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Effective Lagrangian induced by the anomalous Wess-Zumino action and the exotic resonance
state with I G

„JPC
…Ä1À

„1À¿
… in the rp, hp, h8p, and K* K̄¿K̄* K channels

N. N. Achasov* and G. N. Shestakov†
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A simple model for the exotic waves withI G(JPC)512(121) in the reactionsVP→VP, VP→PP, and
PP→PP is constructed beyond the scope of the quark-gluon approach. The model satisfies unitarity and
analyticity and uses as a ‘‘priming’’ the ‘‘anomalous’’ nondiagonalVPPP interaction which couples together

the four channelsrp, hp, h8p, and K* K̄1K̄* K. The possibility of the resonancelike behavior of the
I G(JPC)512(121) amplitudes belonging to the$10%2$10% and$8% representations ofSU(3) as well as their
mixing is demonstrated explicitly in the 1.3–1.6 GeV mass range which, according to the current experimental
evidence, is really rich in exotics.
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I. INTRODUCTION

Phantoms of manifestly exotic states withI G(JPC)
512(121) have more and more agitated the experimen
and theoretical communities@1–20#. They were discovered
in the 1.3–1.6 GeV mass range in thehp, h8p, rp, b1p,
and f 1p systems produced inp2p collisions at high ener-

gies and inNN̄ annihilation at rest@1–12#.
Theoretical considerations concerning the mass spe

and decay properties of exotic hadrons have been base
the main, on the MIT-bag model, constituent gluon mod
flux-tube model, QCD sum rules, lattice calculations, a
various selection rules. The more recent discussions of th
constituent quark-gluon models and selection rules in con
mity with the observedJPC5121 phenomena can be foun
in Refs.@1–20#, together with extensive analyses of the cu
rent experimental data and comprehensive references
resonance character of the observed exotic signals and
the more popular assumption about their hybrid (qq̄g) na-
ture are the subject of much attention and require furt
careful investigations@1,6,7,12,14–20#.

Let us note that evidence for the possible existence o
exotic JPC5121 state coupled to thehp andrp channels
and belonging to the icosuplet representation ofSU(3) was
obtained for the first time by using the bootstrap technique
Schechter and Okubo more than 35 years ago@21# ~see also
Ref. @22#!.

Current algebra and effective chiral Lagrangians are a
important sources of theoretical information on exotic par
waves. It is sufficient to remember the prediction obtain
within the framework of these approaches for thepp s-wave
scattering length with isospinI 52 @23,24#. Constructing
with the help of the effective chiral Lagrangians the ser
expansions of the scattering amplitudes in powers of exte
momenta, one can reveal explicitly exotic contributions
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ready among the lower order terms of these series. Ca
least some of these contributions found at low energies
out to be the manifestations~‘‘the tails’’ ! of high-lying ex-
otic resonances? It is well known that, for example, for t
pp scattering channels involving thes and r resonances,
one can self-consistently~in the sense of agreement wit
experiment! sew together the resonancelike and low-ene
behaviors of the scattering amplitudes by using the succ
fully selected unitarization scheme for the original chir
contributions, together with general analyticity requireme
@25–34#. In other words, for these channels, there exis
good many of the model constructions which show that
low-energy contributions calculated within the effective ch
ral Lagrangians framework may in principle transform wi
increasing energy into resonances with the experiment
established parameters. In the present work we continu
this way and construct a model satisfying unitarity and a
lyticity for an exotic wave withJPC5121 in the reaction
rp→hp and in the related reactionsrp→h8p, rp
→rp, hp→hp, hp→(K* K̄1K̄* K), and so on, using as
a ‘‘priming’’ the tree exotic amplitudes generated by a sim
plest ‘‘anomalous’’ effective interaction of the vector (V)
and pseudoscalar (P) mesons. The interaction is induced b
the anomalous Wess-Zumino chiral Lagrangian@35# and is
proportional toemntk .

At the tree level, the standard nonlinear chiral Lagrang
describing the low-energy dynamics of the pseudoscalar
sons belonging to theSU(3) octet generates thePP→PP
scattering amplitudes possessing only the usual quan
numbersJPC5011 and 122 in the s channel@24#. How-
ever, already in the next order of chiral perturbation theo
the JPC5121 exotic contributions arise in these amplitud
at the expense of the finite parts of the one-loop diagrams
so doing they turn out to be different from zero only owin
to SU(3) symmetry breaking for pseudoscalar masses.
resonances, with which such contributions might be ass
ated, have to possess rather odd properties. All their coup
constants to the octet of pseudoscalar mesons must vani
theSU(3) symmetry limit. Therefore, it seems more reaso
able to assume that if the exotic resonances withJPC

5121 exist, then they are of another origin. In such a ca
©2000 The American Physical Society17-1
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the resources for their possible generation, which still rem
within the effective chiral Lagrangian framework, seem
involve the ‘‘anomalous’’ interactions of the vector an
pseudoscalar mesons@36–43#. Some indirect evidence in fa
vor of this assumption has been given by the analysis of
PP→PP scattering amplitudes carried out in the framewo
of the linearSU(3)3SU(3) s model involving only scalars
and pseudoscalars@28#. There operate the repulsive forces
the JPC5121 channels in this model, and any resonan
states do not arise.

In Sec. II, the general properties of theVP→PP reaction
amplitudes are briefly discussed within the framework of
unitary symmetry assumption. In Sec. III, a simple model
the I 51 p-wave ~exotic! reaction amplitudesVP→PP,
VP→VP, and PP→PP is constructed. The model take
into account as a ‘‘priming’’ the nondiagonalVPPP inter-
action which couples together the four channelsrp, hp,
h8p, andK* K̄1K̄* K. It is essentially the summing up o
all the s-channel loop diagrams with theVP and PP inter-
mediate states. In Sec. IV, the possibility of the resonan
like behavior of theI G(JPC)512(121) amplitudes belong-
ing to the$10%2$10% and $8% representations ofSU(3) as
well as their mixing is demonstrated explicitly in the 1.3–1
GeV mass range. In quark-gluon language, the$10%2$10%
representation ofSU(3) first occurs in theqqq̄q̄ sector,
whereas the states withJPC5121 belonging to the octe
representation ofSU(3) may in principle correspond to bot
qqq̄q̄ andqq̄g configurations.

II. GENERAL PROPERTIES OF
THE VP\PP AMPLITUDE

The general Lorentz andSU(3) structure for the ampli-
tude of the reactionVa(k)1Pb(q1)→Pc(q2)1Pd(q3),
whereVa andPa are the members of the vector and pseu
scalar octets taken in the Cartesian basis (a51, . . . ,8),1 and
k, q1 , q2, andq3 are the four-momenta of the particles in th
reaction, has the form

Mab;cd
(l) 52 i emntke(l)

m q1
nq2

tq3
k@ f abmdmcdA~s,t,u!

1dabmf mcdB~s,t,u!1~uab!cdC~s,t,u!#. ~1!

Here f abc and dabc are the standard structure constants
SU(3) @44#, (uab)cd5 f camdmbd2dcamf mbd @45#, e(l)

m is a m
component of theV meson polarization vector with helicit
l, s5(k1q1)2, t5(k2q2)2, andu5(k2q3)2. From Bose
symmetry it follows that the invariant amplitudeA(s,t,u) is
antisymmetric under the interchange of thet andu variables,
whereas the invariant amplitudesB(s,t,u) andC(s,t,u) are
symmetric. Note that Eq.~1! can be obtained in the usua
way @45–48# by applyingSU(3) symmetry, together withP
andC invariance.

1Va5(r1 ,r2 ,r3 ,K4* ,K5* ,K6* ,K7* ,v8) and Pa5(p1 ,p2 ,p3 ,K4 ,
K5 ,K6 ,K7 ,h8).
01401
in

e

e

e
r

e-

-

f

The first and second terms in Eq.~1! correspond to the
octet transition amplitudes$8a%→$8s% and $8s%→$8a%
which we shall designate for short byAas andAsa , respec-
tively; as usual,$8s% and $8a% mean the symmetric and an
tisymmetric octet representations ofSU(3) which occur in
the direct production of$8%3$8%. The third term in Eq.~1!
describes transitions via the mutually conjugate represe
tions$10% and$10% with the amplitudesA10 andA10 appear-
ing in the combinationA102A10 . In other words, it de-
scribes the transitions from the initialVP isocuplet $10%
2$10% to the finalPP isocuplet$10%1$10%. The transition
amplitudes between the self-conjugate representationsAas
and Asa can be expanded into the partial waves withJPC

5211,411, . . . and JPC5122,322, . . . , respectively.
Hence they do not contain any explicitly exotic contrib
tions. As for theh8p final state, it does not occur in the$8a%
but can belong to the representations$8s%, $10%, and $10%
@21,22,49#. TheSU(3) exotic meson amplitudesA10 andA10
can be expanded into partial waves withJP512,32, . . . .
The isotriplet amplitudes ofA102A10 correspond to two sets
of the reactions with oppositeG parity in thes channel:~a!

rh8→pp, rh8→KK̄, v8p→pp, v8p→KK̄ and ~b! rp

→h8p, K* K̄→h8p, K̄* K→h8p. The partial amplitudes
of the reactions belonging to set~a! possess the nonexoti
quantum numbersI G(JPC)511(122,322, . . . ) and, there-
fore, only hiddenSU(3) exotics. The reactions belonging t
set ~b! are purely exotic because they contain the par
waves withI G(JPC)512(121,321, . . . ). In particular, it is
these reactions that will be the subject of our attention in
following.

Let us now write down the amplitude for the reactio
Va(k)1Pb(q1)→Pc(q2)1Pd(q3) involving theV0 and P0
SU(3) singlets:

Nab;cd
(l) 52 i emntke(l)

m q1
nq2

tq3
k@da0f bcdD~s,t,u!

1db0f acdE~s,t,u!1dc0f abdF~s,t,u!#, ~2!

where a,b,c,d are the flavor indices running now ove
0,1, . . . ,8, f ab050, V05v0, and P05h0. By the isoscalar
particles with the definite masses we shall mean the pse
scalar mesonsh5h8 cosuP2h0 sinuP and h85h8 sinuP
1h0 cosuP with the mixing angleuP'220° @50,51# and the
vector mesons v5A1/3v81A2/3v0 and f5A2/3v8

2A1/3v0 with ‘‘ideal mixing.’’ Equation ~2! describes the
transitions via theSU(3) octet intermediate states. The fir
two terms in Eq.~2! do not contribute tohp andh8p pro-
duction because they correspond to the transitions into
final states belonging to the$8a% representation which doe
not contain theh8p system. The third term in Eq.~2! de-
scribeshp andh8p production via theSU(3) singlet com-
ponents of theh andh8. Undert↔u interchange, the invari-
ant amplitudesD(s,t,u) andE(s,t,u) are symmetric, while
the invariant amplitudeF(s,t,u) does not possess a defini
symmetry. Thus, the first two terms in Eq.~2! can be ex-
panded into partial waves withJPC5122,322, . . . and the
third term into partial waves with JPC

5121,211,321,411, . . . , of which the odd waves
7-2
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EFFECTIVE LAGRANGIAN INDUCED BY THE . . . PHYSICAL REVIEW D 63 014017
121,321, . . . areexotic. In principle, Eqs.~1! and ~2! per-
mit the VP→PP reaction channels involving thev, f, h,
andh8 mesons to be considered in the most general form

III. MODEL FOR THE I G
„JPC

…Ä1À
„1À¿

… WAVES IN THE
REACTIONS VP\PP, PP\PP, AND VP\VP

Consider theSU(3) symmetric effective Lagrangian fo
the pointlikeVPPP interaction which also possesses ad
tional nonet symmetry with respect to the vector mesons

L~VPPP!5 ihemntkTr~V̂m]nP̂]tP̂]kP̂!

1 iA1/3h8emntkTr~V̂m]nP̂]tP̂!]kh0 , ~3!

where P̂5(a51
8 laPa /A2, V̂m5(a50

8 laVa
m/A2, andla are

the Gell-Mann matrices@44#. The tree amplitudes for the
reactionsVP→PP generated by the Lagrangian~3! are
re

-

g
to

01401
-

given by Eqs.~1! and ~2! with the following sets of the
invariant amplitudes~here we omit their arguments fo
short!: (A,B,C,D)5h(0,2,1,A6) and (E,F)5h8(A2/3,
2A2/3). The presence of the amplitudesC and F such as
above implies~see the discussion in Sec. II! that the La-
grangian~3! generates tree exotic amplitudes withI G(JPC)
512(121) belonging to the$10%2$10% representation of
SU(3) for the inelastic reactionsrp→h8p, K* K̄→h8p,
and K̄* K→h8p as well as the amplitudes belonging to th
octet representation ofSU(3) for the reactionrp→h0p,
K* K̄→h0p, andK̄* K→h0p. In the next orders, these tre
amplitudes induce as well theI G(JPC)512(121) exotic
ones for the elastic processesrp→rp, hp→hp, and so
on. In this connection it is of interest to consider the follow
ing 434 system of scattering amplitudes for the coupl
exotic channels of the reactionsVP→VP, VP↔PP, and
PP→PP:
Ti j 5F T~rp→rp! T~rp→hp! T~rp→h8p! T~rp→K* K !

T~hp→rp! T~hp→hp! T~hp→h8p! T~hp→K* K !

T~h8p→rp! T~h8p→hp! T~h8p→h8p! T~h8p→K* K !

T~K* K→rp! T~K* K→hp! T~K* K→h8p! T~K* K→K* K !

G . ~4!
of
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Here the subscriptsi , j 51,2,3,4 are the labels of therp,
hp, h8p, and K* K channels, respectively, and the abb
viation K* K implies just theK̄* K andK* K̄ channels. The
corresponding matrix of theVPPP coupling constants gen
erated by the Lagrangian~3! has the form

hi j 5hF 0 a b 0

a 0 0 g

b 0 0 d

0 g d 0

G , ~5!

where

a5A1

3
cosuP2

h8

h
A2

3
sinuP ,

b5A1

3
sinuP1

h8

h
A2

3
cosuP , ~6!

g5A2

3
cosuP1

h8

h
A1

3
sinuP ,

d5A2

3
sinuP2

h8

h
A1

3
cosuP . ~7!

In the following we shall consider three natural limitin
cases:~i! h850, i.e., when all exotic amplitudes belong
the $10%2$10% representation ofSU(3); ~ii ! h50, i.e.,
when
-
all exotic amplitudes belong to the octet representation
SU(3); and~iii ! h85h, when the original pointlikeVPPP
interaction possesses nonet symmetry with respect to
pseudoscalar mesons.

To satisfy the unitarity condition for the coupled chann
amplitudes, we sum up all the possible chains of
s-channel loop diagrams the typical examples of which
shown in Fig. 1. Such an old-fashioned field theory way
the unitarization is well known in the literature~see, for ex-
ample, Refs.@52–55,32#!. Notice that in case~i! and in case
~ii ! the whole complex of the unitarized amplitudes, in fa
can be constructed by using only the amplitudes for the lo
diagrams shown explicitly in Fig. 1. The point is that in the
cases the denominator of the corresponding geometrica
ries for any channel turns out to be proportional to the s
of diagrams~b!, ~c!, ~d!, and ~e! in Fig. 1, and the loop
diagrams of the type~f! and~g!, or ~h! and~i!, play a role of
a ‘‘priming’’ in the corresponding elastic channels like di
gram~a! in the inelasticrp→hp channel. However, in cas
~iii ! the situation is considerably more complicated.

Before summing the diagrams, let us make two rema
about the model itself.

First, generally speaking, the pointlike exotic contrib
tions due to theVPPP interaction might be modified by the
tree diagrams involvingV meson exchanges if one takes in
account the ‘‘anomalous’’ Lagrangian for theVVP interac-
tion and the ordinary one for theVPP interaction. However,
such a considerable complication of the original exotic a
plitudes actually does not lead to any new possibilities~or
degrees of freedom! to obtain the resonancelike behavior
7-3
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the complete unitarized amplitudes. This only burdens
model by additional technical difficulties and makes it mu
less transparent in comparison with the one based only
the Lagrangian~3!. For example, after such a modification
the original exotic amplitudes, the above-mentioned obvi
unitarization scheme need be changed, say, by some ve
of the Pade´ approximation@27,28# because of the imposs
bility of the direct calculation and summation of high
loops.

Second, the effective coupling constanth occurring in the
Lagrangian~3! is not the unambiguously definite value in th
theory with the ‘‘anomalous’’ chiral Lagrangians~compre-
hensive discussions of this point may be found in Refs.@36–
43#!. Actually, one may only claim that it is not too large
the scale defined by the combination 2grppgvrp /mr

2'284
GeV23 @40,43#. Therefore, we consider the coupling co
stantsh andh8 as free parameters of the model in the reg
of their relatively small values.

The summing up of the loop diagram chains can be ea
carried out by using the matrix equation for the auxilia
amplitudesT̃i j ,

T̃i j 5hi j 1himPmnT̃n j , ~8!

which is shown schematically in Fig. 2. The auxiliary amp
tudesT̃i j pertain to the hypothetical case when all the p
ticles in the reactions are spinless, but otherwise they are
exact analogs of the physical amplitudesTi j designated in

FIG. 1. The examples of the diagrams which are summed
obtain the unitarized amplitudes in coupled channels.
01401
e
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Eq. ~4!. So in Eq.~8! the matrixhi j is given by Eqs.~5!, ~6!,
and ~7!, and P i j is the diagonal matrix of the loops, i.e
P i j 5d i j P j , whereP1 , P2 , P3, andP4 correspond to the
four independents-channel loops involving therp, hp,
h8p, andK* K intermediate states, respectively~for a mo-
ment, all for the spinless case!. Notice that if all the particles
are spinless, then thehi j and P i j in Eq. ~8! are dimension-
less, as well as theT̃i j themselves. For the matrix elemen
himPm j5hi j P j it is convenient to introduce the following
compact notation@look at Eq.~5!#:

himPm j5hi j P j5hF 0 a2 b3 0

a1 0 0 g4

b1 0 0 d4

0 g2 d3 0

G , ~9!

wherea15aP1 , b35bP3, and so on. The solution of Eq
~8! has the form

T̃i j 5@~ 1̂2ĥP̂!21# imhm j , ~10!

where 1̂ is the 434 identity matrix and the matrixĥP̂ is
defined by the relations of Eq.~9!.

Next, we define

D̄5det~ 1̂2ĥP̂!

512h2~a1a21b1b31g2g41d3d4!

1h4~a1d42b1g4!~a2d32b3g2!. ~11!

Let us now write down, as an example, the explicit expr
sions for the amplitudes of the following five reactions:

T̃~rp→rp!5h2@aa21bb32h2~ad42bg4!

3~a2d32b3g2!#/D̄, ~12!

T̃~rp→hp!5h@a2h2~ad32b3g!d4#/D̄, ~13!

T̃~rp→h8p!5h@b1h2~a2d2bg2!g4#/D̄, ~14!

T̃~rp→K* K !5h2@a2g1b3d#/D̄. ~15!

T̃~hp→hp!5h2@aa11gg42h2~ad32b3g!

3~a1d42b1g4!#/D̄. ~16!

In cases~i! and ~ii !, the combinationh2(ad2bg)50 @see
Eqs.~5!, ~6!, and~7!#, so that the contributions proportiona
to that vanish in Eqs.~10!–~16! and, as one can see, all th
formulas are essentially simplified@for example, the numera
tor in Eq.~13! becomes simply equal toha, since, according
to Eq. ~9!, h2(ad32b3g)5h2(ad2bg)P3#.

to

FIG. 2. The auxiliary equation for the summing up of the d
gram series some examples of which are shown in Fig. 1.
7-4
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Let us now take into account the spin of the particl
Consider the three different processes

r0~k!1p2~q1!→r0~k8!1p2~q18!, ~17!

r0~k!1p2~q1!→h~q2!1p2~q3!, ~18!

h~p!1p2~q!→h~q2!1p2~q3!. ~19!

Let Q5k1q15k81q185q21q35p1q and s5Q2.
Straightforward calculations with the help of the Lagrang
~3! of arbitrary terms of the relevant diagram series result
the following Lorentz structures and angular dependences
the corresponding physical amplitudes:

T(l8,l)~r0p2→r0p2!

5em8n8t8se(l8)
m8* q81

n8k8t8emnt
s e(l)

m q1
nktT̃8~rp→rp!

5~dl,111dl,21!~dl8,111dl8,21!~suqW 1u2/2!

3~ll81cosu!T̃8~rp→rp!, ~20!
ex

u-

i
p

th

te

01401
.

n
or

T(l)~r0p2→hp2!

5emntse(l)
m q1

nq2
tq3

sT̃8~rp→hp!

52~dl,111dl,21!iAs/2uqW 1uuqW 3usinuT̃8~rp→hp!,

~21!

T~hp2→hp2!5uqW u2 cosuT̃8~hp→hp!, ~22!

wherel (l8) is the initial ~final! r meson helicity andu is
the angle between the momenta of the initial and final pio
in the reaction c.m. system. Certainly the dimensions of
physical amplitudesT in Eqs. ~20!–~22! are the same: the
amplitudes are dimensionless. At the same time, as is s
from Eqs.~20!–~22!, The invariant amplitudesT̃8 have dif-
ferent dimensions in theVP→VP, VP→PP, and PP
→PP channels. These invariant amplitudes are obtained
rectly from the corresponding auxiliary amplitudesT̃ @see
Eqs. ~10!–~16!# by substituting the physical dimension
coupling constantsh andh8 from the Lagrangian~3! and the
following expressions for thep-wave loop integrals:

P i5
1

16p

2

3
Fi3H 4s, i 51,4 ~VP loops!,

1, i 52,3 ~PP loops!,
~23!

where
Fi5C1i1sC2i1
s2

p
E

mi 1
2

` @Pi~s8!#3ds8

As8s82~s82s2 i«!
5C1i1sC2i1

~s2mi 1
2 !3/2~s2mi 2

2 !3/2

8ps2 F lnS As2mi 2
2 2As2mi 1

2

As2mi 2
2 1As2mi 1

2 D 1 ipG
1

1

4p H 1

2mi 1mi 2

lnS mi 12mi 2

mi 11mi 2
D Fmi 1

4 mi 2
4

s2
2

3mi 1
2 mi 2

2

2s
~mi 1

2 1mi 2
2 !1

3

8
~mi 1

4 1mi 2
4 16mi 1

2 mi 2
2 !

1
s~mi 1

2 1mi 2
2 !

16mi 1
2 mi 2

2
~mi 1

4 210mi 1
2 mi 2

2 1mi 2
4 !G1

mi 1
2 mi 2

2

2s
2

5

8
~mi 1

2 1mi 2
2 !1

s~3mi 1
4 13mi 2

4 138mi 1
2 mi 2

2 !

48mi 1
2 mi 2

2 J . ~24!
w.
ce

el;
nce
ction
by

fs.
ter
HerePi(s)5@(s2mi 1
2 )(s2mi 2

2 )/(4s)#1/2, mi 1 (mi 2) is the
sum ~the difference! of the particle masses in channeli, and
C1i andC2i are the subtraction constants. Note that the
pression~24! is valid for s>mi 1

2 . In the regionsmi 2
2 ,s

,mi 1
2 ands<mi 2

2 , it changes according to analytic contin
ation @56#.

IV. ANALYSIS OF THE POSSIBLE
RESONANCE PHENOMENA

First of all let us note that a number of free parameters
the present model can be reduced essentially, leaving its
tentialities almost unchanged. So we shall assume thatC11
5C14, C215C24 for the VP loops and C125C13, C22
5C23 for PP loops. Moreover, near a feasible resonance,
smooths dependence of the combinationsC1i1sC2i is not
of crucial importance. Thus, as the essential free parame
-

n
o-

e

rs

we can leave only theC11 and C12 ones, settingC215C22
50. Just this will be done in most variants considered belo
A simplest way to discover ‘‘by hand’’ a possible resonan
situation is that to find zero of Re(D̄) at fixed values ofh, h8,
andAs, for example, atAs51.43 GeV@see Eqs.~11!–~16!#.
In so doing the left free subtraction constantsC11 andC12 are
not uniquely determined. For example, in cases~i! and ~ii !,
the condition Re(D̄)50 gives only a relation of the type
C125(j11j2C11)/(j31j4C11), where j i are the known
numbers. However, this is not the weak point of the mod
on the contrary, this allows the shapes of the resona
curves and the relations between the absolute cross se
values in the different channels to be easily changed
changingC11.

According to the detailed analysis performed in Re
@36–40,43#, the acceptable tentative values of the parame
h̃[Fp

3 h ~where Fp'130 MeV! lie within the rangeuh̃u
7-5
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FIG. 3. The cross sections o
the reactions r0p2→r0p2,
r0p2→hp2, r0p2→h8p2,
and r0p2→K* 0K2 and the
phases of therp→rp and rp
→hp amplitudes for cases~i!,
~ii !, and~iii !. The correspondence
between the curve numbers an
the reaction channels is show
just in the figure. The values use
of the parameters are listed i
Table I.
e
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,
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en-
<0.4. To illustrate the existence of the resonance phenom
in our toy model we are guided by the values ofh̃ ~and h̃8
[Fp

3 h8) near 0.1. We would like particularly to emphasi
that, in fact, the resonance phenomena are possible in
present model for anyuh̃u<0.4. However, asuh̃u ~and/or
uh̃8u) increases from 0.1 to 0.4, the distinct resonance
enhancements in the reaction cross sections move into
regionAs'1 – 1.3 GeV. Note that the unitarized amplitud
essentially depend on the second and fourth powers of
pling constants and therefore are very sensitive to change
uh̃u and uh̃8u.

In Figs. 3 and 4, we show the typical energy dependen
which occur in our model for cases~i!, ~ii !, and~iii !, for the
01401
na

he

e
he

u-
of

s,

four reaction cross sectionss(r0p2→r0p2), s(r0p2

→hp2), s(r0p2→h8p2), and s(r0p2→K* 0K2) and
for the phases of therp→rp and rp→hp amplitudes
~note that the inelastic amplituderp→hp is defined only up
to the sign!. Figure 3, together with Table I, and Fig. 4
together with Table II, illustrate the resonance effects wh
they concentrate mainly in the regionsAs'1.3– 1.4 GeV
andAs'1.5– 1.6 GeV, respectively. As a rule, the chann
rp→hp is dominant in case~i!, when all considered ampli
tudes belong to the$10%2$10% representation ofSU(3). In
case~ii !, when the amplitudes belong to the octet repres
tation of SU(3), the main channels are therp→rp and
rp→h8p ones. In case~iii !, whenh85h and the Lagrang-
7-6
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FIG. 4. The cross sections o
the reactions r0p2→r0p2,
r0p2→hp2, r0p2→h8p2,
and r0p2→K* 0K2 and the
phases of therp→rp and rp
→hp amplitudes for cases~i!,
~ii !, and~iii !. The correspondence
between the curve numbers an
the reaction channels is the sam
as in Fig. 3. The values used o
the parameters are listed in Tab
II.
se

te
n

th
s

ion
e-

wn

-
like
ian ~3! possesses additional nonet symmetry, the cross
tions for all channels except theK* K one turn out to be
comparable, and the general situation is rather complica
The branching ratios of the presented resonancelike enha
ments to ther0p2→(r0p2, hp2, h8p2, K* 0K2) chan-
nels are listed in Tables I and II. Such characteristics for
complicated broad resonance structure can be defined a
lows. For example, B(r0p2)5s̄(r0p2→r0p2)/S,
B(hp2)5s̄(r0p2→hp2)/S, etc., where

( 52s̄~r0p2→r0p2!1s̄~r0p2→hp2!

1s̄~r0p2→h8p2!12s̄~r0p2→K* 0K2!
01401
c-

d.
ce-

e
fol-

and everys̄ is the integral of the corresponding cross sect
over theAs range from 1.2 to 1.8 GeV, where an enhanc
ment concentrates.

Let us now compare the cross section values sho
in Figs. 3 and 4 with those ofa2(1320) resonance
production. Using the tabular branching ratios@1# we
get s(r0p2→a2→r0p2)'5.7 mb and s(r0p2→a2

→hp2)'2.36 mb at As5ma2
51.32 GeV. Taking also

into account the ratio of the factors (2J11)/ukW u2 for
thea2(1320) resonance and for theJ51 enhancement found
at As'1.3– 1.4 GeV, or atAs'1.5– 1.6 GeV, we can con
clude that we are certainly dealing with the resonance
behavior of theI G(JPC)512(121) exotic waves in the re-
7-7
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TABLE I. The parameter values of the model for the curves in Fig. 3.C11 andC12 are in GeV2; the other
parameters are dimensionless. Also, in the four right columns, the branching ratios of the resona
enhancement obtained to the partial channels are presented.

Cases Fp
3 h Fp

3 h8 C11 C21 C12 C22 B(r0p2) B(hp2) B(h8p2) B(K* 0K2)

~i! 0.10746 0 0.17 0 1.25 0 0.2377 0.3614 0.0125 0.0754
~ii ! 0 0.10746 0.34 0 0.67 0 0.3259 0.0890 0.1924 0.0289
~iii ! 0.10746 0.10746 0.49 0 0.50 0 0.2534 0.3619 0.1276 0.001
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ist

e
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gion 1.3<As<1.6 GeV, at least, in therp, hp, andh8p
channels.

The most appreciable manifestation of anI G(JPC)
512(121) exotic state in the mass region 1.3–1.4 GeV h
been observed in thehp0 channel in the charge exchang
reactionp2p→hp0n at 32, 38, and 100 GeV/c @11# ~cur-
rently the exotic states of such a type are denoted most c
monly asp1). It was found that the intensity of thep1 signal
at its maximum in this reaction is only 3.5 times smaller th
the corresponding intensity of thea2(1320) signal. It is very
essential thata2(1320) production andp1 production both
proceed in this case via a single mechanism, namely, via
Reggeizedr exchange. If thep1 really represents a compli
cated structure of theqqq̄q̄ or qq̄g type, then the fact tha
thep1 production cross section in the charge exchange re
tion has been found fully comparable with that of the co
ventional qq̄ resonancea2(1320) is certainly strong evi
dence for the resonance nature of the observed exotic sig

On the other hand, the intensity ofp1 production in the
hp2 channel in the reactionsp2p→hp2p at 37 GeV/c @3#
and 18 GeV/c @12# has been found to be about 15 and,
spectively, 30 times smaller than thea2(1320) production
intensity. This is evidently due to the more complicat
mechanism of the reactionp2p→hp2p than that of the
charge exchange reaction. In fact, there are three compe
Regge exchanges with natural parity in this reaction: thr
exchange, thef 2 exchange, and the Pomeron one. Also, a
known, the last two are dominant in the case ofa2(1320)
production @57#. Note thatp1 production can proceed vi
Pomeron mechanism only owing to the octet componen
thep1. However, if this component is small, that is, if thep1

belongs mainly to the$10%2$10% representation ofSU(3),
then p1 production via Pomeron exchange has to be s
pressed.

Another opportunity to observedp1 anda2(1320) forma-
tion with comparable cross sections appears by us
01401
s

m-

n

he

c-
-

al.

-

ing

is

f

-

g

photoproduction ~and electroproduction! processes, for
example, gp→r0p2D11→p1p2p2D11, gp→r0p1n
→p1p2p1n, gp→hp1n, and so on, which go at low
momentum transfer mainly via the Reggeized one-pion
change mechanism. Indeed, the existing data on the reac
gp→r0p2D11→p1p2p2D11 and gp→r0p1n
→p1p2p1n show a clear signature of thea2(1320) reso-
nance and the appreciable enhancements in the 3p mass
spectra in the range 1.5–2 GeV@58#. However, they do not
yet allow certain conclusions to be made concerning
presence of the exotic wave in therp system and further
investigations of the above reactions are needed.

At the present time an extensive program of the search
the exotic p1 states in photoproduction experiments wi
high statistics and precision is planned for the Jeffers
Laboratory @6,14,15,18–20#. A careful study of thep1

→gp radiative decays in hadroproduction from nuclei v
the Primakoff one-photon exchange mechanism is a
planned with the CERN COMPASS spectrometer@59#. A
collection of the data onp1 photoproduction, electroproduc
tion, and hadroproduction and on the decays of thep1 into
rp will also allow for the first time to verify the vecto
meson dominance model for states with exotic quant
numbers.

Summarizing we conclude that our calculation gives
further new reason in favor of the plausibility of the exi
tence of an explicitly exotic resonance withI G(JPC)
512(121) in the mass range 1.3–1.6 GeV. Currently tw
exotic states at 1.4 and 1.6 GeV are extensively discusse
the literature@7–20#. In our scheme one does not succeed
simultaneously generating both the 1.4 and the 1.6 re
nances, although the variants with a ‘‘fine structure’’ ex
@see, for example, the cross sections for case~iii ! in Figs. 3
and 4#. Such a ‘‘fine structure’’ will be smoothed by th
experimental resolution and we cannot certainly say ab
ncelike

0

TABLE II. The parameter values of the model for the curves in Fig. 4.C11 andC12 are in GeV2; the other
parameters are dimensionless. Also, in the four right columns, the branching ratios of the resona
enhancement obtained to the partial channels are presented.

Cases Fp
3 h Fp

3 h8 C11 C21 C12 C22 B(r0p2) B(hp2) B(h8p2) B(K* 0K2)

~i! 0.10746 0 0.18 0 0.76 0 0.1616 0.4634 0.0217 0.0959
~ii ! 0 0.08417 0.33 0 0.78 0 0.3032 0.0804 0.2184 0.0474
~iii ! 0.10746 0.10746 0.11 0.11 0.11 0.11 0.2429 0.3686 0.1356 0.005
7-8



th
on
ve

n
t

1.4

ant

EFFECTIVE LAGRANGIAN INDUCED BY THE . . . PHYSICAL REVIEW D 63 014017
two resonances. The question may be raised as to whe
this is a crucial result. It is not improbable that the inclusi
of the b1p and f 1p channels, where the exotic signals ha
also been found, can change the situation. However, the
sue of the additionalb1p and f 1p channels remains open i
the effective chiral Lagrangian approach. Notice also tha
’’

01401
er

is-

at

present the situation with the two exotic resonances at
and 1.6 GeV is not yet finally arranged.

ACKNOWLEDGMENTS

The present work was supported in part by the gr
INTAS-RFBR IR-97-232.
B

. D

. D

’’

J.

ki,

vo

to

v,
@1# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1
~1998!; 3, 394 ~1998!; 3, 609 ~1998!.

@2# D. Alde et al., Phys. Lett. B205, 397 ~1988!.
@3# G. M. Beladidzeet al., Phys. Lett. B313, 276 ~1993!.
@4# H. Aoyagi et al., Phys. Lett. B314, 246 ~1993!.
@5# C. Amsleret al., Phys. Lett. B333, 277 ~1994!.
@6# G. S. Adams, Nucl. Phys.A623, 158c~1997!.
@7# A. Zaitsev, in Hadron Spectroscopy, edited by S.-U. Chung

and H. J. Willutzki, AIP Conf. Proc. No. 432~AIP, New York,
1998!, p. 461; T. Adams,ibid., p. 104; A. Ostrovidov,ibid., p.
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