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We investigate the concept of quark—hadron duality in meson physics at low and intermediate
energies. Using a relativistic quark propagator that takes into account the confinement
phenomenon and including scattering of pseudoscalar and vector mesons in the interaction
dynamics, we have calculated the masses and widths of mesons that are S- and P-wave states of
a quark—antiquark pair and also the meson—meson scattering amplitude up to energies

Vs=1.3 GeV. Our investigation has shown that the inclusion of pseudoscalar and vector mesons
in the interaction dynamics leads to the following results: 1) The constituent quark mass is
increased by about 200 MeV; 2) a barrier that is due to confinement forces and is responsible for
the formation of highly excited states appears; 3) suppression of the instanton-induced

forces that are needed in the construction of a purely quark model is observed. © 1996 American

Institute of Physics. [S1063-7796(96)00101-X]

1. INTRODUCTION

One of the most important problems in the physics of the
strong interactions is the confinement of objects with color:
quarks and gluons."? Intimately intertwined with this prob-
lem is the problem of calculating or explaining the properties
of the constituent quark on the basis of the fundamental prin-
ciples of quantum chromodynamics. This problem, which
has always attracted the interest of physicists, has begun to
be discussed particularly intensively in recent years.> ® It is a
widely held view that the breaking of chiral symmetry re-
sponsible for the formation of constituent quarks is mani-
fested at distances r=0.1-0.2 F. Thus, processes at large r
can be described in terms of constituent quarks and effective
gluons, both of which are very different from the quarks and
gluons of chromodynamics.

Moreover, the success of the quark model in the descrip-
tion of the light hadrons has shown that at distances less than
1 F the constituent quarks can be regarded as ordinary par-
ticles, and therefore, when working with them, one can for-
get confinement. However, in the calculation of excited
states and of the amplitudes of meson scattering at low and
intermediate energies the confinement problem becomes a
central one. Modeling of the confinement mechanism makes
it possible to clarify different aspects of this phenomenon. In
several papers devoted to hadron spectroscopy, confinement
is modeled as an infinite potential wall (see, for example,
Refs. 7-9). A qualitatively correct description of highly ex-
cited hadronic states was obtained with a linearly rising po-
tential: V(r)~ ar (see the discussions in Refs. 10—13). This
shows that the confinement forces are not small at large dis-
tances and that the radius of the excited hadrons increases
with their mass. However, the potential approach does not
describe another important aspect of this phenomenon:
Quarks can readily leave the confinement trap if their energy
is sufficiently great for self-neutralization by means of the
creation of a new quark—antiquark pair.

The phenomenon of soft quark neutralization was first
discovered in the production of secondary particles in hadron
interactions at high energies (see Ref. 14 and the references
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given there). In the fragmentation region, the produced par-
ticles carry the momenta of the spectator quarks of the initial
hadron, and it is rather difficult to explain this effect in the
model of a linearly rising quark potential or in the relativistic
generalization of this model.

In this paper, we present a review of a series of investi-
gations, individual results of which were published in Refs.
15-17 devoted to the construction of a relativistic confine-
ment model on the basis of the transitions gqg—mesons and
qq—mesons—qq. Namely, these processes must form an
effective “potential wall” responsible for the formation of
the highly excited hadronic states. It is very probable that
such a mechanism will also be able to clarify the phenom-
enon of quark—hadron duality, i.e., the possibility of describ-
ing the processes both in the language of hadrons and in the
language of quarks. The best known and simplest example is
e*e” —hadrons annihilation. The total cross section
o{e™ e ™ —hadrons) is equal to the imaginary part of a quark
single-loop diagram that has only a quark—antiquark thresh-
old singularity. However, the unitarity condition is expressed
in terms of hadronic and not quark singularities. This means
that if we use the corresponding quark (or gluon) propagator,
we can express the quark singularity in terms of a set of
hadronic singularities. As will be shown in what follows,
these hadronic singularities are intimately related to the con-
stituent quark mass, and the establishment of this relation-
ship is one of the central points of our investigation.

Thus, the construction of the confinement model is based
on the following principles:

1) The quark propagators are defined in such a way that
the quarks, bound by confinement forces, are not manifested
in the form of free asymptotic states.

2) The quark diagrams that are used to calculate observ-
able processes have the correct analytic properties—they
correspond to hadronic singularities of the considered pro-
cess.

To satisfy these requirements, it is convenient to use a
spectral representation of the quark propagator expressed by
means of an integral over the quark mass'®—an analog of the
Kaillén—Lehmann representation. In the framework of such
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FIG. 1. Quark potential determined by the short-range interaction and the
linearly rising confinement potential.

an approach, we calculate the masses and widths of bound
qq states: mesons with JP=07,1" (S-wave qg states) and
mesons with J*=0%,1* 2% (P-wave ¢q states). Inclusion of
qq—(two mesons) processes also makes it possible to calcu-
late the scattering amplitudes of the pseudoscalar and vector
mesons up to an energy \/E =1.3 GeV.

The constructed model has a number of features in com-
mon with approaches developed to describe mesons at low
and intermediate energies. An example is the hybrid model
of Ref. 19, in which not only quarks and gluons but also
pions are included in the effective Lagrangian as Goldstone
bosons. Meson—meson scattering amplitudes were calculated
in Refs. 20 and 21 in the framework of a nonrelativistic
quark model. The possibility of introducing mesonic degrees
of freedom to describe highly excited states was discussed,
for example, in Refs. 22-26.

The review is constructed as follows: In Sec. 2, we dis-
cuss without allowance for confinement the quark model that
is the point of departure of our investigation. In Sec. 3, we
consider the confinement mechanism, the method for taking
this mechanism into account in the model, and the method of
calculating the meson spectrum and meson—meson scattering
amplitudes. The results of the calculations, the parameters
used in the model, and their effect on the results of the cal-
culations are discussed in Sec. 4. Brief conclusions are given
in Sec. 5, and technical details are presented in three appen-
dices.

2. DYNAMICAL QUARK MODEL WITHOUT
ALLOWANCE FOR CONFINEMENT FORCES

Potential models, including relativistic generalizations of
them, have helped to clarify many problems of meson spec-
troscopy. It is therefore appropriate to begin the discussion
by using the results and language of the potential approach.

The standard version of the potential model is shown in
Fig. 1. The potential responsible for the formation of the gg
states can be divided into two regions: 1) the region of com-
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FIG. 2. a) Example of a planar diagram in the calculation of the meson
self-energy part; b) interaction block of QCD gluons; c¢) diagram of the
exchange of the effective particle.

paratively short distances (short-range forces) less than or of
the order of 0.3-0.5 F; 2) the region of large distances (long-
range forces) of the order of 1 F or more. The short-range
part is determined mainly by an effective interaction of the
type of gluon exchange and/or instanton-induced forces. The
long-range part is usually parametrized by a linearly rising
potential, V(r)~ ar, and it is this part that is associated with
the confinement forces (Refs. 27-30).

The short-range potential forces are responsible for the
formation of the low-lying mesons, which are S-wave gq
states with J°=0" and 1~. The long-range confinement
forces are needed to construct the highly excited states of
mesons with J© =1*2% ie., P-wave qq states and also
other mesonic states (D-wave mesons, radial excitations,
etc.). Especially mysterious are the 0" states, which are situ-
ated directly at the boundary between the two regions. The
problem of the formation of these states requires special con-
sideration.

In Ref. 15, we constructed a relativistic model of gq and
gq interactions at low energy without allowance for the con-
finement forces, i.e., the quarks were treated as ordinary par-
ticles. The short-range component of the quark interaction
was constructed as follows. The meson self-energy diagram
due to the interaction of QCD quarks and gluons is consid-
ered. In accordance with the rules of the I/N, expansion, the
main contribution to this process is made by planar diagrams
of the type shown in Fig. 2a, in which the wavy lines denote
QCD gluons. Diagrams of such type can be divided into
interaction blocks and states with a propagating ¢q pair (for
example, the diagram of Fig. 2a contains two interaction
blocks and three intermediate gq states). The interaction
block shown separately in Fig. 2b can be approximated by a
sum of diagrams with the exchange of mesons and effective
colored particles (see Fig. 2¢). In this case, the amplitude of
the block in Fig. 2b, which we denote by V, is equal to the
sum of the propagators of effective particles with different
masses, colors, total angular momentum, and parity
(m,c,J P ):
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V= 2 Bm,c,JP(S)dm.c,lf’(t)’

et

where

dm,c,]”w(mz(ca-lp)“t)_l. (l)

The amplitude V is a function of the square of the total
energy s and of the square of the momentum transfer ¢. If we
restrict consideration to the interaction of quarks in the low-
energy region, then the factor B,, . ;r(s) can be assumed to
depend weakly on s, and the calculation of the interaction
can be restricted to the contribution of the states with lowest
JP. Calculations of the quark model show that exchange of
an effective gluon with comparatively large mass and the
quantum numbers of a QCD gluon is most important. Such
an interaction leads to chromomagnetic forces that give a
qualitatively correct splitting of the SU(6) multiplet.””!
However, for the quantitative description of the pion mass
and the splitting of the 7—7' mesons, it is necessary to in-
troduce in addition a white interaction with quantum num-
bers J=0". A good candidate for such an interaction is
provided by instanton-induced forces.

We now consider the significance of the appearance of
an effective gluon mass from the point of view of the effec-
tive phenomenological Lagrangian that describes the soft
processes. Such a Lagrangian must be constructed on the
basis of the QCD Lagrangian and, therefore, must be renor-
malizable, like the Lagrangian of the original theory. In ad-
dition, the effective Lagrangian must possess global color
symmetry. One of the natural ways of breaking local color
symmetry of the QCD Lagrangian while preserving global
symmetry is spontaneous breaking realized by the introduc-
tion of three colored triplets of Higgs fields.’>3 Such break-
ing leads to the appearance of an effective massive gluon and
ten scalar particles (for example, an octet of colored and two
white Higgs bosons). The parameters of the model can be
chosen in such a way that if the composite gluon has mass
~700 MeV, the masses of the Higgs bosons are in the range
1-1.5 GeV. Thus, such a model*? contains not only quark—
antiquark bound states but also in the scalar sector two white
Higgs bosons in the range 1-1.5 GeV and glueballs with
mass in the range 1.4—1.9 GeV. Despite the apparent exces-
sive number of exotic states, such a model does not contra-
dict present experimental data—the number of bound states
found in the scalar sector (see, for example, Refs. 33 and 34
and the review® of the Particle Data Group) significantly
exceeds the number of states predicted by the gg systemat-
ics.

An iterative bootstrap procedure is used in Ref. 15 to
calculate the quark—antiquark bound states. Two types of
forces are introduced as the initial interaction: i) exchange of
an effective gluon; ii) an instanton-induced interaction. Both
types of forces are parametrized as a four-point interaction:
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FIG. 3. Diagrams calculated in the iterative procedure: a) diagrams of the
first iteration, equal to a sum of diagrams (b,c,d). Diagrams of the second
iteration, in the calculation of which the diagrams of the first iteration are
used as “forces” in the s, ¢, and u channels (f, g, h, etc.).

gYP(GNY,9) 2 +28V N (GNY .l 1q) (SN y,8) +8Y7 (3 y,s)?
+ 3811+ ys),9)* = 38,(4(1 + y5)77q)*
—285(5(1+ y5)g)((1+ ¥5)s)
+&5(5(1+¥5)5)(§(1+75)q). (2)

Here 7 are the isotopic Pauli matrices, A are color matrices, g
is an isotopic column of bispinors of nonstrange quarks, and
s is the bispinor of the strange quark. The coefficient gy
characterizes the strength of the forces due to the exchange
of the effective gluon, and the coefficients g; and g charac-
terize the instanton interaction in the nonstrange and strange
sectors. The breaking of the flavor SU(3) symmetry is pa-
rametrized in the form

2 2 2
P g(qq)=(ﬂqi”‘_s)_ gl =5 (oo
14 71.2 \4 4,".2 1 7.‘.2 vV o
2
_mg _mgms 3)
81 ?gl’ 8s=— 7 8s-

The mass of the nonstrange quark, m ¢ is taken to be 385
MeV, and the mass of the strange quark, m,, is 510 MeV. To
eliminate the divergence in the single-loop quark diagrams,
the single-loop integral is regularized by means of the cutoff
function

s

F(A,s,ml,m2)=exp[—A(m—1)}. 4
Here A is the cutoff parameter, s is the square of the total
energy of the quark—antiquark pair in the dispersion repre-
sentation of the loop diagram, and m, and m, are the quark
and antiquark masses. We note that investigation of the
model revealed it to be insensitive to the form of parametri-
zation of the cutoff function. For example, the use of the @
function or a function with power-law decrease in s gives
very similar results.

The scattering amplitude obtained after the first iteration
(Fig. 3a) is equal to the sum of the diagrams shown in Figs.
3b, 3¢, and 3d, in which the point vertex is determined by the
interaction (2). The four parameters gy, g;, g5, and A of the
model are fixed by the experimental masses of the 7, K, 7',
and p mesons. An iterative bootstrap procedure is then used.
This means that the calculated amplitudes are used as the

V. V. Anisovich and A. V. Sarantsev 3



TABLE I. Masses and partial widths of J”C=0"" and J"C=1"" mesons. All quantitics arc given in mega-

clectron-volts.

Calculated m,=390 m =625 m,=625 m,=625

quantity A=0 A=0 A=100 A=200 Experiment
m() 140 140 140 140 140
m(K) 495 495 495 495 495
m(n) 550 562 564 565 548
Op(deg) -18 —10 =10 =10 —10to —20
m(7') 960 960 960 960 958
m(p) 770 775 775 775 768
T,., ; 150 150 150 149+3
m(K*) 890 886 885 885 892

| - 48 48 50 50*1
m(w) 765 767 766 766 782

| - - - - 8
m(d) 1025 1044 1046 1048 1020
Tk - 4 4 5 45

initial interaction in the following iteration (see Figs. 3f, 3g,
and 3h). The interaction parameters were determined in such
a way as to recover the correct masses of the above mesons.
Such an iterative procedure converges comparatively
rapidly—usually two iterations are entirely sufficient (five
iterations were performed in order to test the convergence).

The results of the calculations are presented in the first
columns of Tables I and II. It can be seen that the masses and
mixing angles of the 7, w, K*, and ® mesons agree satisfac-
torily with the experimental data. This is an indication that in
the calculation of the properties of the low-lying mesons the
confinement forces can be ignored. Moreover, the scalar me-
sons obtained in the model have masses of about 1000 MeV.
This is an important result, and we shall discuss it below in
more detail.

Another interesting result concerns the mass of the com-
posite gluon. As the initial interaction of the iterative proce-
dure we used the Lagrangian (2) in which the interaction of
gluon type is a point interaction, corresponding to an infinite
effective mass of the composite gluon. However, after
completion of the iterative procedure with allowance for

G —qq— G transitions a composite gluon with finite
mass M;~700 MeV is obtained. This value is fairly strin-
gently related to the mass of the p meson, which was used to
fix the parameters. We consider this phenomenon in more
detail, using the language of potential interaction (however,
it must be borne in mind that such an interpretation gives
only a very crude reflection of the results of the bootstrap
approach, which is a relativistic method that takes into ac-
count the interaction dynamics in the crossed channels). The
effective potential equivalent to the bootstrap interaction is
shown schematically in Fig. 4a. This potential corresponds to
the short-range part of the potential in Fig. 1 (i.e., the long-
range part directly related to the confinement forces at r>1F
is absent). The mean range of the potential in Fig. 4 is mainly
determined by the reciprocal of the composite gluon:
(r)wen~1/M . On the other hand, this same range is deter-
mined by the meson masses chosen to fix the parameters. It
is this that has the consequence that the gluon mass is close
to the mass of the p meson. For such a mass of the composite
gluon, the mass of the lowest glueball (J*€=0%") must be
about 2M ;~ 1400 MeV. This value is very close to the value

TABLE II. Masses and partial widths of J”¢=0""* mesons. The resonance mass is defined as the position of the
maximum in the square of the scattering amplitude. All quantities are given in mega-electron-volts.

4

Calculated m,=390 m,=625 m,=625 m,=625
quantity A=0 A=0 A=100 A=200 Experiment
m(fo) 780 875 877 875 880+20
m(ao) 950 998 998 998 985
Tt - 84 76 70 57+ 11
| e - T2% 75% 13% seen
| - - 28% 25% 27% seen
m(K,) 1080 1250 1242 1236 1430+6
| - 300 316 320 287+23
| P - 88% 84% 87% 93%
Tk, - 12% 16% 13% -
m(fq) 1200 1715 1718 1720 17105
Tt - 144 190 230 150+15
. - 18% 18% 17% -
5 - 48% 48% 50% -
| B - 22% 21% 21% seen
Ty - 8% 7% 7% -
r - 4% 6% 7% -

L
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FIG. 4. a) Potential corresponding to the forces used in the model without
confinement. b) The potential after inclusion of the meson box diagram.

obtained according to the mechanism of the quenched
approximation”"*o of lattice QCD, in which the mass of the
lowest glueball is 7 gyepan(0* )~ 1550 MeV (Ref. 41).
Note that the bootstrap quark model without allowance
for confinement forces correctly gives the other low-energy

quantities, for example, the nucleon and A-isobar masses and
the pion and kaon form factors.'>*2

We summarize the main results of the model considered
above:

1) This model gives a very good description of the short-
range part of the interaction, where the exchange of a com-
posite gluon with mass 700 MeV plays the central role. The
instanton forces are weak compared with the gluon forces,
gv/g;~1/4, but they are needed to explain the gluon mass
and to obtain the correct splitting and mixing angle of the
7—7" mesons.

2) The scalar mesons have a mass of about 1 GeV.

3. THE g+ g— M+ M TRANSITION AS THE PROCESS
RESPONSIBLE FOR THE CONFINEMENT
MECHANISM

In the previous section, we considered an iterative boot-
strap model, in the framework of which the short-range com-
ponent of the quark-interaction forces was investigated. The
next step is the construction of the long-range component—
the confinement forces. In the potential models, this problem
is solved by means of a linearly rising potential barrier:
V~ ar. This potential barrier must ensure two main proper-
ties of confinement: the formation of highly excited bound
states and the absence of asymptotically free quarks. Al-
though the first property is very satisfactorily fulfilled (the
spectrum obtained in the potential models agrees well with
the experimental data), the fulfillment of the second property
in this approach leaves many open questions. In reality, con-
finement forces should not act as an absolutely impenetrable
barrier: the majority of excited hadrons decay readily into
multihadron states; therefore, the production of an additional
quark—antiquark pair readily ensures color neutralization.
Figure 5a shows an example of such a process: The quarks
that form an excited gq state are emitted, producing a new

v
e

meson Ct

ey
J
o

FIG. 5. a), b) Diagrams corresponding to quark decon-
finement; c), d) meson box diagrams responsible for
formation of the confinement barrier.

meson
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quark—antiquark pair and thus forming two outgoing me-
sons. Such a transition, which we shall denote by
g+¢—MM, is shown separately in Fig. 5b; it plays the
main role in confinement physics.

The importance of the process shown in Fig. 5b was
recognized quite a long time ago. Moreover, investigation of
the secondary particles in the fragmentation region in high-
energy collisions of hadrons supplies direct information
about the “soft” production of new quark—antiquark pairs:
The momentum distribution of the spectator quark is re-
peated with good accuracy in the distribution of the second-
ary particles (see Ref. 14 and the references given there).

The process of transition of a quark—antiquark pair into
mesons is the main object of our investigation. If we inves-
tigate only quark—antiquark transitions, then the box diagram
shown in Fig. 5c¢ corresponding to the product of two
q+q—M+M amplitudes determines the confinement
forces at r=1 F. In other words, the diagram of Fig. 5¢c must
create a potential barrier for the first excited states of the type
of Fig. 4b if low-lying mesons form the intermediate states in
the box diagram. It may be hoped that the set of diagrams
shown in Figs. 5¢, 5d, etc., is capable of reproducing the
entire “barrier” that determines the confinement forces. On
the other hand, all these diagrams have an imaginary part due
to meson production and, therefore, reflect another aspect of
confinement: the process of soft color neutralization.

4. QUARK-HADRON DUALITY

Allowance for the box diagram of Fig. Sc does not pre-
vent quarks from leaving the interaction region in the form
of asymptotically free particles. Therefore, it is necessary to
take a further step and modify the quark propagator.

Modification of the quark propagator to ensure quark
behavior as |r|— as an exponentially damped wave has
long attracted attention. Propagators that contain only poles
in the complex plane of k* can give such damping, and the
simplest diagrams, for example, the single-loop quark dia-
gram, will not contain any quark singularities on the first
physical sheet. However, the existence of quark singularities
in more complicated quark diagrams remains an open ques-
tion. In any case, such an approach contains a serious
shortcoming—quark—hadron duality is not in any way taken
into account. One of the methods that makes it possible to
take into account this property is use of the Kallén—Lehmann
representation for the description of the quark propagator:

1

m—k’

ff(k)=f 2dmzp(m) 5)
I

where p(m) is the distribution of the quark mass and has
properties that will be discussed subsequently. We note im-
mediately that this representation should not be regarded lit-
erally as the propagator of an individual free quark; it mainly
reflects the properties of a quark in the quark—antiquark in-
teraction.

The well-known process e e~ —hadrons gives an ex-
ample of quark—hadron duality, in which the imaginary part
of the single-loop quark diagram corresponds to the sum of
the imaginary parts of the hadron diagrams. We shall con-

6 Phys. Part. Nucl. 27 (1), January-February 1996

] pis <
O = A It A,
q B T

a b c

FIG. 6. a) Single-loop ¢g diagram; b), ¢) the corresponding meson dia-
grams.

sider this process in more detail. The single-loop quark dia-
gram describing the process y*—qg—y* (Fig. 6a) is

l'[;/;_,’= —Njﬂzdmfp(m 0 fﬂzdmgp(mz)

X f dk Tr{i I’ : I : 6)
Ir A ! A ’
i(277)4 le_kl g m2—k2
where v,v' are photon indices, and N is the number of colors

(we consider a diagram for a fixed quark flavor). For the
imaginary part of this amplitude, we obtain the expression

(m|+m2)2ss

) dmidm3p(my)p(m>)

Im H;’;-' (p)=NLM

dQ,
X D(s,m, ,mz)f T T{T ,(m,

+é)ryz(m2+£~ﬁ)}, (7)
where p is the photon momentum, s=p2, and ®(s,m,m;)
is the two-particle phase space:

1

167rs
X \Ls=(m+m2)][s = (m,—m,)?].

8)

Integration over the solid angle d{), is integration over all
directions of the vector k for fixed values of the 4-vectors k
and p —k, namely k*=m? and (p — k)*=m?. The integration
over the quark masses is restricted by the condition
2usm;+m,< \/; For \/:v_$2,u,, this leads to the equation

Q(s,m(,my)=

Im [T =0. )

qq
The total cross section the annihilation of ¢ * ¢ ~—hadrons is
proportional to the imaginary part of the amplitude (7):

72 (s)=(—p28u,tpup,)TI(s),

o(e*e” —hadrons)~ D, Im II(s). (10)
color
The experimentally observed processes are ete™ —2r,
ete”—3m, etc. These processes are determined by the
imaginary part of the diagrams shown in Figs. 6b, 6c, etc.
Thus, we obtain the correspondence

>, Im 1Y (s)=Im 12" (s)+Im [12% (s) +..., (11)

qq
color 14
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where the sum on the right-hand side of the equation in-
cludes all the hadronic contributions to the self-energy parts.
Equation (11) is the duality condition for the single-loop
quark diagram when gluon emission is ignored. It can be
seen that in Eqgs. (5)—(7) we must set u=pu,,, since the first
process of hadron production that is allowed energetically is
the process e e —2r.

As we have already noted, the right-hand side of Eq. (11)
contains only hadron singularities; this reflects the fact that
the observable particles are the hadrons and not the quarks.
Thus, the single-loop quark diagram [the left-hand side of
Eq. (11)] must contain the same hadron singularities. This
means that the integration over the mass of the quarks must
not only annihilate the quark singularities but also introduce
corresponding hadron singularities. In reality, Eq. (11) can be
regarded as an equation that determines the distribution of
the quark mass. It makes it possible to reconstruct the singu-
larities of p(m), for example, the singularity at s=9u2 (the
threshold singularity corresponding to 3 production) corre-
sponds to a singularity in p(m) at m=2pu,,.

Extension of Eq. (6) to the region of high energies leads
to the result of perturbative QCD. Indeed, in the strongly
virtual region, it is possible to ignore the quark mass in the
propagator [i.e., make the substitution (m—k)—(—k)] and
thus reduce Eq. (6) to the normal expression in QCD:

4

1 1
» FV' ,2 ’ (12)

n* (p)=-N f Tr{ T
qd (p) i(2m) Py [ v 1 )
provided that there is fulfillment of the normalization condi-

tion

ftdmzp(m)= 1. (13)
o

Thus, the representation of the quark propagator in the
form of the spectral integral (5), first proposed in Ref. 18,
does not destroy the transition to the high-energy limit and
simultaneously generates in the region of soft QCD the cor-
rect singularities of the scattering amplitude on the real axis
at s>4u2 , making it possible to satisfy directly the require-
ment of quark—hadron duality. Integration over the quark
masses removes the quark singularities in the scattering am-
plitude from the first physical sheet and introduces new sin-
gularities corresponding to real hadronic states. This is the
key point in the fulfillment of Principles 1 and 2 formulated
in the Introduction.

Experience of working with the quark model has shown
that the distribution function p can be chosen to be indepen-
dent of the type of reaction and to be strongly localized
around a definite mass. In the considered model, we chose
the following parametrization of this function:

C\/mz—y.2

P = Tl A (9

where u is equal to the pion mass for the nonstrange quarks
and to the kaon mass for the strange quarks, and C is a
normalization constant determined by Eq. (13). For a narrow
distribution, A<m,, the dimensional quantity m, plays the
role of a constituent quark mass.
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FIG. 7. The Bethe-Salpeter equation in the case of coupled quark—
antiquark and meson channels.

5. BETHE-SALPETER EQUATION FOR THE MESON
SCATTERING AMPLITUDE

As was discussed in the previous section, the interaction
of the constituent quarks effectively takes into account the
contribution of all the hadronic states allowed in the given
channel. Let us consider what happens to the gg interaction
if we take into account some of these hadronic channels
explicitly—as additional channels to gqq. To calculate the
meson spectrum and meson—meson scattering amplitudes in
this case, we shall use the Bethe—Salpeter equation shown
graphically in Fig. 7. Here and in what follows, we use the
index 1 for the gq state and the index 2 for the two-meson
state. Thus, for the partial-wave amplitude with quantum
numbers J* (index j) the block A{, describes the transition
amplitude g4—qq, the block A/, describes the transition
gg— MM, and the block A}, describes the MM — MM am-
plitude. As the initial interaction we have introduced a direct
quark—antiquark interaction characterized by the function
N, and a g¢g— MM transition characterized by the function
Ny,

We recall that in the bootstrap quark model of Ref. 15
the gg— MM transition was not taken into account, and
therefore just one equation for A4, without a meson loop,
was solved. The total quark—antiquark interaction must con-
tain two parts: a short-range interaction and a long-range
interaction (confinement forces). In Ref. 15, only the short-
range component was taken into account, and we hope to
take into account an appreciable fraction of the long-range
component by means of appropriate single-loop meson dia-
grams. In order to see more clearly the contribution of the
meson diagrams to the quark—antiquark interaction, we sub-
stitute the equation for A/, in the equation for the block Al

V. V. Anisovich and A. V. Sarantsev 7
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FIG. 8. The Bethe—Salpeter equation with meson box diagrams as the ef-
fective gq— qq interaction.

The equations then obtained for A}, and A}, are shown in
graphical form in Fig. 8.

When the equation is expressed in such a form, it can be
clearly seen that the effective gg—qq interaction in our
model consists of two parts: a part due to the direct quark—
antiquark interaction (Fig. 8c) and a part due to a box dia-
gram with two mesons in the intermediate state (Fig. 8e).
The first part corresponds to short-range forces and is chosen
in the same form as in Ref. 15: It is parametrized by
instanton-induced forces and the exchange of an effective
gluon. The second part models the confinement forces but, of
course, has a much more complicated structure than the lin-
early rising potential barrier in the nonrelativistic approach.
The interaction described by the meson box diagrams has an
imaginary part determined by transition to the two-meson
state. Note that although the gg— MM transition can be pa-
rametrized in a fairly simple form, the effective gg—gqq
interaction, which is equal to the sum of box diagrams with
different mesons in the intermediate state, has a very com-
plicated structure.

When several meson channels are taken into account ex-
plicitly, it is obvious that not only the parameters of the
quark—antiquark interaction must be redetermined (com-
pared with Ref. 15) but also the properties of the quark
propagator. If we take into account explicitly the scattering
channels of the lowest mesons (for example, the S-wave ¢g
states 0~ and 1), then the mean mass m,, in the distribution
function p(m) is shifted to larger values, and the distribution
itself becomes broader. This arises from the fact that when
explicit allowance is made for the lowest two-meson chan-
nels the quark—antiquark channel is related by a duality con-
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dition only to the scattering channels of heavier mesons and
to multimeson scattering channels. With the renormalized
quark propagator and with allowance for the two-particle
scattering channels of the lowest mesons, it is necessary to
reproduce the spectrum of the lowest mesons (self-
consistency condition) and simultaneously obtain the excited
mesonic states (such as P-wave qq states). After this, the
procedure can be repeated with explicit allowance for the
scattering channels of these P-wave mesons and, therefore,
with a new redetermination of the quark propagator in order
to calculate even higher mesonic states (for example, radial
excitation of S-wave mesons), and so on. One of the main
ideas in the creation of such a model is also the possibility of
reproducing the effective confinement interaction on the ba-
sis of a simple initial interaction and taking into account, step
by step, more and more mesonic degrees of freedom explic-
itly.

At the first glance, the structure of the decay of the
highly excited mesons obtained at the intermediate step of
our model is rather unusual: On the one hand, there exists a
transition of a highly excited meson to a real two-meson
state, M*— MM, while, on the other hand, the amplitude
can still contain an “unphysical” transition M*—¢qq. The
total decay width of such a meson is equal to the sum of
these widths. The physical interpretation of the width of de-
cay to the gq state is that it reflects decays of a highly ex-
cited state into hadronic states that are not taken into account
explicitly, for example, into multimeson states. It is expected
that when allowance is made for a large number of mesonic
states explicitly and, accordingly, there is a shift of the effec-
tive quark mass the partial width of the transition to the gq
state will be decreased until it disappears completely (and the
considered model goes over into a meson model of one of
the types proposed in Refs. 43 and 44).

After this general discussion, we turn to the calculation
of specific amplitudes. For this, we consider the structure of
the matrix elements in the Bethe—Salpeter equation for fixed
quantum numbers J* (characterized by an index j). This
structure can be written in the form

(4202 )AL (4307 ¥4,
($208 Y1) A 93* 0159,
(@3 *01P o) AL (@7 *OPPEGE), (15)

where i, are the spinors of the fermions in the initial and
final states, ¢ are the boson wave functions, and Qf and
0;-‘8 € are fermion and boson partial operators in channel j.
The multi-indices A,B,C,D,E characterize both the vector
structure of the operators and the polarizations of the bosons.

The operators Qf and O;‘BC can be constructed by
means of the orthogonality condition for the imaginary part
of the single-loop diagram at an energy above the threshold
of constituent production:

1) for the fermion (quark—antiquark) channel

d4k C 7 B 7 D 2
fWTI‘{Q[(ml+k)Qj(ﬂlz+k—P)}5(ml
~ k%) 8(m3—(P—k)*)= 86,0} (s,m,,my);  (16)
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2) for the boson channel (two pseudoscalar mesons, a pseu-
doscalar meson and a vector meson or two vector mesons)

f <k 0f 0% 8(u}—k*) 8(u3—(P~k)?)
1(2,".)4 My My

= 8cp0;;P; i(S, 1y, 2), (17)
d*k kk
| o OfA(gAD 7)0””5(#1 K)o(ud (P

_k)2)=5CB ij j(ssp'lill'Z)a (18)

d*k kpkg
f i(277)4 O?CD 8DE™ ,u,2 OEBF 8FaA
1

P—k)(P—k
—%—ﬁ)&uf—k%a@%—(f’—kﬁ)
My
=6CB ij j(s’”'la#‘Z) (19)

The functions (l)} and (I)? are the phase spaces for the two-
fermion and two-boson scatterings in the state j, &; is the
Kronecker delta symbol for states with different J*, and 8ab
is the metric tensor.

Such a definition of orthogonality is particularly conve-
nient when one is using the dispersion technique to calculate
the diagrams: In this case, vanishing of the imaginary part of
a single-loop diagram of a transition between different states
automatically leads to vanishing of the real part of such a
transition as well. The list of fermion and boson operators
Qf, 0}“’ € and the expressions for the phase spaces <I>j.(s) for
scattering of fermions and pseudoscalar and vector bosons is
given in Appendix A.

To calculate the single-loop diagrams, it is convenient to
use the technique of dispersion integration. This technique is
relativistically invariant and is relatively simple in the case
of the calculation of amplitudes that have several scattering
channels; this is very important for the given model. A dis-
persion technique for integrating with respect to the mass of
a composite particle was developed in Refs. 45 and 46,
where it was applied to the description of the two-nucleon
system and demonstrated its ability to give an adequate de-
scription of both the scattering amplitudes and the properties
of the bound state. This technique is natural for taking into
account meson scattering channels, but the question arises of
the possibility of using this technique for quarks and gluons:
These particles never manifest themselves as free asymptotic
states. We note first of all that such a problem exists not only
when the dispersion technique is used but also in any rela-
tivistic approach to the interaction of colored objects, for
example, when one uses Feynman diagrams or light-cone
variables (a detailed comparison of these three approaches
can be found in Ref. 47). A general problem that arises irre-
spective of the technique that is used can be formulated in
the language of the singularities of the amplitudes: The am-
plitudes of observable processes on the first physical sheet
must contain only hadronic singularities. The use of a spec-
tral representation with respect to the quark mass solves this
problem: In the first stage, one can regard the quarks as real
particles and, therefore, use any technique to calculate the
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quark diagrams; then, having integrated over the quark
masses, one can remove the quark singularities from the first
sheet, introducing corresponding hadron singularities in
place of them.

Thus, to calculate the meson spectrum and the meson—
meson scattering amplitudes, the following scheme is used.

1. In the first stage, the quarks are treated as asymptoti-
cally free particles but with different masses in the initial,
final, and intermediate states. The technique of dispersion
integration is used to solve the Bethe—Salpeter equation. The
transition from the Bethe—Salpeter equation expressed in the
language of Feynman diagrams to an equation expressed in
the language of dispersion integration is given in Ref. 47. In
the dispersion approach, both the interaction kernel N, (con-
taining only left-hand singularities of the partial-wave ampli-
tude) and the partial amplitude AJ; itself (where i, k=1, 2
and j=J") depend on two parameters: the squares of the
total energy of the two particles in the initial and final states,
which we shall denote by s and s’, respectively. The expres-
sion for the Bethe—Salpeter equation, expressed in the frame-
work of the dispersion technique, has the form

ds' . ,
Ay(s,s))= ?AJH(S,S )

(D HE my,my)Ni (s’ ,sl) ds'
s'—s T
' D",y )Ny (s”,51)
X Afy(s,s") ————
+N{](S,Sl),

j A" i (st
Alz(s,Sl): ?A“(S,S )

(D (S 7mlam2)N[2(S ssl)

s'—s

+N]|.2(S,Sn),

(S smy ,mz)Nzl(S 51)

j ds’ '
Ad(s,s))= - Aly(s,s")

s'—s

(20)
It is convenient to solve this equation under the assumption
of factorization of the kernels N;(s,s") in the form of a sum
of products of vertices Gj; containing, like the kernel, only
left-hand singularities of the partial scattering amplitude [to
simplify the expressions, we omit in Egs. (21)—(23) the in-
dex that characterizes J©J:

Ni(s,s")= 2 GU(s)GR(s"). 1)

In this case, the Bethe—Salpeter equation can be rewritten in
the form

Auls.s")=2, Gi(s)al(s'),

mp

lpk 2 a:lp 7[:']‘( G 51'/1 s (22)
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where af,; is the interaction block that characterizes the tran-
sition from state i to the state with right vertex G in the

final single-loop diagram. The single-loop function is

© ]

nm — n !
Bipi(s,my,my)= (g2 = (8" smy,ma)
|

D (s',m,my)
ASERIUS RILY)
——s,_—s— G;;',((s',m, ,mz).

(23)

nm

We emphasize that the function Bjj;, which characterizes the
single-loop quark—antiquark diagrams, depends on the run-
ning quark and antiquark masses. Equation (22) can be
readily rewritten in matrix form and solved explicitly.

2. In the next step, we replace the quark singularities on
the first physical sheet by hadronic singularities, integrating
in each quark—antiquark loop over the quark and antiquark
mass distributions:

B(s)=f 2dm%p(ml)f 2dm%p(mz)B(s,m,,mz)@(ml
u u

+my—My,). (24)

Here the © function is a cutoff that must be made when the
quark mass is below the threshold of the first energetically
allowed hadronic channel with mass M. If all the lowest
two-meson states are taken into account explicitly in the cal-
culation, then M, is taken equal to the threshold of the
lowest three-meson state that is allowed in the given partial-
wave amplitude. For example, for the calculation of the am-
plitude with quantum numbers J7€=1"", the imaginary part
of the quark—antiquark single-loop diagram must begin at
the three-pion threshold for isospin 0 and at the arn thresh-
old for isospin 1.

We consider the structure of the kernels N;(s,s') that
are used to calculate the amplitudes in our model. The initial
quark—antiquark interaction was chosen in the form of the
effective Lagrangian (2), (3) used to calculate the meson"®
and baryon'® spectra in the framework of the bootstrap
model. The kernel of the partial-wave amplitude (Fig. 8c)
can be calculated by projecting this interaction into the s
channel. After this, the expression must be decomposed into
a sum of products of vertex functions G(s) containing only
left-hand singularities (such a decomposition is made in Ap-
pendix B). To eliminate the divergence in the quark—
antiquark diagram, the integral (23) is regularized by the
introduction of a cutoff function in the form (4).

The vertex of virtual transition of the S-wave mesons
into a quark—antiquark pair is chosen in the form

o
+1 ¢ 5 [ys(ngy cos @

T
95 Lysmgn+t YuPu8pld

+ ”'g”, sin )+ y#w“gw]q) +(S[ys(— 78, sin a

+7'g,y cos aty,®,g0ls)+(qil vsKigk

+7#K?;Lgk*]s)+(§[75kigk+Yyk?;_tgk*]gi)9 (25)
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FIG. 9. The diagram describing the gg— MM transition.

where « is the mixing angle of the pseudoscalar mesons,
whereas the vectors mesons w and ® are taken as pure states
of the nonstrange and strange quarks. For simplicity, SU(3)-
symmetric coefficients are chosen:

g'rr:gl(:gr/:gn’EgI s

8p=8w=8bp=8xk*=g2- (26)
The transition of the quark—antiquark pair into two me-

sons is described by the diagram shown in Fig. 9. The am-
plitude of this diagram is

A= (0 Ak) Q8 v)) eFPpSF (K1) F,(K?), @7

where k is the momentum of the exchanged quark, &{(k) is
its propagator, and F;(k?) are the meson form factors. The
operators Q¢ and QF describe the meson —q4 transition
and are determined by Eq. (25).

The propagator of the exchanged quark can differ quite
strongly from the propagator of the constituent quark. In the
considered approach, we have not attempted to solve the
problem of the actual form of this propagator, and we have
also not attempted to determine the structure of the form
factors; rather, we have parametrized in very simple form the
partial-wave interactions [the results of projecting the inter-
action (27) into the different partial waves] and determined
the parameters on the basis of the best description of the
experimental data. The total interaction (27) can be ex-
pressed as the sum of the partial-wave interactions in the
following form:

A= (105 P (9FOS 0 )NIy(s)

= ($05 ) (9305 0a)f(5) By (28)

Here the functions f;(s) determine the partial-wave interac-
tions, and the coefficients By are the isotopic coefficients of
the projection of the diagram of Fig. 9 into the different
quark—antiquark and meson—meson isotopic channels. The
list of these coefficients is given in Appendix C. The func-
tions f; have only left-hand singularities of the total ampli-
tude (including rescattering of the particles), and we have
parametrized these functions in the form of a product of two
vertex functions that also have only left-hand singularities:

Fi(8)=472C;G 13(5)G . (5), (29)

where C; are parameters that depend on the quantum num-
bers J”. The functions G(s) were chosen in a form that
ensures convergence of the single-loop meson diagrams:

V. V. Anisovich and A. V. Sarantsev 10



TABLE [11. Masses and partial widths of J’€=1" mesons. The resonance
masscs arc defined in the same way as in Table I1. All quantitics arc given in
mega-clectron-volts.

TABLE IV. Masses and partial widths of J"“=1*"* mesons. The resonance
masscs arc defincd in the same way as in Table H. All quantities are given in
mega-electron-volts.

Calculated ~ m,=390 m,=625 m,=625 m,=625 Calculated  m,=390 m,=625 m,=625 m, =625
quantity A=0 A=0 A=100 A=200 Experiment quantity A=0 A=0 A=100 A=200 Experiment
m(h)) - 1190 1190 1188 1170x20 m(f,) - 1283 1286 1287 1282%5
Tt - 102 146 192 36040 Fr - 38 46 70 24+3
I, . 100% 100% 100% seen T - 100% 100% 100% -
m(bh)) - 1240 1245 1242 1233*10 m(a,) - 1268 1274 1270 126030
| - 30 44 98 15010 [ - 50 84 120 350500
o - 100% 100% 100% dominant e - 62% 60% 71% dominant
m(K,) - 1245 1235 1190 1270+ 10 | - 38% 40% 29% -
T - 86 100 90 90+20 m(K,) . 1350 1310 1260 1400+ 10
| - 95% 100% 100% 20% T - 128 100 92 175+20
kp - 5% - - 40% | o - 57% 85% 95% 94%
| R - - - - 30% Ik, - 33% 10% 5% 3%
m(h,) - 1610 1610 1608 - | - 10% 5% - 1%
T - 130 160 190 -
» - 23% 23% 23%
T,; - 14% 13% 12%
| - 35% 36% 37%
Liw - 14% 14% 14% the parameters used in these calculations are given in Table
Loy - 14% 14% 14% VL

/ m;+my)%—s
qu-=)\q ( 1 —2 q,
A sq
(11t p2)*—s, s—(py+po)?
Guu= — 1+ al,
5 Sq A

(30)

where
sq=(m|+m2)2—-aq ,

se=(p1+pa)*—a,. G1)

The coefficient A, serves to distinguish the process of ex-
change of a nonstrange quark from the exchange of a strange
one. This coefficient is equal to unity for exchange of a non-
strange quark (A\,=\,=1), and in the case of exchange of a
strange quark it is used as a fitting parameter. Similarly, the
coefficient a, is taken equal to 1 GeV? for exchange of a
nonstrange quark and equal to a;=a ,,mf/ m,zl for exchange of
a strange one. The parameter « is chosen to be the same for
all channels.

6. THE PARAMETERS AND THEIR INFLUENCE ON
THE RESULTS OF THE CALCULATIONS

We discuss the results of the calculation of the meson
spectrum that are obtained by means of the model presented
in Sec. 5, in which, in addition to the quark—antiquark chan-
nel, explicit allowance is made for the scattering channels of
the pseudoscalar and vector mesons (S-wave states of a
quark—antiquark pair). At the same time, we have advanced
into the region of large values of the mean quark mass: In the
distribution function p(m), the mass m, is taken to be 625
MeV for a nonstrange quark and 800 MeV for a strange
quark. The results of the calculation of the spectrum of S-
and P-wave ¢g bound states for different widths of the mass
distribution function are given in Tables I-V. The values of
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The data on the meson scattering amplitudes are repre-
sented in terms of the phase shifts and inelasticities in the
meson channels. In the case of the presence of the three
scattering channels, the S matrix can be written in the form

2ip 2ip 2ig
ne” N mpe” ¥z p3e” s
2 2i 2
S=| 7€' 1pe”t2  pye”B | (32)
2 2 2i
73187 %3 et gp33e™P

Using the unitarity condition SS*=1, we can readily show
that only six elements of the S matrix are independent. As
these independent elements, it is convenient to choose three
phase shifts in the diagonal transitions, ¢;;, and three inelas-
ticities: 7;. In the case of a two-channel interaction, there
are only three independent variables: two phase shifts ¢,
¢y, and the inelasticity parameter 7= 17,,=1n,,.

TABLE V. Masses and partial widths of J°€=2%* mesons. The resonance
masses are defined in the same way as in Table II. All quantities are given in
mega-clectron-volts.

Calculated ~ m, =390 mg=625 m,=625 m, =625

quantity - A=0 A=0 A=100 A=200  Experiment
m(fy) - 1260 1263 1260 1275+5
Tt - 180 194 216 185+20
| - 80% 71% 65% 85%

Kk - 15% 14% 10% 5%

T, - 5% 17% 25% 10%
m(a,) - 1280 1282 1281 1318*1
[ - 44 44 42 110+5
| 4P - 29% 21% 15% 6%

- - 11% 7% 5% 14%
I‘I,,, - 3% 2% 2% 70%
Iy - 5% 70% 8% 10%
m(K,) - 1440 1445 1450 14251
Tt - 60 60 96 98+3
| % - 64% 56% 44% 50%
Tk, - 5% 5% 4% -
| RS - 2% 2% 2% 25%
| ¥ - 29% 37% 50% 25%
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TABLE VI. Parameters of the model. The quark masses and widths of the-

quark mass distributions are given in m\egﬁ\e ectron-volts.

m,=625 m<C625 m,=625
Calculated m ;=800 niy=800 m ;=800
quantity A=0 AY00 A=200
8y 13.108 13.24>tX 13.842
g -23110  + —2305 —2.4574
s ~1.2360 ~1.2430 ~1.2760
A 4.6821 46768 4.6846
Cc(07)=Cc(17) 7.85 7.98 8.38
c*) 14.34 14.46 15.01
c(t) 29.89 31.41 36.03
c(1**) 25.58 28.37 A
Ccy(2*) 25.20 4433 64.44
cp,2t) 55.44 48.76 38.66
P 0.75 0.75 0.75
A 1.3 13 13
81/82 2 2 2

The inelasticity parameters and the phase shifts for the
scattering of the pseudoscalar and vector mesons in the states
JPC€=177,0"*, 1%, 17", 2** up to energy Vs=1.250 GeV
are given in Figs. 10-20.

We discuss the parameters of the model. For the descrip-
tion of the spectrum of low-lying mesons (J*=07, 17), we

1
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FIG. 10. Square of the 7 scattering amplitude, phase shifts, and inelasticities in the /°J”C=1%1"" channel. The experimental data on the 77 phase shift

are taken from Ref. 49.
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use five parameters: The coupling constant gy for exchange
of the effective gluon, the coupling constants of the instanton
interaction in the nonstrange channel, g;, and in the strange
channel, g, the cutoff parameter A, and the coupling con-
stant for the gg— MM transition, which is taken to be the
same for both the JP=0" and the 1~ channels:
C(07)=C(17). These parameters are found from the fitting
of the masses of the , K, 7, p mesons and the width of the
p meson.

0 describe the meson—meson scattering in the
JP€=0%" channsl, three further parameters are used: the
coupling constant C(0**) for transition of a quark—antiquark
pair ito mesons and the parameters @ and A\, of the two-
meson vertex function (30). Note that the last two parameters
are common to all the scattering channels J°¢=0%", 1*~,
1**, 2**. The parameter « is most important for describing
the phase shift in pion S-wave scattering at low energies. If
this parameter is set equal to zero, it is possible to reproduce
the meson spectrum without significant changes, but in
S-wave pion—pion scattering a peak appears near the two-
pion threshold. In the other channels, practically nothing like
this occurs, since in them the meson—meson amplitude is
either in the P or in the D wave and, therefore, is suppressed
at the threshold, or the gg— M M coupling constant is insuf-
ficiently strong to give rise to such an effect. The parameter
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a cannot be taken to be large, since in this case it begins to
influence the region of energies around 1 GeV, seriously af-
fecting the spectrum of the 0" mesons. We note that the
enhancement of the pion—pion S wave at low energies is also
a consequence of the choice of the very simple parametriza-
tion of the gg— MM transition.

As recent investigations have shown,>?%% the pion—
pion scattering amplitude in the S-wave channel near the
K-meson threshold has a double pole structure: a compara-
tively narrow pole, which is called the f;, resonance with
mass M =975 and width 70-100 MeV, and a broad reso-
nance with a mass of about 1 GeV. In our model, we have
not obtained a narrow pole, but we have obtained a broad
one with mass M =900—i320 MeV. This pole recalls the old
€ (or o) resonance that plays an important role in nucleon—
nucleon interactions. The fact that the narrow f, resonance
has not appeared in our model as a gq state leaves the pos-
sibility of explaining this resonance as some exotic state
(see, for example, the discussion in Ref. 33 and the refer-
ences given there). Our results in the scalar and isovector
sectors agree fairly well with Flatté’s parametrization of the
ag resonance.*® Although the determinant of the 77 scatter-
ing amplitude becomes purely imaginary at M ,,=1.020
GeV, the square of the amplitude has a maximum at the KK
threshold, and if this amplitude is fitted by a Breit—Wigner

15 Phys. Part. Nucl. 27 (1), January—February 1996

pole, the resulting mass and width are very close to the val-
ues given by the Particle Data Group.*’

In the J€=1%" and JP€=1** channels, two new pa-
rameters are introduced: the coupling constants C(17*) and
C(1*7) of the gg— MM transition. In the strange sector,
these channels are mixed, and the properties of the K| me-
sons are calculated with allowance for this mixing.

In the J®€=2"%" channel, two additional parameters are
also introduced: the coupling constant of the qgq with the
mesons in the § wave, Cg(2* %), and with the mesons in the
D wave, Cp(2*™). The second parameter is fixed in such a
way as to give the correct width of the f2(IGJPC=O+2++)
meson, and the first is chosen in order to give the best de-
scription of the meson spectrum in this channel. We mention
that the model did not describe the resonance with mass
M=1525 MeV in the isoscalar channel, which is usually
assumed to be a bound state of strange quarks. It appears that
this meson is formed as a result of strong mixing of all the
channels and, therefore, must appear in the next step in the
model when allowance is made for the channels with scat-
tering of P-wave mesons.

Besides the parameters listed above and used in the
model, two further parameters, which are common to all
channels, are used: the mean mass m,, of a nonstrange quark
and the ratio of the coupling constants for transition of pseu-

V. V. Anisovich and A. V. Sarantsev 15
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doscalar and vector mesons into a quark—antiquark pair:
81/8, [see Eq. (26)].

The spectrum of the J P=0", 17, 0" mesons is practi-
cally independent of the nonstrange quark mass when this
mass is varied in the range 500—800 MeV. Our mass 625
MeV of the nonstrange quark gives the best description of
the meson spectrum in the JF€=1%* 2%~ 2** channels.

The mass of the strange quark was shifted while keeping
fixed the ratio of the masses of the strange and nonstrange
quarks obtained in Ref. 15:

old
m m
=t (33)
mg mg

where led: 390 MeV and m%9=500 MeV.

The parameter g,/g, is fairly strongly correlated with
the parameter A; and can be used to obtain a reasonable
splitting of the @ and ® mesons.

7. CONCLUSIONS

Low-energy soft processes can be successfully described
by the QCD-motivated quark model. Although the basic
theory, QCD, does not make it possible to calculate directly
the majority of characteristics of the quark model, neverthe-
less the success of this model in describing physical pro-

16 Phys. Part. Nucl. 27 (1), January-February 1996

cesses indicates that the main features of the physics at dis-
tances around 0.3—1.0 F are taken into account correctly.

One of the aims in the construction of the model was to
investigate the possibility of taking into account confinement
forces induced by gq—meson+meson transitions. For this,
we started with a bootstrap model, in which, in the frame-
work of a purely quark description, we obtained the spec-
trum of the low-lying mesons and in which of the corre-
sponding hadronic degrees of freedom can be included
relatively simply. In the first stage, the stage of the bootstrap
calculations, the constituent quark had a mass 350-400 MeV
(the mass of the strange quark was 150-200 MeV greater),
and the interaction was due to exchange of an effective gluon
and to instanton-induced forces. Such a model gives a good
description of the spectrum of J=0", 1~ mesons and gives
a qualitatively correct description of the spectrum of J*=0*
mesons.

Mesonic degrees of freedom are included in the model
by means of the amplitudes of g+q—q+qqg+q—M+M
transitions, which are intimately related to the confinement
mechanism: The outgoing quarks create quark—antiquark
pairs, which go over into mesons. In this second stage, we
have included in the calculations only the scattering channels
of the low-lying mesons, i.e., the states obtained in the
framework of the bootstrap procedure. The ¢gg—M

V. V. Anisovich and A. V. Sarantsev 16
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+M—qq transitions lead to an effective gq interaction,
which plays the role of a confinement barrier responsible for
the forces in the region of 1 F and, therefore, for the forma-
tion of the mesonic states with mass greater than 1 GeV.

In the framework of this model with allowance for
q+q— M+ M transitions we obtained the following results:

1. We have calculated the masses and widths of the 0~
and 1~ mesons, which are in good agreement with the ex-
perimental data.

2. We have calculated the spectroscopic properties of the
highly excited mesons with masses 1.0—-1.5 GeV (P-wave
qq states): They are in qualitative agreement with the experi-
mental data.

3. We have obtained the amplitudes of meson—meson
scattering, which also agree satisfactorily with the experi-
ment.

The explicit inclusion in the model of the mesonic de-
grees of freedom leads to the following changes in the quark
dynamics:

1. A significant fraction of the splitting and mixing of the
low-lying mesonic states is determined by the gg— MM in-
teraction. The contribution of the instanton-induced forces is
accordingly weakened.

2. The quark mass is increased by about 200 MeV for
both the nonstrange and the strange quarks.

This is in fact a direct indication of the mechanism of

17 Phys. Part. Nucl. 27 (1), January—February 1996

quark—hadron duality: The quark properties are intimately
related to a definite set of hadronic states. If the low-lying
mesons are taken into account in the model explicitly and,
therefore, eliminated from this set, then for the quarks a new
higher scale of energies and masses is established, and this
leads to an effectively higher mass of a new “constituent
quark.”

We thank the theoreticians at the Institute of Nuclear
Physics at the University of Bonn, and especially B. C.
Metsch, H. R. Petry, and V. N. Gribov for numerous fruitful
discussions.

8. APPENDIX A

We consider the structure of the operators of the partial
waves in two-particle scattering. These operators can be con-
structed by means of the orthogonality condition given in Eq.
(16). Another condition used in the construction of the op-
erators is the condition that these operators in the center-of-
mass system be identical to the ordinary nonrelativistic op-
erators. On the basis of this, we obtain the following
spectrum of operators for the S- and P-wave states of two
fermions:

iys for 'Sy JPC=0""+

il', for s, JPC=1""

V. V. Anisovich and A. V. Sarantsev 17
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1 2
O =5 | 88+ 8i8vi— 3 8ur8ii |- (35)
The operator g introduced in Eq. (16) is a projection
operator and is equal to unity for states with total angular
momentum J =0 and to gﬁ,, for states with J=1. The partial-

wave operators are normalized by the phase-space functions
&®(k), which are

(34) O(s)=2(s—(m,—my)H)Pg(s) for JSF=0",1"

D(s)=2(s—(m,+my)?)Pg(s) for JF=0"

k2
D(5)=2(s—(m,—m;)?) ?¢S(s) for JP=1%2"%,
(36)
where
()= o
S 81]'\/;’
s—(my+m))?)(s—(m;—m,)?
kQ:_ku:( (my+my)°)(s—(my—m;) ). 37
4s
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FIG. 21. Two-loop diagram for calculating the projection of the 7-channel
interaction determined by the operator Q, onto the s-channel partial wave
determined by the operator Q7.

The partial-wave operators for two-boson scattering
must satisfy the orthogonality condition given in (17)-(19).
This leads to the following spectrum of scattering operators
of two pseudoscalar (or scalar) bosons:

1 for 'S, JPC=0*

for ‘P, JPC=1"

\/_ K,, for 'D, JP¢=2"%, (38)
6s
where

K,,=kk;— 3 gk, (39)

and the vector k,ﬁ and the operator gt,, are defined in the
same way as in the case of fermion scattering.

To construct the spectrum of scattering operators of the
vector and pseudoscalar bosons, we introduce the operators

ol kakg (Vs=M)(Vs—9)
B 8aB ™ kJ.Z

s+MéE ’
kia=kgl 4p, (40)
where
M=ptpy 6=p = ps. (41)

In the center-of-mass system of the compound system, the
operator F:,ﬁ carries the relativistic four-dimensional polar-
ization vector of the boson into a nonrelativistic three-
dimensional vector. By means of these operators, the spec-
trum of partial-wave scattering operators for the vector and
pseudoscalar bosons can be written as follows:

r,, for’s, JP=1"

[
-J—Ek]La for 3P0 JP=0"
V3
Vas & aijki Py for *Py JP=1"
s

20 Phys. Part. Nucl. 27 (1), January-February 1996

I gL “2 gl Lz
[‘/LukVPj+[ Vak,LPj_—gp.Vkla

for *P, JP=2"

ki~—ki2r' for 3D, JP=1*%

_f
a
J_ ki Pitkye

S\/— ,u vaijli v ,uau i

tP;) for ’Dy JP=2",
(42)

where « is the polarization index of the vector meson. To
construct the spectrum of the scattering opelators of two vec-
tor bosons, we mtroduce the operator Faﬁ, which is an ana-
log of the operator I} «p but acts on the second particle:

kokp (Vs—M)(Js+ )

2 L
Vap=8ap™ 312 s—Ms

kyo=ksl%g, (43)
FaB: lexvrvﬁ' (44)

The operators of the states of the system of two vector par-
ticles can be expressed in terms of the operators introduced
above as follows:

1
%F"ﬁ for !5, JP=0*

i

E pa’'p'j

= |Thal2p+T, 2 s
na va ,u.ﬁ 3gp.u

rt r2 p,

wal grgPy for Sy JP=1*

for 3S, JP=2"
k,T0s for 'Py JP=1"

apijki P; for Py JP=0"

1
\Bs
1
J3s
i - -
z—ﬁ[riakw-riﬁkm] for 3Pl JP=1—
NE
4

_S [kuava'ﬂ’j+kvsua’ﬂ’j

2
~ 1 3 P_~—
3 g.”"’ lﬂ"ﬂj JIuaFBﬂ for P2 J=2
‘/gi 1 7 ~2 7L 0
E F,u,akZB_*_lka /LFH,B for 5P| JP=1"
A)
[Fp,a wﬁjklP +F2 Vlaj 1P+(#’

—v)] for °P, JP=2"
\/g 12

k
—I‘gﬁ(klkl——gtu) for 'D, JP=2"

J6s 3
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3i
23\/2— k S,QBJkP
kJ,2
1
=3 Suarp Pl 5 B} for D, JP=1"

Ly (T ok g=T2 gk )+ (n—w)] for D, JP=2*

kyok zp

V5
2s\/g
[ = r‘},ﬂ} for °Dy JP=0"*

— [kla I“ﬁ]k iP; +k2ﬁ8

2s\/2_

[Llajkipj] fOl’ SD' JP=1+.

(45)

All the boson scattering operators given above are normal-
ized in such a way that after summation over the different
spin states they give the following phase spaces:

D(s)=1
DP(s)=(s—M?)(s— 5%)/4s?

D(s)=(s—M?)%(s— 8*)%16s* for D-wave state.
(46)

for S-wave state,

for P-wave state,

9. APPENDIX B

We give the method for calculating the partial-wave ver-
tex functions for the interaction determined by the Lagrang-
ian (2). This Lagrangian determines both the s- and
t-channel interactions of the gq pair. To calculate the N func-

tion, it is necessary to expand the f-channel interaction with
respect to the s-channel partial-wave amplitudes. This proce-
dure, which is essentially a Fierz transformation, can be car-
ried out as the calculation of the product of the discontinui-
ties of the amplitude in the two-loop diagram shown in Fig.
21. Since the operators Qf of the partial-wave states intro-
duced by means of the orthogonality condition (15)—(18)
form a complete set, they automatically separate the required
s-wave interaction from the r-channel interaction. As a re-
sult, we obtain an s-channel vertex function multiplied by
the functions ®j(s) of the two-particle phase spaces.

The mtemctlon block N'¢, where the index i corresponds
to the isospin, ¢ to the color, and s to the spin variables, is
subjected to a Fierz transformation:

Ni¢(s channel)=U"VPP ,Ni"(t channel). (47)

where

1{r 8 1 [1 3
3 [1 —1}’ V=31 -1
and the operator P is the operator of transformation of the
spin variables. The matrix elements of this transformation
are calculated as follows. Let the t-channel interaction be
determined by means of the operators 0'(n®Q'(1), where
summation over the index 7 is understood; ¢ indicates that
these operators act in the ¢ channel, and, in contrast to (15),
we have for simplicity omitted the index labeling the total
angular momentum. The projection of these operators onto
the s-channel operators Q€(s)® Q€(s) is equal to (see Fig.
21)

, (48)

(T QB (my +ky)Qy(m\+k{) QN (my—k5) Q(my—k3)])

P(Q(s)®Q°(s)+—Q'(n®Q'(1) =

where (...) denotes integration with respect to the angle vari-
ables of the two-loop diagram in Fig. 21. We recall that in
the calculation of the product of the discontinuities of the
amplitude it is necessary to keep particles 1,2 and 1’, 2’ on
the mass shell. For the vector interaction y,®7, and the
instanton interaction (1+y5)®(1+s) considered in our case
the decomposition with respect to s-channel partial waves
gives the following result:

for JP=0":
P(iys®iys—y,®7y,)=—1+(m,+my)*(2s),
P(iys®@iys—(1+7ys)®(1+7ys))=1/2

for JP=0%:
P(l®1<——'yﬂ®7ﬂ)=—l+(m,—m2)2/(2s);
P(1®1—(1+y5)®(1+7ys5))=—1/2

for JP=1":
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(T QB(m+k;)QC(my— ky) 1T QC(m | +k}) QA(my—k5)1)

(49)

P(il @il y—y,®y,)=—1/2—(s—(m,
+m3)?)/(65))+ (Vs —m;—my)?/(9s),

P(il',®il ,—(1+y5)®(1+ys))=—s(—(m,
+m,)?)/(12s). ' (50)

10. APPENDIX C

We give the isotopic coefficients B(j,,j,,/|i|,i,,I) for
the gg— MM transition, where the indices j,,j,,J corre-
spond, respectively, to the isospins of the quark and anti-
quark and the isospin of the gg composite system, and the
indices i,,i,,] describe the isospins of the mesons and of
their composite system:

(1 1 3 1 1 1
35,5,1 1,1,1)——1, 3(2 21101) \/5’
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