


1. INTRODUCTION 

The nn-scattering plays a specific role in the particle physics. On the 
one hand, because of the absence of pion targets experimental data on the 
n;r-scattering are obtained in an inderect way from other reactions with 
pions: n N  + Nnn,  Kl,-decay: ef  e- - nn,  NN + 2n, K -+ 2n(3n), 
77 - 3n etc. (see, for example [I]-[4]). 

To extrapolate the experimental data to the small energies, various 
theoretical models are used which sometimes lead to uncertainties in the 
final results. Therefore, it is necessary to perform the theoretical inves- 
t,igations for the real understanding of such processes and, in particular, 
to develop models providing certain quantative predictions. 

On the other hand, the nn-scattering has a number of specific fea- 
tures: it is the simplest system of spinless particles; a pion is the lightest 
hadron; the nn-amplitudes are the complete cross-symmetrical ones. As 
a rule, the parameters of any model are very sensitive to description on 
the experimental data of the nn-scattering so the latter can be considered 
as a good test for the models. 

Theoretically, the nn-scattering has been investigated in many ap- 
proaches: dispersional relations, chiral-broken theory, current algebra, 
duality models and quark ones. The good classifications of the models 
suggested up to the middle of 1975 year are given in the book [I]. The 
models suggested later are adequatily described in 121. The complete re- 
view of this problem can be found in [lj-[4]. It should be remarked that 
any theoretical approach claiming to describe strong interactions has to 
explain the nn-scattering as the latter is included as a part in more com- 
plicated processes (see, for example, [3]). As a rule, the nn-scattering 
was considered disregarding the quark structure of pions and interme- 
diate mesons (for example, dispersional relations, chiral theory, current 
algebra). At present, much attention is paid to the study of quark degrees 
of freedom in the hadron-hadron scattering at low energies. Therefore, it 
is interesting to investigate how the quark structure of mesons manifests 
itself in the nn-scattering. 

In the paper [5] ,the QCM was suggested to describe the hadron quark 
structure at  low energies with allowance for the quark confinement. Both 
the static hadron characteristics such as decay widths, magnetic moments 
etc. and the electromagnetic and strong form factors were described in 
the framework of this model with quite a good accuracy [5]-[9]. 



The aim of this work is the description of the nT-scattering in the 
QCM and the  investigation of the stability of the  final results to a change 
of input model parameters. Especially, we are interested in the nature of 
the  broad scalar ~(700-800)-resonance. Our conclusion consists in t,hat 
the  experimental data of the s-wave xx-scattering cannot be described 
without uncluding this resonance. 

2. THE BASIC NOTIONS O F  THE QCM. 
KINEMATICS AND NOTATION 

The QCM was described in details in [5]. Here, we ~ r o c e e d  with 
the  basic notions of this model. In the QCM, hadrons are considered to 
be collective colourless excitations of the quark-gluon interactions. The 
confinement is supposed to be realized as averaging over some vacuum 
gluon backgrounds. 

The  quark diagrams describing hadron interactions are induced ,by 
the  S-matrix which can be written as 

Here, LI  is the  Lagrangian describing an interaction of quarks with 
hadrons. The  time-ordered product is supposed to be the  ordinary Wick 
T-product of hadron and quark fields with the  quark propagator: 

The quark fields must be equal to zero after normal ordering. 
The measure da,,,, i.e. the way of averaging of quark diagrams over 

vacuum gluon backgrounds is defined as [5]: 

where 

The mass dimensional parameter ,lf defines the confinement region 
of quarks with flavour f. 

The  integration measure dux is defined as 

I where G(z )  is called the confinement function. The shape of G(z) is yet 
I unknown and choice is one of the model assumptions. 

Here, we use the  functions a(u)  and b(u)  obtained in [5]: 

2 a ( u )  = 2ezp{--u - u ) ,  

~ The mass dimensional parameters are equal to 

In the QCM,all calculations of physical matrix elements are based on 
the l/Nc-expansion [5].   he low-energy xx-scattering in the  lowest order 
in l/Nc-expansion is described by the diagrams in Fig.1 

Fig.1. The  diagrams defining the low-energy xx-scattering in one-loop 
approximation (zero-order on 1 /Nc-expansion). 

I 
I 
i Let us choose the meson-quark interaction Lagrangian in the  following 
/ forin [5] ,[7] 



I Here, M, are the Euclidean fields connected with the physical ones in 
a standard manner [5], Xi are the Gell-Mann matrices ( A 0  = &I), rM 
are the correspondent Dirac matrices: iy, for the pseudoscalar mesons 
(P  = n),  -yr for the vector ones (V = p,w), I - i f $  for the scalar ones 
(S = E ;  fo). The role of the auxiliary term with a derivative in the scalar 
meson quark current will be discussed in detail lately. 

The mixing angles are defined in a standard manner 

I 
iiu + dd 

E --. cos(hS) - sin(hs)bs; 

iiu + dd 
fo - -sin(hs) 

d'5 
- cos(hs)ss; 

The coupling constants g~ are defined by the compositeness condition 
implying that the wave function renormalization constant of meson M 1s 
equal to zero 1101 

ZM = 1 + g&fIh(mk)  = 0, (5) 

where f I ~ ( p & )  is the mass operator of the meson M. The compositeness 
condition (5) implies that only mesonic degrees of freedom are indepen- 
dent in the meson-quark system describing by the interaction Lagrangian 
(3) and quarks appear as auxiliary virtual particles defining the hadron 
interactions. Thus, quarks allow one to describe the hadron inner struc- 
ture. From the point of view of the quark-hadron duality we are in the 
hadron sector and quarks in the Lagrangian (3)  are constituents and 
cannot appear in the observable hadron spectrum. 

It is more convenient to use the effective coupling cons ta~ts  hM = 
3gL/4n2 under calculations instead of gM. Their expressions and nu- 
merical values are given in Appendix 1. We will use below the follow- 

w w 
ing notation: c:) = j dttno(t); ~ g )  = j dttnb(t); X M  = 

0 0 
( m ~ / A ) 2 ;  

YM = (mM/li1)2, where r n ~  is the meson mass. 
Let us define our terminology and notation which we will use further. 

The ~n-scattering amplitude is defined in a standard manner (see, for 
example [I] ,[2]): 

where p, and ij are momenta and isospin indices, respectively; s,t,u are 
the Mandelstam variables: s = (pl + p2)2, t = (pl - p3)2, u = (pl - p4)2. 

After standard calculations [5] of the matrix elements corresponding 
to the diagrams in Fig.1 one can obtain 

I 

Here, D,,j0,, are the propagators of the E,  fo  and p-mesons, respectively: 

where IIM is the meson M mass operator and WM = ( P ~ / A ) ~ .  The func- 
tions Gbz, G ,,,, Gjo,,, G ,,,, R and Bo are given in Appendix 2. 

The nn-scattering amplitudes with isospin I are defined as 





1 The imaginary part of the diagram in Fig.2b on the meson mass shell 
is connected with the M -- nn-decay width. Therefore, we will suggest 
that the expressions (8) and (9) for the meson propagators off the mass 
shell can be generalized in the following way: 

where M = p ,  e, fo. The expressions for the widths rM+TT are given in 
Appendix 2. 

Substituting (17) into (7) and performing the algebraic transforma- 
tions, we have 

for M=E and fo, respectively, arid 

3. The scalar meson problem 

The intermediate scalar mesons are very important in the nn-scattering 
but there are some unsolved problems under their description. First, we 

shall concentrate our attention on the scalar meson problem as a whole 
and then we shall discuss it in our approach [7]. 

The problem cf the experimenal identification of scalar mesons, the 
definition of their parameters and elucidati~ig their qnark structure is 
one of the most complicated problems in the low-energy physics. The 
linear realization of the chiral symmetry has required t o  introduce the 
a-particles [ll], which turned out to be convenient for the construction of 
the phenomenological Lagrangians reproducing the low-energy relations 
of the current algebra. Then, in the number of articles (see, references 
[1],[12] and Table I )  this fictitious meson gets the status of the physical 
broad e-resonance which was observed in various experiments and even 
w$s included in the Particle Data Group (PDG) [I21 with the mass m, <_ 
7OOMev and the decay width r, 2 600 Mev. But, they were not included 
there beginning froxi 1974 up to now, a ~ d  at present time the PDG 
considers that the modern experimental data can be explained without 
introducing the broad ~(700)-meson. 

In our opinion, this co~iclusion is premature and the broad ~(700)-  
meson can be included in the PDG in future. The point is that,  on the 
one hand, the experimental evidence of the scalar mesons, in particular 
~(700)-meson, meets some problems (see,for example, [14]): 

1) it is difficult to separate scalar mesons from the background and 
one from another because some of them are broad enough; 

2) a number of O++-mesons, for example fo(975) and a0(980), are near 
inelastic thresholds and feel their strong influence; 

3)they are smeared by the resonanses with higher spins having a large 
statistical weight in the cross section. 

On the one hand,the phenomenological analysis and model investiga- 
tions of the low-energy processes permitting appearance of scalar mesons 
in the intermediate states indicate the importance of taking them into 
account in the description of the experimental data. In Table 1 there 
is a wide set of numerical values of m, and r, obtained in an analysis 
(see references [1],[12],[15]). One can see, the mass and decay width val- 
ues are changed in a quite wide interval (m, = (500 - 600) Mev and 
r, = (300 - 1000) Mev). 

1 
The quark composition of o$+-mesons is not yet clear. The suggestion 

about their two-quark nature does not contradict the well-established ex- 

1 perimental data (see, for example, [21],[22),[36]- [38]). But there are some 





Fig.4. The dependence of GsTT(ms)/GSm(0) on mass m s  in the case 
JO++ = qq. 

Fig.5. The graphic condition that the x x  - ux and 77 - x x  i 
amplitudes are equal to zero when all external momenta and pion mass I 

are equal to zero. I 

+ 
one (re,, = (26-5 Mev). In order to avoid this problem it  was proposed 
to use a more complicated form of the scalar quark current with a ma- 
trix rs = I - iHa/A where H was suggested to be a free parameter. 
The parameters H, mixing angle Ss and mass m, have been defined by 
fitting, first, the experimental values of the decay fo - ?m width, the 
xx-scattering s-wave lengths a: and a: and, second, the condition that 
the amplitudes xx  - xx  and 77 - xoxo turn to zero when both all 

external momenta and pion mass tend to zero (see Fig.5). 
It was found that 

Other modes of the scalar meson decays, the pion polarizabilities and 
nonleptonic kaon decays, were described with quite a good accuracy using 
these values [7]. 

4. The TT-scattering phase shifts 

AS has been mentioned above the main aim of this work is to describe 
more sophisticated characteristics of the xx-scattering as phase shifts. As 
a rule, the most considerable efforts are applied to explain the behaviour 
of the lowest $-phase because this is very sensitive to a change of model 
parameters. 

- Therefore., we first calculate the A:-amplitude using the obtained val- 
ues of the scalar meson parameters (22). Separate contributions from 
every diagram and the total result for the ReA: are shown in Fig.6. One 
can see, our curve turns to zero at M,, - m, = 600 Mev which is due to 
the presence of the light €-meson in our approach. But the experimental 
curve turns to  zero at M, - 750 - 900 Mev. 

Thus, the question is whether it is possible to describe both the s- 
wave lengths and phase in our approach from the unique point of view. 
To answer this question we will perform a new fit to experimental data 
including the s-wave phase and suggesting that the scalar meson param- 
eters H, Ss and m, are free. 



Table 2 
The s-wave nn-scattering lengths 

(a) Separate contributions 

Table 2 (continuation) 
The s-wave nn-scattering lengths 

(b)  Other approaches. 

11 I Method I a: 1 a: 

1 1 1  I Experiment [2], [60] 
I I 

I 1 0.23f0.05 I -0.05f0.03 I Fig.6. The dependence of R e A t  on M,,. The experimental data are 
from [51] and [52]. 

Lagrangians [60] 

model [16] 

First of all, let us make some remarks about a sensitivity of the phys- 
ical values on these parameters. Formally the a t  and a: depend on H ,  
sinSs and m, but really they are not sensitive to a change of sinSs. The 
dependence on H is much stronger than on m, so that one can find such 
a value of H for any m, to describe a: and a: simultaneously. In fact, a 1 

passage of the phase c through is defined by a value of m,. 
I 
I 

0.22 

0.26 

I Current algebra [61] Therefore, we use the following scheme of fitting: 
1) One calculates a: and a: for different values of m, and plots them as 

functions of H (see Fig.7). After that,  one defines the allowed connection 
of H and m, (see Fig.9) from the best agreement with experimental data. 

2)One calculates for different values of H and plots it as a func- 
tion of sinSs (see Fig.7). After that, one defines the allowed connection 
of H a i ~ d  sinSs (see Fig.9) from the best agreement with experimental 
data. 

3 )One calculates $ for different values of m, using the obtained values 
of H 2nd Ss and plots it as a function of M,, (see Fig.10). After that, 
one defines m, fro111 the best agreement with experimental data. 

-0.05 

-0.05 

0.20 -0.06 





M&, MeV 

Fig.9. The allowed interval of values m, and H. 

with mass m, 2 700 - 800 Mev. The fall of the theoretical curve near 
M,, -. 950 Mev is caused by the narrow shape of the fo(975)-resonance 
having I',,,,l -. 26 Mev (see Fig.6). To describe behaviour of the 6: above 
950 Mev it is need to take into account the coupling of thefo(975) with 
the KK-channel and also the contribution of higher resonanses. 

0.3 0.5 0.7 0.9 k 
GeV 

Fig.10. The dependence of 6: on M,,. The solid lines (1)-(8) are our 
results for the different values of m, indicating here. The lines (9), (10) 
and (11) are from [32], [23] and [59], respectively. The experimenal data 

are from [53]-[58] 

The numerical values of the s-wave lengths a: and a; are shown in 
Table 2. There are separate contributions from every diagram and to- 
tal results. One can see, there is a good agreement of our results with 
experimental data [2] ,[60] and other approaches. 

The dependence of the E - ?r?r decay width on the 6- meson mass is 
shown in Fig. 11. One can see that I',,,, E (700 - 930) Mev in the allowed 
interval of free parameters (22). In other words, the scalar €-meson turns 
out to be broad enough in our approach. 



Fig. 12. The dependence 5: on M,,. The solid line is our result. The 
point line is the p-meson contribution only. The dash line is result from 

[59]. The experimental data are from [62]-[64]. 

Fig.11. The dependence of I',,,, on H. 

We have obtained also the behaviour of the higher phases 5:, 5; and 
using the above fixed parameters (see Fig.12,13). The behaviour of 5; 

and 6; is completely defined by the p-meson exchange. The magnitudes of 
5: and 5; are small up to M,, < 1 Gev. Therefore,. the theoretical values 
of 5: ,g and 6; are not sensitive to a change of scalar meson parameters 
up to M,, -. 900 Mev. 

4. Summary and outlook 

Thus, the s-wave lengths and phases of nn-scattering and the two- 
pion decay widths of scalar mesons are simultaneously described in the 
framework of the QCM. It was found that the broad ~ ( 7 0 0  - 800 j-meson 
with I?,,,, > M, must be take into account and this conclusion is be- 
lieved to be model independent. 

We consider our results as preliminary ones. Further we are going to 
perform more careful calculation of the nn-scattering amplitude in the 
first order of the l/Nc-expansion. It  is interesting to investigate scalar 
mesons as more complicated objects like four-quark states or mixture 
of quark and gluon ones. Moreover, it is necessary to consider other 



Appendix 1 

Fig.13. The dependence of and 6; of M,,. The solid lines are our 
results. The experimental data are from [55],[64j ,1651. 

processes with scalar mesons in intermediate states, for example, x N  
T N ;  N N  - N N ;  77 - T T ;  N N  -- T T ;  77' -- 7 ~ s ;  ~ ( 7 7 ' )  -- 3 ~ ;  
K - 2x, 3x etc. 

At last, undoubtedly more reliable experimental data on scalar meson 
characteristics are needed to  clarify the nature of scalar mesons and their 
role in the low-energy physics. 
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The effective coupling constants hM are determined from (5) using 
the QCM calculation methods 151: 

when H = 0.55; sinss = 0.24. 

Here 



Appendix 2 

In the present work all the calculations of the physical matrix elements 
were performed with inclusion of mass dependences. But it turned out 
that the obtained values depend very slightly on the pion mass. There- 
fore, we present below the expressions of structure integrals withorit the 
pion mass. 

(0) F s p p ( x )  = cjpOJ - - 
4 - Jl  - u], 

0 

1 1-2 1-z-y 1 d y  1 d z z b 1 [ -  
x z s  + y t ( 1 -  x  - y  - z )  

2~~ A I ,  
0 0 0 
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