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Abstract
We discuss here a possible four-quark meson spectrum in the region of meson masses

1.2 — 1.8 GeV and a mechanism of these states production in pp annihilation. In
correspondence with our previous paper we consider f,/AX resonance, recently seen in pp
annihilation by several groups, as a four-quark state. We show that experimental data in the
frame of a simple model for four-quark meson production support the assumption that f,/AX
1s the four-quark system of two scalar-isoscalar digaarks in D-wave.

Using this explanation of f,/AX we construct the spectrum of non-strange four-quark
mesons with masses around 1.5 GeV and discuss the possible channels to detect exotic four-

quark states in pp annihilation.
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1. Introduction.

QCD, being a hadron theory, up to now did not reach a real success in description of
hadron spectra, scattering amplitudes and strong decay widths. The calculations in different
non-perturbative QCD épproaches[lj and lattice QCD simulations (see review and conference
proceedings[2]) have large theoretical uncertainties. By this reason model calculations still can
compete with the more solid theoretical treatment.

One of the most striking features of hadron spectra is that they fit, at least
approximately, in both Regge and non-relativistic quark model classifications.

The. straight-line Regge trajectories with the same slope for mesons and baryons have
the natural explanation in string model (see[3] for a modern approach to the problem), where
meson with high spin is a rotating quark-antiquark pair coupled with a string, while baryon
with high spin is a rotating quark-diquark configuration with the same string between quark
and diquark. In the frame of string model it seems. rather natural to substitute antidiquark
instead of quark into baryon and thus to obtain a four-quark meson. Moreover, in this
approach it seems impossible to avoid the existence of such type of objects. Glueballs in string
model are closed strings and hybrids should be -epresented as a string with a kink or as a
folded string and because of this glueballs and hybrids are objects of different type with respect
to mesons, baryons and four-quark mesons.

On the other hand, non-relativistic constituent quark model (see review[4] and
references therein), being built on the very different ideas with respect to the string model,
describes rather successfully the same meson and baryon spectra. Again the description of
four-quark states in constituent quark model does not require an introduction of additional
objects, like constituent gluons, while description of hybrids and glueballs does.

We can conclude that the existence of four-quark mesons has a more solid basis than
that of hybrids and glueballs.

It is obvious to look for glueballs in so called gluon-rich channels, like J/y radiative
decays and central meson production in double-Pomeron exchange reactions. From this point
of view it is reasonable to look for four-quark mesons in diquark rich channels. The pp
annihilation is just this type of reaction because there are diquarks and antidiquarks in the initial
state and the simple rearrangement model leads to four-quark meson production. Taking all
these considerations into account we discuss heiv the spectra of four-quark mesons in the
frame of a simple string model and the production of these states in pp annihilation in a naive

rearrangement model.



2. Four-quark interpretation of f/AX (1520) meson.

Recently discovered by several groups in pp annihilation /¢,7F¢ =0* 2%+
f/AX (1520) meson[5] has no room in gq meson classification and has to be
described either as quasinuclear NN bound state[6] or as four-quark meson[7]. In
what follows we will develope the four-quark treatment of f/AX (1520) in accordance
with[7]. In the frame of four-quark description[8], there are two possibilities to have
low-lying 1¢,JP¢ = 0%,2%* states: a meson made from vector-isovector diquarks in S-
wave and a meson made from scalar-isoscalar diquarks in D-wave. Below we consider
these two possibilities in more detailes and will show that the simple model for four-
quark meson production in pp annihilation supports the second possibility and
eliminates the first one. Than, based on this interpretation of f/AX (1520) meson we
will construct the spectrum of non-strange four-quark mesons with masses in the
region 1.2 - 1.8 GeV and will discuss four-quark mesons with exotic quantum numbers
and their decay modes.

3. Model for four-quark meson production.
We will consider the production of four-quark mesons in NN annihilation

accompanied by one pseudoscalar meson. For the production amplitude we will use a
very simple rearramgement model shown in Fig. 1.

N M(4q)

Fig.1

In this model diquark and antidiquark from initial baryon and antibaryon form a
four-quark meson, while the rest of gq pair transforms into accompanying
pseudoscalar meson. We will consider the decays of four-quark mesons into two
pseudoscalar mesons and compare the result of our calculations with experimental data
on pp annihilation into three pseudoscalar mesons. We will use SU(3) symmetric
wave functions for initial nucleons and will consider 77 meson as unitary octet 7, and



17 as unitary singlet 7 . Corresponding mixing angle could be taken into account

without any difficulty. In SU(3) limit nucleon wave functions can be written in terms
of vector (scalar) diquark and spectator quark:

1p)= 5o+ slifeua,) - =lufcua). .
)= T} + sl ud,)+ el

Here (ud), is a scalar diquark and (ud), is a vector diquark. Diquark formed

by two identical quarks in S-wave is a vector diquark.
Now we can write the amplitudes of pp and pn annihilation for production of
four-quark states in accordance with diagram in Fig.1.

PP = <[G) = (@) + 1y, — Cud o)+ 21y = (o ) +
. Q)
3
pn — —[(uu) ~ (dd))(du) ——[(ud)l — (ud) ud) + %[(an ~ (ud)oYud) +

\Fuuu) (ud), N(du) + ([(udn ~ (uw))(ud)

o 3)

Four-quark meson states formed by vector diquarks and antidiquarks can be
written in terms of states with isospin 7/ =0,1,2. We will denote isoscalar 2** meson
as f,, isovector meson as a, and will introduce notation ¢, for isotensor 2** meson .

Using standard Clebsh-Gordan coefficients we can write fot neutral components
of diquark-antidiquark states:

1 1
[Gaia) ~ (uu)] = e 21 +—5a3 +—=h
—_— 1 1 1
[(dd) - (dd)] = —\/-g-cg --Eag t fa, (4)

—_— 2 1
[(ud)y = (ud)] = %Cg -—=5

and for charged components:



[(ud), - (ud),] = —?3— g—vl—gfz
[uw) = (ud); 1= T 7 + %a&
[(ud), - (dd)] = 71——2—6 —%a{ (5)
(@)~ (udy) = =5 =3

[(uu) = (dad)] = ¢~
The isoscalar diquarks form isoscalar meson f3,.
[(ud)o — (ud)o]l = f3 (6)

We will assume that gq pair can be decomposed over pseudoscalar mesons
with the weights coming from quark model:

= °+.i_

2% "6 «/—"0 -
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dd=——L v+ L

NN RN AL

Now we can write down the amplitudes of four-quark meson production
accompanied by pseuduscalar meson:

- 1l 00 1 o0 1 0
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In this model a, four-quark meson cannot be produced with pions but only with
7] mesons: a,g is not produced because symmetric (ud), —(ud), state has no [ =1



component. The same symmetry considerations forbid the production of a; 0 pair.
As far as ¢,7m and f,7n systems cannot be produced in pn annihilation because of
isospin conservation we always have negative G-parity of final meson states and
corresponding selection rule for initial states.

Now we can express all modes of NN annihilation into three pseudoscalar
mesons when two of them are in the resonance in terms of production cross-sections of
f2, f2, a;, and c, four-quark resonances and their branching ratios into two
pseudoscalar mesons.

The explicit formulas for production cross sections of three pseudoscalar
mesons, where two of them come from resonance decay are given in Appendix 1.

If f, and ¢, four-quark mesons with the same masses are produced together in
NN annihilation, the distribution of £°7° and #* 7~ mesons at the resonance peak is
due to interference between isospin 0 and isospin 2 resonance amplitudes. In general
case of this interference the three-pion cross-section cannot be expressed in terms of
resonance production cross-sections and corresponding branching ratios. If to neglect
with the phase difference between the amplitudes of production of resonances with

isospin O and 2 and with the phase difference between decay amplitudes, the expression
for three-pion production cross-section 03, has the form:

O35 = OgBy + 02,B; + 6|0 B0, B, (\/Flzm/r‘(ft *‘\/1‘60‘/1#2m ) (10)

where oy is the cross-section of f, production, o, is the cross-section of c,
production and B, and B, are the branching ratios into two-pion channel. Iy’ and
'Y are total widths of f, and ¢, mesons and ¢ is relative sign of the product of
production and decay aplitudes for f, meson with respect to the same product for ¢,
meson. If T% =TIy, eq.(10) can be written as

O3z = (OoBo + 5\/T2B ) (11)

Let us consider the two possible explanations of f/AX(1520) as a four-quark
resonance, discussed above. If f/AX(1520) is vector diquark-antidiquark pair in S-
wave, there must be an interference between /=0 and / =2 amplitudes, which we
can take into account with the help of eq.(11).

Let us denote



oy’ = olpp = (x°7°)n°)
o, =olpp = (" n7)7’]

00

_ 0 o - (12)
0, =0{pn—=>(n n)n]

ol =olpn - (T )n"]

Eq's (7,8) together with eq.(11) and Clebsh-Gordan coefficients leads to
relations between cross-sections of eq.(12).

o = ({00} ~f8o¥)’ (13)

o = (%\/500;‘ —\/9020 )2 (14)

Production cross-sections of charged ¢, meson components can be also
expressed in terms of 0';_ and 0'20:

a(c;n%) = o{pp — (2t = —z—(\/_o;—'— 2020 )2 (15)
o(c77%) = ofpn > (x2")7°1=9( o3 =207 )2 (16)
o(c; nt) = olpn — (r 7 )nt] = 18(\/;;_‘—J20'20 )2 (17

The large coefficient in eq.(17) makes it very sensitive to the admixture of
I = 2 amplitude.

Existing experimental data show no peak in 7~z invariant mass distribution in
pn annihilation into 7”&~ 7 [8]. This is the strong argument against the existence of
isospin partners of f/AX (1520).

If f/AX(1520) is D-wave state of scalar diquark-antidiquark pair, there is no
I =2 partners of f/AX (1520) and all cross-sections of eq.(15-17) are equal to zero.

In this case in addition to the normal isotopic relations

o =26%
o~ =209

the model predicts the relation between three-pion annihilation cross-section in pp and

pn channels in resonance peak: .
oX = 20’20 (19)



Another sensitive test of the admixture of / = 2 amplitude in two-pion system is
the double ratio

ol (x°7% 7% /at(nm)2®)
ol(x°z%nl/ ol(nmn

(20

Phase space corrections are cancelled out of this ratio and the deviation of
€q.(20) from unity is a clear signal of the presence of / =2 amplitude. This ratio can
be measured at different energies with Crystall Barrel detector in pp annihilations in
flight at LEAR and in E-760 experiment at FNAL. -

The energy dependence of four-quark meson production cross-section in the
binary reaction NN — M (4q)M(qq) is due to excange in the t-channel by diquark and
quark lines (see diagram shown in Fig.1). This is baryon exchange and at least at high
energies the cross-section of the reaction NN — M (4q)M (qq) has the energy
dependence

200,(0)-2
o{NN — M(4q)M(qq)) = (Si) @)

1]

here a,;(0) = —0.5 is the intercept of baryon trajectory.
On the other hand the cross-section of production of two gg mesons in binary
reaction NN — M(qq)M(qq) is described by two diagrams shown in Fig. 2.

_ M
) EM N><
N M N M

Fig. 2

There is also an exchange by three quarks in t-channel of these diargams and the
energy behaviour of reaction NN — M(gq)M(qq) at high energies should be the same:
20,(0)-2

— - = s
Oo(NN — M(qq9)M(q9)]= (;‘) (22)

0



This means that the ratio of these cross-sections at least at high enough energies
does not depend on incoming antiproton energy. For example:

_op> £,A210 %) _
7 J(EP“;)fz/AXRO)

nst = @

Of course these arguments, strictly speaking, can not be applied to the annihilation at
rest, but when the momentum of incoming antiproton becomes to be as large as some
GeV's, the ratio eq.(23) should be constant with respect of energy.

4. Notations for exotic mesons.

In what follows we will discuss the other four-quark meson states with different
quantum numbers. Now the standard notations of PDG exist only for non-exotic
quantum numbers. In Table 1 we give the notations for all possible quantum numbers,
which are the straightforward extension of the standard notations and coinside with
them for non-strange quantum numbers. We used these notations partially when
denoting as ¢, the isotensor exotic meson with J BG —ois

Table 1.

IG/JP 9‘ 15
00 FE @ o
0* n

* Lo p
=

The unshadowed notations are used for already existing mesons taken from
PDG Tables. Mesons with shadowed notations are the mesons with non-exotic
quantumn numbers which are not found experimentally up to now. '

The mesons with double shadowed notations have exotic quantum numbers.

In these notations the exotic meson with /¢ JP€ =17 17" which is denoted in
PDG Tables as p(1405) should be denoted as m,(1405).

All ss isoscalar mesons should be denoted by corresponding notations with
slash, for example: f,(1270) and f3(1525). The only exception is for @} which are
traditionally denoted as ¢;.
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S. Spectra of quark-antiquark mesons.

As it was discussed in Introduction both Regge-string type models and non-
relativistic type quark models describe gg meson mass spectra rather well. To
combine these approaches one has to assume that the members of multiplets with the
same orbital quantum number L, but with different total angular momenta J lie on the
daughter Regge trajectories. To obtain the correct Regge picture the mass spliting
between different members of multiplet with given L should be small. Below we
analize the gg meson spectra and show that this picture really takes place.

In potential models the splittings in S- P- and Dv-multiplets is given by the
following expressions:

m(lSO) =mg — 3/4{15 (24)
m(3Sl)=mS +1/4as
m('P)=mp—3/4ap
m(*Po)=mp +1/4ap - 2bp + 4cp
(25)
m(*P,)=mp +1/4ap —bp +2cp
m(*Py) = mp +1/4ap +bp +2/5cp
m('D,)=mp —3/4ap
m(*Dy)=mp +1/4ap - 3bp - 2¢p
(26)
m(3Dz) =mp+1/4ap —bp +2¢p
m(°Ds) = mp +4ap +2bp +4{Tcp

Here ag, ap and ap are matrix elements of spin-spin potential for S-, P- and
D- wave states correspondently and the coefficients before a; are matrix elements of
operator

1
S1°S, =—2-(Sz—slz—-s%) 27N

in the triplet state (S =1) and in the singlet state (S =0).
bp and bp are matrix elements of spin-orbital potential for P- and D-wave

states. The numerical coefficients are matrix elements of operator

1
L-s=—(3*-1*-8%) (28)
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in the states with fixed J, L and S.
cp and cp are matrix elements of tensor potential and coefficients are matrix
elements of operator

51222[3(_551_52] 29)

in the states with fixed J, L and S.
In what follows we will conider as Eq multiplets the meson states shown in
Table 2.

Table 2
| 1=1/2 =1 1=0(g) | 1=0G9)
s K % 1(9q) 1(ss)
I3, | k@92 p(770) o(783) $(1020)

'p, K,(1270) by (1235) hy (1170) Ay (1380)

3P, K(1430) ag(1320) f0(1400) fo(1525)

3P, K,(1400) a,(1260) £1(1285) f,(1510)
| P, K3(1430) a,(1320) £(1270) f5(1525)
I b, | xass0 | ma670)

3D, K*(1680) p(1700) @(1600)

D, | K,(1580)

3Dy K;(1780) p3(1690) w5(1690) $(1850)

here 7(qq) and 7(ss) are gq and ss pseudoscalar states.

This assignment needs some comments.

1. The treatment of pseudoscalar meson as lSO states of non-relativistic quark
model is doubtful because they are Goldstone bosons of broken chiral symmetry.

2. The low-lying f,(975) and ay(980) mesons could be non-gg mesons and
by this reason we considered scalar mesons f,(1400) and ay(1320) as scalar
components of P-wave triplets.

3. We considered p(1450) and w(1390) as 275, radial excitations.

4. We neglected with mixing between K;(1270) and X, (1400) and K,(1580)
and K,(1580) states.

5. We neglected with hadron mass shifts which are unknow.

Now, using eq's (24-26) we come to the values of m;,a;, by and ¢; matrix elements

given in Table 3.
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Table 3
1=12 | j-1 |1=0@a)]|I=0Gs)

ms (MeV) | 792 612
as (MeV) 398 630
mp (MeV) 1380 1282 1262 1485
ap (MeV) 150 67 122 140
bp (MeV) 5 14 -23 4
cp (MeV) -5 -12 - 15 -3
mp (MeV) | 1713 1687
ap (MeV) 178 22
bp (MeV) 8 -2
cp (MeV) 9 - 1

When calculating the parameters of D-wave / =1 multiplet we obtained the
position of center of gravity using only three known D-states.

The uncertainities in values of parameters are not less than 10 MeV.

In next section we will apply these results to estimate the mass splittings in four-

quark sector. While doing so we will use the dependence on quark (diquark) masses of
spin-spin (Vgg), spin-orbital (V s) and tensor (V) potentials given by potential
models:

Vs, Vs, V5 o (mymy) ™! (30)

6. Spectrum of non-strange four-quark mesons.

As it was mentioned already there are two kinds of non-strange color triplet
diquarks dy =(gq)g with S=1=0 and d, =(qq); with S=7=1 (§ is the spin of
diquark, 7 is the isospin). So it is possible to construct three different types of four-
quark non-strange mesons:

A dy-dy
B*: (dy-d))+(d,~d,) 31
C: di-d

. . + . .
where the states A have isospin 0, the states B~ have isospin 1 and the states C are
degenerated with respect to isospin (/ = 0,1,2).
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The mass difference between non-strange vector and scalar diquarks can be

estimated from the mass difference between octet and decuplet non-strange S-wave
baryons:

Amy =m(dy) —m(dy) = %[m(A) —m(N)] =200 MeV (32)

The masses and quantum numbers of A-type mesons are given by the following
€Xpressions:

m('Sy) = mY; 16,77 =0%; 0,
m(‘P) =mp’; 1% =071, (33)
m('Dy) =mY; 16, J° =0%; 2%,
where masses of orbital excitations are given by Regge formula:
00)2 00y, 1
m = +—L 34
(i) =)+ 0

For B-type mesons the spectrum is more complicated. Total spin momentum of

two diquarks is equal to S =1 and spin-orbital and tensor forces leads to splitting of
level with the same L:

m(3SI)___ mOl’ IG, JP = 1+; 1+—, 1—-; 1++’
mCPy)=mdt — 263t —4c%, 1%, JF =107, 17077,
mCP)=mdl —b3t +2¢f,  1CUP =117, 1T,

mCPy)=m3 + b3t —=2/5¢%, 16, 0F =127, 17277,

(35)
mCCDy)=md =39 —2c8, 16,0 =11, 1Tt
mCDy)y=md —bd +2c%, 16,07 =1%2%7, 1727,
m(Dy) = m + 263" — a7, 16, 0P =143, 17,3,

where mgl = m§’° + Amy,
o1\2 o1y2 , 1
m =|m +—L 36)

and bgl, cgl and bP!, ¢} are the matrix elements of spin-orbital and tensor potentials
for P- and D-orbital excitations.
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The most complicated is the picture of splittings in C-type meson sector. There

are three multiplets of C-type four-quark mesons which correspond to total diquark
spinS =0, 1 and 2.

ForS= O:
m('Sg) = mi! —2a%; 19,77 =0%,17,2%; 0+,
m(P)) = mb! - 2abt; 0P =071 271, (37)
m(‘Dy) = m} —2a}; 19, 7P =0% 17,27, 2+,

here mél = mS +Amy = ms +2Amy and as before
11\2 1y2, 1
m ={mg | +—1L 38
(2 = (ko 2 o
}} are matrix elements of spin-spin potential in states with orbital momentum
of diquark-antidiquark pair equal to L.

ForS= 1:

m(s)) =mi — all; 16,07 =07 1,271,
mCPy) = my' — abl - 2bb —4ch; 16,77 =0%,17,2%;07",
m(BP‘l):m}’l_ 11_b11+2cll, IG;JP=O+,1‘,2+;1_+,
mCPy)=my —abl + 2/5c 16,77 =0*17,2%;27%, (39)
m(’Dy)) =my —ay —3b5 —2¢; 1° 00 =071 2717,
m(’Dy) = mp —abl — b +2cH 1,07 =071%,27;2%,
mCDy) = mb —al +2b} —4/7ch; 1°,7° =07,17,27;3"",

And for § = 2:

m(S;) = mi! + att; 16,77 =0%17,2%; 2,
mCP) = mb +abt - 365 —2ch; 1, 0P =017 2717,
m(Py) = mp +abl — bb +2c“- 6. 0P =071 2727,
mCCP;) = mbl +abt + bh —2/5¢k; 16,7 =0",1",27;37",
m(’Dy) = my +al —6by —12ch; 16,77 =0",17,2%, 0%,
m(°Dy) = mp} +ap - 5bp —6cp; 1907 =012 17, 0
m(5D2)=mD +ah -3bh +18/7cH; 16,07 =0%,17,2%; 2+,
m(’Dy) = mp +ah +48/7¢; 19U =0%,17,2%; 3,

m(Dy)=m} +a +4by —24/7ch; 16,7 =0%,17,2%; 4%,



— 15 —

Now we can construct the spectrum of non-starnge four-quark mesons. Two

parameters: Regge slope a’ =1 GeV ™% and vector and scalar diquark mass difference
Amy =200 MeV (eq.(32)) determine the splitting between different orbital excitations.

The overall mass scale is fixed if we identify f/AX (1520) meson with D-wave A-type
state. The values of masses are given in the Table 4.

Table 4.
1J = 00 IJ =01 IJ=11
mf (Gev) |- 056 0.76 0.96
mp (GeV) 1.14 1.26 1.39
my (GeV) 1.52 1.61 1.71

Parameters of spin-spin (a[IJJ), spin‘orbital (bI{J) and tensor splitting (cij) for
four-quark mesons can be obtained with the help of eq.(30) if we assume that the wave
function of orbitally excited diquark-antidiquark states is close to the same for quark-
antiquark. As far ar uncertainities in the values of b; and ¢; parameters are about

100%, this assumption for the rough estimate of four-quark meson spectra looks
reasonable.

The parameters, shown in Table 5 were obtained using a;, b; and ¢; extracted

from strange meson spectrum and given in Table 3.

Table 5.
1J =01 =11
L=P | L=D L=S L=P | L=pD |
ay’ (MeV) 240 90 107
b (MeV) 5 8 3 5 |
;{f (MeV) -5 9 -3 5 H

If to use parameters obtained from / =1 meson spectrum we will come to the
results shown in the Table 6.

Table 6.
1J=01 - IJ =11 |
L=P | L=D | L=S§ L=pP | L=D
ay’ (MeV) 230 24 8
bY (Mev) 8 ~1.2 5 —0.7_|
e (Mev) -7 -0.6 0.7 —0.35
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The resulting four-quark meson spectra for these two possibilities are shown in

Fig. 3
m +
GeV A B C
2.0 = $=0 S=1 S=2
L=2
L: L]
£=2 = =
L= =2 —
1-5 — ———— ammm—
L=1 T =
L=] E =
—_— =] — L=0
L=1
1.0 —
=0 L=0
L=0
L=0
0.5 — —_—
Fig. 3

Levels denoted by solid lines are masses of four-quark states obtained with
parameters from Table 5, while full-lines correspond to the massses of four-quark
states with parameters from Table 6. The two variants shown in Fig.3 illustrates the
accuracy of the model considered.

The mass of low-lying 19;JP€ =17, 17" state in this model is about 1.2 GeV.
This value is not far from the mass of p(1270) recently discovered by LASS group
meson[9]. Four-quark nature of this state explains the absence of p(1270) meson in
e*e” annihilations on the present level of cross-sections.

There exist also experimental indications coming from e*e” data on the
resonance with / =2 and J* =2% in pp decay mode with the mass of the order of 1.6
GeV[10]. This exotic state in our model may be interpreted as D-wave state of C-type
meson.
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The low-lying four-quark vector meson in this model is @ meson with mass
about 1.2 GeV. The mass difference between strange and non-strange diquarks can be
estimated from the masses of well-known mesons:

m( f3(1525)) — m( £,(1270)) = m(9(1020)) — m(p(770)) =
= 2[m(K" (893) - m(p(770))| = 2[m(K5(1430) - m( £,(1270))] = 24m = 250 MeV (41)

where Am =125 MeV can be treated as the difference between masses of strange and
non-strange quarks.

Thus the partner of w(1200) meson with hidden strangeness should have the
mass of 1.45 GeV. This is very close to the mass of C(1480) meson seen by LEPTON
- F group(11] in ¢n decay channel. Our diquark string model predicts also the
existence of isoscalar partner of C(1480) meson.

7. Decays of exotic mesons.

Tables A1 and A2 in Appendix 2 show all possible decays of mesons with
different quantum numbers and meson spin less than 2 into S-wave and P-wave gq
mesons.

There are some channels where the presence of peak clearly indicates the
production of exotic resonance: P-wave in Nz system which is a signal of m
production and S-wave in f7 final state which is a signal of 7, decay. P-waves in
b (Wn) and BN (Kyx) systems could be the signals of hy, h, and by. b, decays
correspondently, but may arise also in decays of non-exotic # and & mesons.

May be the best way to search for wy and p, exotic mesons is to look for D-
wave in f,@, a;p and f,p, a,@ systems correspondently. but in these cases there
may be D-waves also from decays of non-exotic states: @, @, and p, p,.

Our four-quark model predicts a large number of exotic / =2 mesons which
should decay into two / =1 mesons: nz, p, nma and nb final states. As is seen from
Fig.3 the masses of these mesons are in the interval 1.2 - 1.8 GeV.

In the sector of / =0 and / =1 exotic mesons the model predicts the existence
of two 7, mesons: one with mass about 1250-1300 MeV and another, degenerated in
mass with 7, exotic resonance and having the mass in the interval 1300- 1350 MeV.
The model predicts the mass of p, exotic meson degenerated with b, exotic meson in
the same mass interval. There should be two b, exotic mesons: one with mass around
1600 MeV and another degenerated in mass with h, exotic state and with mass around

1650 MeV. The model does not predicts wy and hy exotic mesons and this is a

general feature of diquark-antidiquark models.
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The search for 4-quark mesons in NN annihilations, especially those with
exotic quantum numbers may be the very interesting problem for all groups, working
with antiprotons.

I am indebted to Prof. C.Guaraldo for numerical discussions and hospitality

during my visit to LNF, where this paper was done, and to Dr's. B.Martyemyanov and
F.Nichitiu for discussions.. '
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Appendix 1. Cross-sections for three pseudoscalar meson production.
For pp annihilation we can write, neglecting with phase space corrections:

A. Reactions with f3 production.

olpp — (°7°),20 7°1 = o(£357°)B(f5 — 7°7°) = 270, B
olpp = (7717 )07 1 = o(f57°)B(f5 > a1t 77 ) = 270, 2B

- . 1
olpp — (sme)n’) = o(F57°)B(f5 — mgng) = 270, 538

_ ; ; 2
olpp — (sno) 7’1 = o(f37°)B(f5 = ngmp) = 2700335

olpp — (n°7°)mg] = o(f3Me)B(f3 = n°x°) =90, B}
olpp — (7 77 ng) = o(f31Mg)B(f; — n"77) = 90, 2B;

- 1 s
ol pp — (ngng) Mgl = o(f3Mg)B(f3 — MgTg) = 900630 (A1)

- s s 2 s
olpp — (MgNe) Mgl = o(f2M8)B(f2 — MgNy) =90, '9‘30

olpp = (1°7°) gl = o(f3n0)B(f5 — 7°x%) = 180, B}
olpp = (7ta7)ngl = o(f3ny)B(f3 = n*n) =180, 285

_ 1
olpp = (MMg) Nl = 6(f3M0)B(f5 = NgNg) = 1800538

— 2 s
olpp — (MgNy)Me) = o(f3710)B(f2 = MgNp) = 180, 580

B. Reactions with f, production.

olpp = (2°7°%) 19 2% = o(£,7°)B(f, > 7°7°) = 6 By
olpp = (717 )10 7° ] = 6(f,8")B(fy = 77 n7) = 04 2B,

- 1
olpp — (3M5)7°1 = o(f,7°)B(f2 — MgTl) = Op 530

- 2
olpp — (MgTip) 7’1 = o (f,7°)B(f, — mgMy) = % 5 Bo
olpp — (2°n°)ng) = o(f2m5)B(f, = 7°7°) = 30 By

olpp = (n"n7 )] = 6(f,1g)B(f, = &' 77 ) = 309 2B,
- 1

olpp — (MgM)Ng]l = a(f,M3)B(f2 — MyTRg) = 300630 (A2)
- 2

o{pp — (NgNe) Mgl = a(f,Mg)B(fy — MgMp) = 300530

olpp — (2°7°) g1 = o(f2,10)B(f, = 7°1°) = 605 By
olpp = (A" )N = 0(f219)B(f2 = 777 ) = 60y 2B,
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- 1
olpp — (MgNg) Mo = (f210)B(f2 — NgMg) = 600680

- 2
olpp = (MgN) Ml = 0(f,M)B(f, — MgNp) = 60'0530

C. Reactions with a, production.

olpp — (n°ng)n°1 = 0(adx®)B(ad — 7°ng) = 60, B,
olpp = (2°19)7°] = o(a n")B(a) — 7°ny) = 60, 2B,
" oflpp = (xmx)n* 1= olazn*)B(a; — n1g) = 63, By
olpp = (x™ng)n* )= o(a; n*)B(a; — w™1y) = 60,4 2B, (A3)
olpp — (2°g) 1] = 0(a3 1lg) B(a@) — n°1g) =204 B,
olpp — (x°np) Mgl = 0(a3ng)B(a) — n°7) = 20, 2B
alpp — (2°715)19] = 0(a3 M9)B(a3 — n°1g) = 40, By
olpp = (°71p) M1 = 0(ad 1) Bla§ — 1°1g) = 40, 2B,

D. Reactions with ¢, production.

olpp = (1°71°);2, 7% = (3 2*)B(c] — %) =80y B,

olpp — (777 )1, 7% = a(cIn®)B(c) » n*x7) = 800—;-32 (Ad)

olpp = (%77 ), %] = o(c; n*)B(c; — n°n™) = 600%1;2

Corresponding relations for pn annihilations have the form:

A. Reactions with f5 production.

olpn — (2°7°).0n7 1= o(f377)B(f3 — n°n°) = 540, B§
olpn = (t* 77 )20 1= o(f3n)B(f5 = n*n”") = 540, 2B

- - S 1 s
olpn — (Ngng)n™ 1= o(f277)B(f; > NgMg) = 540’0530 (A5)
- _ - 2
olpn — (Ngnp)n™ 1= o(f277)B(f3 — MgMy) = 5400538
B. Reactions with f, production.

olpn = (2°7%).0 77 1= O(f,77)B(f, — 7°7°%) = 204 B,
olpn = (A" 7)o" 1= o(f,n7)B(fy, = ) =204 2B,
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- _ _ . 1
ofpn = (gng)n™ 1= o(fomr )B(fy — Ngng) = 2‘3'0530 (A6)

- _ - 2
olpn = (MgMo)n™ 1= o(fon")B(f, = MgNg) = 200530

C. Reactions with a, production.

olpn — (2" Ng)1] = 0(a; 118)Ba; — 7™ ng) = 400 By

olpn — (77 1g) g1 = o(a; Ng)B(a; — & 1,) = 469 2B,

olpn — (" ng)N) = o(a; Mg)B(a; — n™ 1) =800 By (A7)
olpn — (27 1g) gl = 0(a; 1g)Bla; — 7w 1,) =80, 2B,

D. Reactions with ¢, production.

olpn = (2°72°) 2,77 1= (3 7)B(c) — 7°7°) = 46, B,

olpn = (A A7) 1= O(In)B(c) = ntn7) = 40’0%132
- 0_-,0 -0 - 0._- 3
olpn - (" )x’l=0(c;m )B(c; > ' )=120'0532 (A8)

OIEn = ()t = 0'(6‘2__7t+)B(62_— > )= 240’0-3-82

here 0y is the cross-section of the reaction Ep - f27r°, B, is the branching ratio of
decay f, — n°r°, By is the branching ratio of decay f; — 7°x° (in general, B may
be different than By), B, is the branching ratio of decay ag - nong and B, is the
branching ratio of decay cg - 2°r°.

When deriving eq's (A1-A8) we used amplitudes given by eq's (8,9) for four-

quark meson production cross-sections and Clebsh-Gordan coefficients and eq.(7) to
obtain the branching ratios of four-quark meson decays into pions, 7g's and 17;'s.
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Appendix 2. Decays of meson resonances into S- and P-wave mesons.

Table Al.

Decays of meson resonances with all possible quantum numbers with spin less
than 2 into two S-wave gq mesons. The exotic mesons are shadowed.
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2o lo gl a| |10 el 2 il 2
moi el 6l el il alole
g bl gl olollcel el gl il cellR]l e

Glol 2l el a6 ]l cgl2 |G

G
G

Here numbers are the lowest possible orbital momenta in corresponding two-
particle decay, G stands for G-parity conservation forbidden decays, P stands for parity

conservation forbidden decay and P-I denotes symmetry forbidden decays for identical
particles in the final state.
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Table A2
Decays of meson resonances into one S-wave and one P-wave gg mesons

w ﬂ fop | _&w|aﬁ7r|a0n




e

Table A2 (continued)
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Table A2 (continued)
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