotmected with the threshold influence ·of 
the K K channel. It was supposed that the influence of6ther q2q2 states of the 
MIT-model spectrum is negligible. · · . . 

· However in our mod~l, -as a consequence of instanton mechanism, in order 
to describe the a0 (980) meson there are essential two states with masses riitheor = 
llOOMeV and mtheor =.1350MeV (Table 1). In Fig. 4a there. is presented:the 

\ . 
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mass spectrum ofthe~hannel1r77 in the reacti6nK;-:p ~ (C(1100)+C(1350))'E+ ~ 
(7r-77)'E+ which is practically defined by the amplitude of:< K- K 0 IC(1100} + 
C(1350)17r-77 >(Fig. 3): 

dN /16 I< K-K 0 IC(i100) >< C(llOO)I7T77 >. 
--"'1 71" . + 
dm1f., • ·. · · _Dc(E) .. •-. , . . 

< K:-o K0 IC(1350) >< C(1350)I7T77 > 12 . 
+ Dc(E) ·. .· -- .·. - ' 

(4.1) 

· D~(E) '= m~- E 2 ~ iErc(E) . . 
c 

·It follows from Table lthat both C(llOO) and C(1350) have 'a considerable· 
-coupling with the states C!(91) and C,.(361). The coupling of 361 :with veCtor 
mesons as compared with 9/ is 20 times stronger. The use of simple considera
tions of the vector dominance model makes it possible. to obtain the experime~tal 

. value of the width a0(980) -+(C(llOO) + C(1350))-.-+ "'f~ [28] witho~t additional 
parameters. If in (2.7) we put g0 = 16 then we obtain · 

· rao-+'Y'YBr(ao-.-+ 1r0 77), ~ 0.19KeV. (4.2) 

In the experiment [30] there was observed the ao(980) meson inthe pp-.-+ 
ao7T, 'aow, Uo17 reactions. In this connection itis important to note that in the NN 
recoupling there is absent nonet 9/ state with isospin I= 1 ab the MITmodel-C!) 
which was previously interpretativ~ as the ao(980) I!leson in ref. [1], [24]. It means_ 
that a0 (980) can not be observed 'in N N annihilation within suggestions of ref. 
[1], [24]. ' . . . 

In our model the a0 (980) meson isstrongly coupled with the C1f(36J) state, 
which is present in theN N decomposition (3.4), . (3.7). In Figs.· 4b, 4_c _there are 
shown the mass spectrum of the 1r77 system in the reactions pp-.-+ aow, pp-.-+ aoi-J 
which is defined by: 

dN I 6 I< N NIC{llOO)~ >< C{llOO)u:;l71"77~ > 
--"'1171" + 
dm1f.,w Dc(E) . 

< N NIC(1350)w >< C(1350)wi7T77W > l2 
+ Dc(E) .. _ .. . ' 

(4.3) 

"-

- 1 
< NNICw >--:- 1/2(

2
. 

3
).1/3 < Cj36J > ho, 

< C(1100)I36, >= 0.577, < C(1350)j36, >= 0.556, 

(4.4) 

(4.5) . 

< C'wi11"77W >::8< Cl1r77>,. , 
< C(llOO)I7r77 >= 0.043go, < C(1.350)l7r77 >= 0.237go1 

(4.6) 
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•' '/ 

where.'the coefficie~tsfin• ,(4.5),are takenJ;om·Table 1'and: (4.6).are from Table 
' . ' - - . , , I'- ., 

4.-In 1• (4;4) the u·npolarized initialnudeoris:are.used:,!,, · ', 
l,t :, 

. ;!.~f! ~= ~(~ * 3 ... t 1.). (4.7) 

Using only the recoupling '(3.4), (3.7) we can predict a0(980) meson 
production cross-section ratios for ·different-reactii_ni•cha!lnels (Table 10). 

So in the framework of our approach a satisfaCtory description of the exist
ing experimental data for production a0 (9SO) and width a 0 (980)-+ 11 is achieved 
and- the_ predictions for the cross-sections in· N N annihilation is obtained. The ' 
properties of this meson are unu~mil due to -its two state :_C(llOO), C(1350) de-
scription and strong ~oupling with c:(9r) and C"(361 ): , · . _ ·, __ . · 

. ~' ' - l!' ~' "• " ' . ~ " ,. ·, . '., ,. 

,. f 

5· 'T~nsot q2q2 mesonidn !:{it scattering 
;-.·· ' ' ' ., ; :. • -~; ;" 'j ·, ' : . l :· •.. 

;. 

The production of q2iP tensor mesons·i~ possible .only in' an acc'ompaniment 
with the vector meson (N N-+ TV). The most convincing manifestation o~ tensor 
ri{esons mu'st become obse~-vation (>fthe exotic meson E,,;(361) in the reaction· 

! 

'~n -+' ~;; p+ ·~ p-p- p+ -+ rr-7r0 1r'""7r0 rr+rr0 • (5;1) :\ 

with a vertex: ' . . '\ 

1 . ~ .- -

·: - - --:' --- -; V20 ,, ,-
< pnjE-- p+' >==' 1/2 fi)2/3h0 • 

- 3v3 

:•. _,, c5:2)~ 
' ~ ' '. 

with' coupling h0 .- Let' us 'minierate other interesti~g· 'chann'els'of iei1sot: meson 
pr~d~~tio~:·- .:. ~ .. ,! 1 • · : ·_. ___ '. • ···- -- ... ·_ • _· •- :: ·•.• : __ · - .. ,,.,. 

11'. 

pn-+ E;"p~-+ (p-p0 )l-+ (rr-7!'0 7r+rr-)(rr+rr-), 
pp-:__;'E;~'p+'_; (p-po);+>. ' 

PP-+ E:"p-:.-+ (p+ po)p-' 
-pn'~ c~·~ ~ (p~:U)'w~'- •.. 

·' '- I 
pp-+ c;p+-+ (p-w)p+, 

pp-+ q:p--+ (p+w)p-, 

':PP -+'C~w ~·(p0w,)w, ·: 
- co o ( o") o · ·pp.-+ "P· c-7 _ P.W P • -~ ... ; • 't . '. ~ 

L• 

,'1_',, 
(5.3) 

(5.4) 

The ratios between different· q2 ij2 production channels are presented in Table. 
,,_·:., : •. -~-~-~ '; t•·., .• •t,l• ·;:,·~.·-~- ... 
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From (4.4), _(5.2) and . ( 4.7) one can ~~tlmate the' relative yield- of the 
"E-- mesons: - . 

G-(pp-+ ao7i-) 3 -
----'-'~---=--,!___ < - . 

a(pn-+ E--p+) - 80 - '.(5.5) 

The mass spectrum of the pp system for the reaction like (5.3) has the form: 

dN ~ F •/Tr I < NNIEP >< EWV
1 

> 1
2 

dmpp' PP - ml;- s- i( yfsr(s) + a/2) 
(5.6) 

(Vs-2m,.)2. . (Vs-2m,.)2 I - I -

F , = 1/rr2 j - dm2 mrp(m) -·j dm12 m rp{m )p(s m m 1) 

PP - - ID (mW ID (m1)j2 
' ' ' 

4m; P 4m; P 

( 
q(m) )

3 
1 + (Rq(mp)2 

mrp(m) = mprpmpfm q(mp) 1 + (Rq(m))2' 

q(m) = 1/2)m2 ,.-- 4m;,, Dp(~) = m;- m2
- imrp(m), 

s = m;P,R = 2GeV- 1,1np = 0.321-,rp = 0.154GeV, 

< EjVV1 >2 - · · _: 
rE-vv•(s) = 6 -.fS . Fvv•(s),rE(s) = z=rEvv•, 
- -- '1 .'! s- ' . ' vv: 

1 
< Elpp >=Yo yl3' . 

.::.: 

- (5.7) 

and corresponding formula for the pw mass spectrum of the system for the 
reactions . (5.4) has the form: . ' 

dN . I< NNIC,, .. V'~>< C,..jVV1 >12 
-- ~ F I 7r ---,---'----';____--=,----'--'----
dmpw , P mb,.- s- i( -.for(s) + a/2) 

(Vo-2mw)i . . 1 ,·· '; • 

2 j . 2 mrp(m) ' 
Fp(s) = 1/rr . dm 2 p. (s, mw, m), 

' IDp(m)l · · 
4mi 

(5.?) 

. 1 
< C,..lpw >=Yo V3' 

. . < C,..jpW >2 
rcr-pw(s) = 16rrvs .Fp(s). 

The parameters mE, me,.: Yoi a m~y be extracted frdm the data ofthe reac
tion 11-+ q2 ijz-+ pp, pw. In article [25} it v.:as shown that'ni~ ·~ 1.44Ge'v, ~c,. = 
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L4.cev,9~JC4ir)'"~'16:~,~-~ b.'65.' l!o~ev~r, a pa~ti~i;~a~e a:~~l~sis of'17 -:>.pp 
reaction can change these results. · "· · ' ' 

As to scalar charged q2iP mesons then their production is suppressed as 
'compared to that of tensor mesons by, 20 times~ ··It is enhanced only in an ac~ 
companiment with scalar meson. (for example in the reaction N N -:> E1r -:> pp1r' 

1 ). . . . . . -
. The· situation for neutral mesons· is more difficult.' The' N N,· system is 

strongly coupled with scalar mesons from the nonet C0(9,) and with tensor meso~s 
from 361 (E

0
, C). We obtain for neutral q2ij2 mesons 2 : 

• ,.j.t • . . I, 

·. { (p"!"p- )p-
i5rt-4('E~~+C(36,)+C(9,))p":'--'+ ,(p0 pO)p-· , 

·,·: ·. · .. •·: (ww)p-_ 

. . .. . . . . { (p+ p'_ )po , 
pp-:> (E~,. + C(36f)+ C(~J ))l ~· , (p0 p?)po 

· · · (ww) 0 
. p 

. .. ; ' . . ' '. { (p+ ~~ )~ 

pp ~ (~(361 ) +C(91))w ~- ·. ~~~;2~ · ' 
The mass spectrum ~{the pp system in the· rea~tions (5.9), 

the form: 

._,·, 

where 

dN F I I < NNIE,,.V" ><Eipp >·. 
-d - "' PP' .11' < D + 
~pp' E 

\ <NNIC(36j)V" ><C(36,)I.OP > · 
+ Dc(361) · + ·• ·· 

< NNIC(9,)V" >< C(9,)IPP >12 
+ · D (9 )' . ·. . ; " c J . ' 

·., ' '1 '{ -1/0, 
'< Ejpp >=Yo vfa /2f3, 

for p+p-·· 

for p0 p0
, 

for p+p
foi: popo .. 

{ 

If-./6, 
< 'C(36, )jpp >=go ~- I/.Ji2., 

v3 fi 
.. , . . . . . . V 4,_... for ww, .. >·; . 

.
1some results for these·reaction.was presented in ref.·[31]. [32]; .· .... ·. ·.. . 
2The scalar neutral meson C(36 1) is neglected due to its weak spin coupling. 

•', 
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(5.9) 

(5.10) 

(5.11)· 

(5:10) has 

'·' 

(5.12) ' 

(5.13) 

(5.14) 

rJ 

· ·. · · { 0.4 72, ·· forp+ p- · · 

<C(1350)jpp>= go . 0.334, forp0 p0 

-0.255, for W(jJ, 

. < ppjTV >= ho~ V2Q { -¥,_ 
. 2 3vfa -3)76, 

. +3v'6, 

for E 0(36J )p0 

for C(36J )p0 
· 

for C(361 )w, 

~ ppjSV >= ho~ < C(9,)IC(1350) > {. ~~ for C(9,)po. 
· .. -72, for C(91 )w, 

< pnjTV >= ho~ VW '{· -j:n, 'for E
0
(361 )p-

2 3vfa -j:;;, for C(361 )p-:, 

< ppjSV >= ho~ < C(9,)IC(1350)> 1, for C(9,)p-. 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

(5.19) 
>;{ . ' 

In the above expressions all numerical coefficients are taken from Tables 8,9 
and Eqs. (3.3)- (3.8). In (5.15), (5.17), (5.19) we have the C(1350) as an 
example of scalar meson. These formula provide a set of predictions on.the.obser
vation of the tensor mesons in the N N annihilation. Thus, in N k an:riihil~tion 
we have a good filter for o+, 2+ q2 ij2 mesons. 

CONCLUSION 

The spectrum of q2ij2 states. in the model, ~hich takes into. ac~ount the ,, ' . 
interaction between quarks through the nonperturbative vacuum of QCD, has been 
calculated. Nonperturbative .vacuum of QCD is determined .by't~o parts. The 
first one takes into account the long wave vacuum components of quark ~nd gluon 
fields (the quark and gluon condensates). The second one is con~tructed with the 
effective Lagrangian t'Hooft, describing quark interaction through the instantons · 
of small sizes. The account of these two aspects of the vacuum interaction allows 
to formulate and study a bag mod~l, ·which· gives a good description of ha:dr~n 
spectrum. The spectrum of multi quark states is of a particular interest. A1~10ng 
a great number 'of the q2 ij2 states one can find. some. states having the similar 
quantumnumbers which in general case must be mixed: The presented approach 
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allows to calculate the mixing angle~. -These calculations give concrete prediction; 
for the cross sections of production and the widths of decay of. the q2ij2 mesons. 

A searching of the multi quark st~t~s f~equently d~mai;.d~ a formulation of 
features, which allow to distinguish these states from the hybrid, glue ball and other 
ones. The analysis of nucleon7antinucleon annihilation to mesons allows, from our 
viewpoint, very easy to proceed the identification in the most of four-quark states. 
In particular, one has obtained a satisf~ctory d~scription of a scarar a0 (980) meson 
(NN-+ a0w 'data) .. The natur~ of the a0 (980) meson can be clarified by measuring 
the cross section of this meson production in the different annihilation channels 
NN-+ ao7r, aow, aop, aop. ...,· 

We are. waiting also for a big·number of resonances with the four-quark 
structure in the different annihilation chann'els to 'three vector mesons N N -+ 

VV'V" in the syste~ ofmass of two vector mesons. The cross sections offour
quark meson production must satisfy to exact ratios. This point allows easy to 
extract q2ij2 mesons from a big.number of the observable particles. . . . ' ' ' 
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,nopoxoB A.B., 3y6o:B IO.A., KoqeJieB H.M. 
1JeT~:o~pexKBapKOBI:oie COCT051HIDI H HYKJIOH-aHTHHYKJIOHHa51 
alrnnmJI51~51 B :OapKoBo:H MOAeJIH c B3aHMOAeiiCTBHeM, 
HHAYIJ,HpoBaHH&IM BaKyyMoM KX.ll. . 

. I 

B2-93-117 

06cy~aeTC51 CIIeKTp l!eTI:oipeXKBapKOBI:oiX q2q-2, JP = 0+; 2+ Me30HHI:oiX 
COCT051HHH. IlOKa3aHO, liTO _ct?H3Hl!CCKHe COCT051HH51 CHJibHO rrepeMemaHI:oi no· 
SUj3)-rpyrrrre. IloJiylleHO rroJIHOe ceqeJine aHHHI'H.115ID;!fH NN-cnCTeMI:oi B 
(q2q-2) · ( qq)-MeaoHH~ PaccMoTpeH a0(980)-MeaoH Ka.f l{eTi.IpexuapKoBI:ol:H 
q2q..:..2, CHJlbHO ~J'I513aHHI:oiH ~ 9f H 36riiJieTaMH. -IlpeACKa3aHI:oi OTH~meHH51 ce
qeHHH1 po~eHHI:oiX B pa3{JHl!HhiX KaHaJiaX OcJ (980~Me30Ha H TeH30pHI:oiX Me30- . 
HOB B NN-aHHHI'H.1151~H. 

Pa6oTa BI:oirroJIHeHa B Jia6opaTopnn TeopeTn~ecKo:H <PnaHKH OUSIM. 

Ilpenp~HT QtYJ,e,!IHHeH~OI'O HHCTHyYTa !l,!lepHblX HC~e,!IOBaHHH. ):(y6Ha,, 1993 

·' 

Dorokhov A.B., Kochelev N .I., Zubov Yu.A. B2-93-117 
Four-Quark States and Nucleon-:-Antinucleon Annihilation within 
the Quark Model with QCDyacuum-Induceq Interaction 

The spectrum of q2q-2, JP=0+,2+mesons is discussed. Wehaves.hown that 
physical s~ates are strong mixtures of ~he SUf3>· group basis states. The 
cro'ss-sections for annihilation of the NN system into (q2q-2) (qq) mesons are 
obtained. The ao <980> meson is considered as q2d- 2 meson consisting of 9 rand 
36rplets. The branchirigs are also predicted. for the ~ross-section~ for 
production of the ao<980) meson and of tensor mesons in NN annihilation._ 

The investigation has .been performed at the Laboratory of Theoretical 
Physics, JINR. 
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