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This work investigates whether the observed 121 exotic mesons are molecular states. We first use a
potential model to calculate the spectra and lifetimes of thef 0(980) anda0(980), taken to be loosely bound

molecular states ofKK̄, then apply the same scenario to the 121 exotic statesp1(1400) andp1(1600),
assuming them to beph(1295) andph(1440) molecules, respectively. We derive the effective potential in the
framework of field theory at the hadronic level. Our results indicate that the present data onp1(1400) and
p1(1600) rule out the specific molecular ansatz. We show that the lifetime of a loosely bound heavy-light
molecule with enough angular momentum is fully determined by the lifetimes of its constituent mesons.
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I. INTRODUCTION

New gluonic matter, such as glueballs and hybrids,
predicted by the general theory of QCD. But after more th
three decades of effort, gluonic excitations have not b
discovered unambiguously. The discovery of theJPC5121

isovector resonancesp1(1400) and p1(1600) represents
great progress along these lines, because it may imply
new gluonic matter has eventually been observed. The E
Collaboration at BNL observedp1(1400) inhp in the reac-
tion p2p→hp2p, with a mass and width of 1370
616230

150 MeV and 3856402105
165 MeV, respectively@1#. In-

dependently,p1(1400) has been observed inhp with M
51400620620 MeV and G5310650230

150 MeV @2#, or
M51360625620 MeV andG5220690 MeV @3# by the
Crystal Barrel Collaboration. The other resonancep1(1600)
has been observed by E852 inrp in p2p→p1p2p2p
with a mass 159368247

129 MeV and a width of 168
620212

1150 MeV @4#, in h8p in p2p→h8p2p with M
51597610210

145 MeV and G5340640650 MeV @5#, and
most recently in a preliminary analysis inb1p in p2p
→vp2p0p with M51582610620 MeV and G5289
616627 @6#. The p1(1600) is observed decaying to th
same final states by VES@7#.

A 121 meson cannot be a meson (qq̄), a gluinoball (g̃g̃)

or a squarkball (q̃q̄̃), because it isJPC exotic @8#. The ob-
served 121 mesons therefore should be considered as
hybrid or glueball candidates which are predicted by QC
Since glueballs are isoscalar this possibility is excluded. T
p1(1600) is consistent with expectations for a hybrid mes
@9,10#, while thep1(1400) is not@9,11#. Discovery of a hy-
brid is exciting, but identifying the observed 121 as the
long-expected gluon excited states needs careful fur
study. Possible alternative hypotheses about their struc
have been discussed@10#. There was an attempt to expla
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the p1(1400) as a coupled channel effect dynamically ge
erated inph andph8 scattering@12#. Donnachie and one o
us ~Page! suggested that the peak at 1400 MeV is a con
quence of the interference of a 1600 MeV resonance wit
nonresonant Deck-type background with the appropr
phase@13#. So far, this scenario has only been argued
account for the E852 data, and has not been extended to
Crystal Barrel data. Also, aspects of the proposed mechan
have been challenged on theoretical grounds@11,14#. How-
ever, it has been argued that there is no need for more
one resonance in the 1.3–1.6 GeV mass region w
hp,h8p andrp data are considered@15#.

Before one can conclude that the observed 121 reso-
nances are gluon excited states, even more possibil
should be explored. Among the possible alternatives, we
plore the hypothesis of molecular structure. For 121 quan-
tum numbers there may be many plausible meson-me
bound states and their mixtures. Since the binding energy
molecular states is not very large, the sum of the masse
the constituent mesons should be close to the mass of
exotic state. According to the Particle Data Group@16#, one
of the favorable combinations are thatp1(1400) is com-
posed ofp(021) and h(1295)(021) with total massmp

1mh(1295)'1430–1438 MeV, andp1(1600) is composed
of p and h(1440) with total mass mp1mh(1440)
'1535–1620 MeV. The constituent mesons in these m
ecules have one unit of relative angular momentum~‘‘ P
wave’’!. SinceGh(1295)55366 MeV and Gh(1440)550–80
MeV are not too wide, theh(1295) andh(1440) build ob-
servable bound states with the pion, i.e., they can be c
stituents of molecular states with total widths of a few hu
dred MeV. The possibility has also been discussed elsew
@17#. In this work, we investigate whether the present data
p1(1400) andp1(1600) support this specific molecular hy
pothesis. Other possibilities forp1(1400), not discussed in
this work, are ab1 and p with no angular momentum be
©2002 The American Physical Society05-1
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ZHANG, DING, LI, AND PAGE PHYSICAL REVIEW D65 096005
tween them~‘‘ S wave’’!, denoted (b1p)S . OtherS- and P-
wave molecular possibilities are (f 1p)S and (K* K)P . For
p1(1600) the possibilities are„f 1(1420)p…S, „f 1(1510)p…S,
(rv)P and„r(1450)p…P .

We use a potential model to calculate the spectra
lifetimes ofp1(1400) andp1(1600), and then compare the
with data to determine whether the molecular hypothesi
reasonable. We derive the potential between the constit
mesons by writing down the elastic scattering amplitude
the mesons in momentum space and then carrying out a
rier transformation with respect to the 3-momentum of
exchanged mesons to obtain the potential in configura
space@18#. Substituting the potential into the Schro¨dinger
equation, we can obtain the binding energy and wave fu
tion at the origin~or its slope! of the bound molecular state
The effective couplings are obtained from data by assum
SU~3! flavor symmetry. To account for off-shell effects in th
calculation of the amplitude, certain form factors are int
duced. We write down the inelastic scattering amplitude
the mesons in momentum space, from which the lifetime
calculated.

To test validity of the mechanism employed, we first a
ply it to study f 0(980) anda0(980), which, in some inter-
pretations, are interpreted as molecular states@19#. The mo-
lecular possibility has some support from lattice QCD@20#.
As discussed above, we derive the potential betweenK and
K̄, calculate the spectra off 0(980) anda0(980), obtain all
necessary parameters and then calculate their lifetimes.
results are in good agreement with data. Thus we are c
vinced that the approach we adopt is applicable to 121 if it
is a molecular state.

The paper is organized as follows. After this introductio
we present most of the formulation and some technical
tails in Sec. II. In Sec. III, we report our numerical resu
and the last section is devoted to our discussion and con
sion.

II. FORMULATION

A. Exchange mesons

Consideration of composites of two quarks and two a
quarks is complicated by the fact that different color neu
combinations are possible. The first possibility is that no s
components of the system is color neutral, commonly
ferred to as a four-quark state. The second possibility is
one quark-antiquark subcomponent is color neutral, form
a meson, and that the same happens to the remaining
component. This composite of two mesons is referred to
molecule. The latter possibility will be the subject of th
work. In the limit of a large number of colorsNc in QCD
there are no four-quark states, but only meson-meson m
ecules@21#. The molecular picture becomes more accurat
the mesons contained in the molecule are separated far
each other relative to the size of the constituent mesons.
would happen when the binding energy of the two meson
small relative to the quark-antiquark energy within each
dividual meson~which approximately equals the mass of t
meson when the quarks are light!. The theoretical calculation
09600
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of such a small binding energy of mesons is complica
because the binding energy is the result of delicate canc
tions between attractive and repulsive interactions, each
which individually corresponds to much larger energies th
the total binding energy. This follows because individual
teractions are governed by the QCD scaleLQCD , which is
much larger than the binding energy. The calculation of
binding energy has been done in lattice QCD@20,22#, QCD
sum rules @23#, quark-antiquark pair exchange mode
@14,24#, four-quark potential@19,25#, flux-tube @26# and
other @27# models, and molecular models with meson e
change@28#. We adopt the latter. Meson exchange mod
should be most accurate when the binding energy of the c
stituents is low. This is because in this case the constitu
are typically separated far apart, so that the cost that confi
ment imposes on exchanging colored objects at large
tances means that the exchange is more likely to be a c
singlet, i.e., a meson. Consideration of a system with l
binding energy, i.e., of two mesons separated far apart, yi
the result that exchange mesons with a long range would
most important for the calculation of the binding energ
Long range exchange mesons correspond to low massmq
exchange mesons, taken to be either thep, s @also called the
f 0(40021200)#, h, r, v, h8, f 0(980), a0(980) orf in this
work. An exchange meson can be neglected when its ra
;1/mq is small with respect to the r.m.s. radiusr rms of the
molecular state, i.e., when 1/mqr rms is small.

The general formalism for meson exchange is reviewed
Appendix A. For the remainder of this section we descr
the theoretical formulation used in our calculations.

Because the momentum of the exchanged meson in tt
channel is spacelike while it is timelike in thes channel, the
propagator is expressed as

1

q22mq
2 t channel, ~1!

1

q22mq
21 iGmmq

s channel, ~2!

where the Breit-Wigner form is taken andGm is the total
width of the exchanged meson. At vertices, we use the s
dard strong coupling forms@29# and the proper Clebsch
Gordon coefficients to manifest the isospin structure of
vertices. The couplings take the values extracted from co
sponding decay widths. There are three types of decay mo
relevant to this work:

01→0202~Swave!, 12→0202~P wave!,

12→0212~P wave!.

The decay widths are

G5
l

~2J11!

1

8pm2 uM u2, ~3!
5-2
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MOLECULAR STATES AND 121 EXOTIC MESONS PHYSICAL REVIEW D 65 096005
where l is the magnitude of the 3-momentum of the dec
product in the c.m. frame,m andJ are the mass and interna
angular momentum of the decaying meson, andM is the
amplitude, with

~ i! uM u25g1
2 , for 01→0202 ,

~ ii ! uM u25g2
2~p12p2!m~p12p2!n

3(
l

em
l* en

l , for 12→0202 ,

~ iii ! uM u25g3
2eabmnea8b8m8n8P

aPa8

3~p12p2!m~p12p2!m8

3(
l1

el1

b el1

b8* (
l2

el2

n el2

n8* for 12→0212,

~4!

where gi is the corresponding strong coupling,P is the
4-momentum of the decaying meson,p1 ,p2 are the momenta
of the outgoing mesons, andel is the polarization vector o
the vector meson. We note that all the mesons which
connected to the vertex are on their mass shells. Using
~4!, the coupling constantgi is calculated from the experi
mental width. If the experimental width is unavailable,gi is
obtained by assuming SU~3! flavor symmetry for the cou-
pling.

Since the propagators are off-shell, we introduce fo
factors for the effective couplingsgi at the vertices. The
usual form factors are expressed as@28,30#

L22mq
2

L22q2 , ~5!

at each vertex withL is an adjustable constant which mode
the off-shell effects at the vertices due to the internal str
ture of the mesons.

B. Effective potential between two constituent mesons

Following the standard procedure given in Ref.@18# and
using the effective vertices, we can write down the scatter
amplitude between the two constituent mesons in momen
space and convert it into configuration space by a Fou
transformation. This procedure was used to derive the ef
tive potential between a quark and an antiquark@14#. We
consider all pseudoscalar, scalar and vector meson excha
in t, s andu channel, and indicate explicit expressions for t
processes that need to be included in our calculations. In
center of mass~c.m.! frame of the bound state, with

~i! 01 the exchanged meson int channel,
09600
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V~q!52
g1

2

q21mq
2 S L22mq

2

L21q2 D 2
1

4m1m2

3F S 12
p2

2m1
2

2
p2

2m2
2D 2~2p•q2q2!S 1

4m1
21

1

4m2
2D G ,

~6!

~ii ! 12 the exchanged meson int channel,

V~q!5
g2

2

q21mq
2 S L22mq

2

L21q2 D 2S 11
p2

m1m2
2

p•q

m1m2

1
q2

4m1m2
D , ~7!

~iii ! 01 the exchanged meson ins channel,

V~q!5
g1

2~L22mq
2!2

4m1m2
F 1

~a822mq
2!~a22L2!2

2
b8p2

~a822mq
2!2~a22L2!2

2
2bp2

~a822mq
2!~a22L2!3

2
~b222b!p2

2a2~a822mq
2!~a22L2!2G , ~8!

where we introduce the variables

a25~m11m2!2, ~9!

b5
~m11m2!2

m1m2
, ~10!

a825a21
Gq

2mq
2

a22mq
2

, ~11!

b85bS 12
Gq

2mq
2

~a22mq
2!2D , ~12!

whereq is the 3-momentum that is exchanged. The mome
of constituent mesons with massm1 or m2 in the initial state
is respectively denoted byp and2p. After the Fourier trans-
formation, we obtain the potential forms in configuratio
space:
5-3
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~i! 01 in t channel,

V~r !52
g1

2

16pm1m2
Fe2mqr2e2Lr

r
1

~mq
22L2!e2Lr

2L
2

m1
21m2

2

2m1
2m2

2

e2mqr2e2Lr

r
p̂21

m1
21m2

2

2m1
2m2

2

~mq
22L2!e2Lr

2L
p̂2G

1
ig1

2~L22mq
2!2

2m1m2
@A~mqr 11!e2mqr1B~Lr 11!e2Lr1~C2BL2!e2Lr r 2#S 1

4m1
2 1

1

4m2
2D p̂•r

4pr 3
2

g1
2~L22mq

2!2

4m1m2
Fe2Lr

L

1Amq
2 e2mqr

r
1Bmq

2 e2Lr

r
1~C2Bl2!mq

2 e2Lr

L G S 1

4m1
2 1

1

4m2
2D , ~13!

wherep̂ is the momentum operator and

A5
1

~L22mq
2!2 , B52A, C5

mq
222L2

~L22mq
2!2 ,

~ii ! 12 in t channel,

V~r !5
g2

2

4p Fe2mqr2e2Lr

r
1

~mq
22L2!e2Lr

2L
1

1

4m1m2

mq
2~e2mqr2e2Lr !

r
1

1

4m1m2

~mq
22L2!Le2Lr

2

1
1

m1m2

e2mqr2e2Lr

r
p̂21

1

m1m2

~mq
22L2!e2Lr

2L
p̂2G2

ig2
2~L22mq

2!2

4pm1m2
@A~mqr 11!e2mqr1B~Lr 11!e2Lr

1~C2BL2!e2Lr r 2#
p̂•r

4pr 3
, ~14!

~iii ! 01 in s channel,

V~r !5
g1

2~L22mq
2!2

4m1m2
F 1

~a822mq
2!~a22L2!2

2
b8p̂2

~a822mq
2!2~a22L2!2

2
2bp̂2

~a822mq
2!~a22L2!3

2
~b222b!p̂2

2a2~a822mq
2!~a22L2!2Gd3~r !, ~15!

~iv! 01 in u channel,

V~r !52
g1

2~L22mq
2!2

16prm1m2
H F re2dr

2d~c21d2!
1

e2dr

~c21d2!2
1

cos~cr !

~c21d2!2G2F re2dr

8d3~c21d2!
1

r 2e2dr

8d2~c21d2!
1

re2dr

2d~c21d2!2

1
e2dr

~c21d2!3
2

cos~cr !

~c21d2!3G2bup̂22F r sin~cr !

2c~c21d2!2
1

2 cos~cr !

~c21d2!3
1

re2dr

4d~c21d2!2
1

e2dr

~c21d2!3Gbup̂22F re2dr

2d~c21d2!

1
e2dr

~c21d2!2
1

cos~cr !

~c21d2!2G ~bu
222bu!

2a2
p̂2J , ~16!
c
re

d to
k-
ro
where the last potential is only displayed in position spa
for brevity and some small relativistic contributions to it a
neglected. Here

au
25~m22m1!2, bu5

2~m22m1!2

m1m2
, ~17!

and
09600
e c25au
22mq

25~m22m1!22mq
2 ,

d25L22au
25L22~m22m1!2. ~18!

Since the mesons are color singlets, we do not nee
introduce a ‘‘confinement’’ potential as for the quar
antiquark system. Substituting the potentials into the Sch¨-
5-4
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MOLECULAR STATES AND 121 EXOTIC MESONS PHYSICAL REVIEW D 65 096005
dinger equation, we can solve it and obtain the eigenene
and wave function. As noted previously, our interest is
molecular states with small binding energy. In such a m
ecule the kinetic energy of the constituent mesons in
bound state is also small, so that relativistic effects can
neglected, and the nonrelativistic Schro¨dinger equation can
be used.

C. Decay width

The decay occurs via the triangle diagram shown in F
1. The case of thet-channel meson exchange is displaye
The s channel is similar. The diagram represents a Bet
Salpeter~BS! equation where the internal momentum in t
loop is integrated out. The two intermediate lines labe
‘‘1’’ and ‘‘2’’ represent the constituent mesons. In a loose
bound molecule they are very close to their mass shell. T
instead of the complicated BS integration, we treat the t
constituent mesons as free ones, and they transit into the
states via an inelastic scattering process.

When decay via meson exchange takes place, the am
tude is approximately proportional to the wave function~or
its derivative! at the origin. This is due to an integratio
effect. When we take the BS approach to calculate the
plitude via a loop containing the bound state with an app
priate kernel~the potential we derived above!, we immedi-
ately find that after integrating out the internal momentu
only a wave function at originc(0) remains when the con
stituent mesons are in relativeS wave. From the formula
uc(0)u252m^cu(dV/dr)uc& @31#, with m the reduced mas
of the system, it follows thatc(0) is an average over th
entire r region, in other words, effects of all ranges inr are
involved inc(0). Soeven though only the wave function a
the origin matters, this does not mean that only small d
tance effects are important. For constituent mesons iP
wave we know that the coupling is proportional to the m
mentum. After integration in the BS equation, it turns in
the derivative of the wave function at originc8(0).

Let us briefly discuss the legitimacy of the treatme
adopted in the decay calculation. We find that the validity
the approximation used in the BS approach depends on
size ofupu/mq being small. From the Heisenberg uncertain
principle,upu;1/r rms . For a molecular state with small bind
ing energyEb , the rms radiusr rms is relatively large@Eb

;1/(2mr r .m.s.
2 )#. Thusupu/mq is small as expected.

The decay can be realized viat ands channels and thei
contributions must be summed up. For 0202→0202 scat-
tering, exchanging

FIG. 1. The decay of meson M. Mesons 1 and 2 are the c
stituent mesons in the molecular state. Mesons 3 and 4 are
decay products.
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~i! 01 in t channel,

Mt5
g1

2

q22mq
2 S L22mq

2

L22q2 D 2

, ~19!

~ii ! 12 in t channel,

Mt5g2
2S L22mq

2

L22q2 D 2

~p11p3!m~p21p4!nDmn~q!

52
gg8

q22mq
2 S L22mq

2

L22q2 D 2

3F2M22m1
22m2

22m3
22m4

2

2
1m1Am4

21 l 2

1m2Am3
21 l 21

~m1
22m3

2!~m2
22m4

2!

mq
2 G , ~20!

~iii ! 01 in s channel,

Ms5
g1

2~q22mq
22 iGqmq!

~q22mq
2!21Gq

2mq
2 S L22mq

2

L22q2 D 2

, ~21!

wherem3 andm4 are the masses of the outgoing mesons
Fig. 1. Besides these three amplitudes, there are those c
sponding to 0202→0212. We omit their explicit expres-
sions.

The decay width is

~ i! G015
uc~0!u2l

16pm3 U (
i 5t,s,u

M iU2

for 01 decay,

~22!

~ ii ! G125
uc8~0!u2l

48pm5 U (
i 5t,s,u

M iU2

for 12 decay,

~23!

where i is summed over thes-, t- and u- channel contri-
butions. l 5(m41m3

41m4
422m2m3

222m2m4
222m3

2m4
2)1/2/

(2m) is the 3-momentum of the outgoing mesons in the c
frame.

III. NUMERICAL RESULTS

Numerical results are obtained by including thes as an
exchanged scalar meson, and thev,r and f as exchanged
vector mesons. There is no low-lying isovector scalar mes
and the exchange of the low-lying pseudoscalar mesonsp, h
and h8 is forbidden by parity. Vector meson exchange ins
channel is not allowed by conservation of charge conju
tion. For thep1(1400) andp1(1600) systems we also incor
poratedf 0(980) anda0(980) exchange.

-
he
5-5
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A. f 0„980… and a0„980…

First we considerf 0(980) anda0(980) which are taken a
bound states ofKK̄. Since all other parameters are fixed
experimental data and SU~3! flavor symmetry, only the off-
shellness parameterL is a free parameter. We do not inten
to determine its value by fitting the mass spectra off 0(980)
and a0(980). In a reasonable range of 1 to 10 GeV,
choose a value ofL which gives reasonable predictions. W
have

L53.4 GeV.

The resultant masses are

M f 0(980)51013 MeV, Ma0(980)5996 MeV

without zero energy,

M f 0(980)5999 MeV, Ma0(980)5982 MeV

with zero energy,

and should be compared to the experimental data@16#

M f 0(980)5980610 MeV, Ma0(980)5984.861.4 MeV.

The calculated values are fairly near to the experimental
ues, given thatL is the only free parameter we have for th
KK̄ system. There is always the possibility to add an ad
tional constant term to the potentials that we derived, ca
the ‘‘zero energy.’’ The term ultimately arises from renorma
ization when nonperturbative QCD is matched to a me
exchange model. In our final mass estimate we include
zero energy so that the calculated values are in closer ag
ment with experiment.

The central experimental value ofMa0(980) is a bit larger

than that ofM f 0(980) , but our result is inverted. Our resul

may be changed as follows. Thea0(980) receives no contri
bution froms channels exchange due to isospin conserv
tion. However, thef 0(980) does. In the case of thef 0(980),
the s intermediate meson constructively interferes w
t-channel exchange. However, obtaining coupling consta
from widths, as we do, means that we cannot fix the sign
the amplitude. So there is the possibility that the amplitu
has an additional21 between the two channels. This ma
well change the results. Moreover, if we choose differ
values ofL for f 0(980) anda0(980) and fine-tune othe
parameters, we can substantially improve our fit of the sp
tra. Since our aim is to obtain a general picture with the le
parameters, we shall not pursue these further refineme
Because parameter changes allow considerable chang
binding energy, we do not view our calculated binding e
ergy as accurate. Our concern is with an overall understa
ing of the spectra and lifetimes, in order to draw qualitat
conclusions. The details and subtle deviations are not im
tant.

For both f 0(980) anda0(980)

uc~0!u251.231023 GeV3,
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showing that the states are loosely bound. Substituting
value into Eq.~22!, we obtain

G„f 0~980!→pp…5108 MeV

s and t channels interfere constructively, ~24!

G„f 0~980!→pp…586.5 MeV

s and t channels interfere destructively, ~25!

G„a0~980!→ph…536.3 MeV. ~26!

We display values corresponding to the possibilities of ths
and t channels interfering without or with an additional sig
between the two channels.

The data indicate that the modesf 0(980)→pp and
a0(980)→ph are dominant, i.e., these partial widths c
approximately be taken as the total widths. The experime
data are

G„f 0~980!…540–100 MeV,

G„a0~980!…550–100 MeV.

The values we calculated were not fitted to these data, so
the agreement with experiment is noticible.

B. p1„1400… and p1„1600…

We now calculate the spectra and the decay widths
the 121 exotic states, assuming them to be molecular sta
As discussed above, we postulate thatp1(1400) and
p1(1600)(121) are molecular states ofph(1295) and
ph(1440). With the potential derived in Sec. II, we obta
the following results.

For p1(1400)

L51.17 GeV, Eb5278 MeV,

Mph(1295)51354 MeV, uc8~0!u253.9531025 GeV5.

For p1(1600)

L51.35 GeV, Eb5214 MeV,

Mph(1440)51521–1591 MeV,

uc8~0!u254.1831025 GeV5.

By contrast to the case forf 0(980) anda0(980), there are
several decay modes for the exotic states. We can only ev
ate a few exclusive modes and later by a general argum
we can obtain the order of magnitude of their lifetimes. B
low we list several partial widths:

G„p1~1400!→ph…55.2831022 MeV,

G„p1~1400!→ph8…56.8031022 MeV,

G„p1~1400!→p2r0
…52.8631022 MeV,
5-6
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G„p1~1600!→ph…54.1431022 MeV,

G„p1~1600!→ph8…56.5631022 MeV,

G„p1~1600!→p2r0
…53.7031022 MeV,

~27!

where the calculation was performed forp1„p2h(1295)…(1400)
andp1„p2h(1440)…(1600).

In our model, we can estimate the relative decay widths
p1(1600) topb1 ,p f 1 andpr. The difference is due to the
effective couplings and the form factor parameterL. With
isospin symmetry, we have

pb1 :p f 1 :pr'2.6:2:1.

One hence obtains various branching ratios for differ
decay modes, but one can conclude that with the hy
thesis that the 121 exotic states are molecular state
ph,ph8,pr,pb1 andp f 1 are of the same order of magn
tude.

IV. DISCUSSION AND CONCLUSION

In this work we consider molecules of two constitue
mesons with meson exchange. We argued in Sec. II A
the picture becomes more accurate if the binding energ
the constituent mesons is small compared to their mas
We also argued that low mass exchanges dominate in a
son exchange model if the binding energy is small compa
to the exchange meson mass. In Sec. II B we argued
small binding energy enables the use of a nonrelativi
Schrödinger equation. In Sec. II C we argued that the de
formalism is valid when the binding energy is small wi
respect to the mass of the exchange meson. To summa
our formalism should be valid when the binding energy
small relative to the masses of the constituent and excha
meson masses. The lowest mass constituent meson co
ered in this work is thep, and the lowest mass meson e
changed is found to be thes.

We investigate the possibility that the observed 121 ex-
otic statesp1(1400) andp1(1600) are molecular states.

Our strategy is to use the potential derived from fie
theory to calculate the spectra and partial decay widths
see if they can fit the measured data. We derive the pote
by calculating the elastic scattering amplitude between
constituent mesons and then carrying out a Fourier transf
to convert the amplitude into the potential in configurati
space. In our calculations, we obtain the effective coupli
from data by assuming SU~3! flavor symmetry. Only the free
parameterL, which models the off-shell effects at the effe
tive vertices, needs to be determined. The inelastic scatte
amplitude in momentum space is used to calculate the
times.

To check the plausibility and validity of the approach, w
study f 0(980) anda0(980) which are commonly considere
as molecular states ofKK̄. The mass spectra and lifetimes
f 0(980) anda0(980) are in qualitative agreement with dat
Thus we are convinced that the potential approach is ap
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cable for evaluating the approximate mass spectrum and
times of molecular states.

With the same scheme, we calculate the decay width
the observed 121 statesp1(1400) andp1(1600). We as-
sume them to be molecular states ofph(1295) and
ph(1440), respectively. By fitting the spectra ofp1(1400)
andp1(1600), we fix theL parameter and obtainuc8(0)u2
which plays a crucial role in the decay width calculation.

The value ofuc8(0)u2, and hence the calculated deca
widths, are 2–3 orders of magnitude smaller than needed
consistency with the data. This is the main new observa
of this work. To understand this we estimate the ratio wh
governs the width of aP-wave molecule relative to that of a
S-wave molecule@Eqs.~22!, ~23!#

R5
ucP8 ~0!u2/m2

ucS~0!u2
, ~28!

where the subscriptsP and S stand for theP and S waves,
respectively, andm is the mass of the molecular state~whose
existence can be understood from dimensional analysis!. As
a guide, we note that for a Coulomb potential

cP8 ~0!

cS~0!
}ma,

where m is the reduced mass of the system anda is the
Coulomb coupling. For the ‘‘heavy-light’’ 121 molecular
states consisting of one heavy meson and one light me
assumed in this work, the reduced mass is close to the m
of the light mesonp, which is much smaller than the mass
p1(1400) or p1(1600) ~which is close to the mass of th
heavy meson!. Thus there is a suppression factor (m/m)2

,0.01 in the ratioR. Since the decay widths off 0(980) and
a0(980) are proportional toucS(0)u2, but the decay widths of
121 molecular states~if they exist! are proportional to
ucP8 (0)u2/m2, one can easily see that a factor of 1023

21022 would suppress the 121 decays.
There is a close correspondence between the exch

mesons we used, and those used in nucleon-nucleon inte
tion models, e.g., the phenomenologically successful B
potential@32#. The exchange mesons are the same excep
two cases. First, theh andh8 are not employed in the Bonn
potential because their couplings to the nucleon are sm
~For our molecules, these exchanges are not allowed by
ity.! Secondly, thef 0(980) andf are not considered in the
Bonn potential because their largess̄content implies Okubo-
Zweig-Iizuka ~OZI! rule violating couplings with the
nucleon. For our calculations, these mesons have to be
sidered because theKK̄ molecule has OZI rule allowed cou
plings to ss̄ exchange mesons. Theph(1295) and
ph(1440) molecules can also experience OZI rule allow
f 0(980) exchange, because thef 0(980) is not thought to be
an almost puress̄state. Unlike the Bonn potential, we do n
consider higher order meson exchange in this first orien
tion.

In our derivations and numerical computations, there
some uncertainties from both experimental and theoret
5-7
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sides. For example, the mass ofs meson ranges from 400 t
1200 MeV and its decay width is also uncertain. The mo
has obvious flaws due to introduction of phenomenolog
parameters and ignoring the processes at quark level. Th
fore we can never expect very accurate predictions wit
this framework. If an additional factor of 2 –3 exists in th
results, it is not surprising. However, since all derivations
based on the quantum field theory in a well motivated
proximation, and parameters are fixed by fitting data, or
of magnitude estimates should be valid. The only conclus
we can expect is whether the present data can tolerate
molecular state scenario forp1(1400) andp1(1600) within
experimental errors.

Since the dissociation rates of the 121 molecular states
calculated in this work are two to three orders of magnitu
smaller than the data, the lifetimes of the molecular states
fully determined by the lifetimes of the constituent meso
@p, h(1295) andh(1440) resonances#. They are not com-
parable to the measured values of thep1(1400) and
p1(1600) lifetimes. So we conclude that the possibility
p1(1400) andp1(1600) respectively being loosely boun
ph(1295) orph(1440) molecular states is ruled out by th
data.

The decay formalism shows that the dissociation rate
heavy-light molecule with a binding energy much smal
than the masses of the constituent mesons becomes sm
the higher the relative angular momentum between the c
stituent mesons is. The explicit calculation suggests that
dissociation rate is already negligible for aP-wave molecule.
We hence expect the lifetime of a molecule with one or m
units of relative angular momentum to be fully determin
by the lifetimes of its constituent mesons. Contrary to
usual expectation for molecules@33#, such a molecule will
have negligible ‘‘fall-apart’’ decay by dissociation to the tw
mesons that it is composed of. Instead, it will decay via
decay of its constituent mesons. A constituent meson
emit at least two particles in its decay implying that t
decay of the molecule is dominated by its decay to three
more particles. This is an unusual decay pattern.

If an experimental state is found with a lifetime equal
the lifetimes of its constituents, a probable explanation is t
it is a molecule which has a sufficiently low binding ener
so that decay due to dissociation is small. If the constitu
mesons need to be inP wave to obtain the desired quantu
numbers of the state, one would usually expect a lower-ly
S-wave state with different quantum numbers and an
creased dissociation rate. This could make theS-wave state
so broad that it would be difficult to observe. We hence p
dict the possibility of longer living orbitally excited molecu
lar states.
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APPENDIX: GENERAL FORMALISM

For interactions among mesons, the early theory is
linear s model and the SU~2! Lagrangian is@34#

L5
1

2
@~]mS!222m2S2#1S v1S

2 D 2F ~]mfW !21
~fW •]fW !2

v22fW 2 G
2lvS32

l

4
S41•••, ~A1!

where

S5As21pW 22v, fW 5
vpW

As21pW 2
, v5Am2

l
,

andpW ands are respectively the pion ands-meson fields.
Taking into account the interaction with vector meson

one replaces the differentiation symbols with covariant d
ferentiation forms. The effective chiral Lagrangian for pse
doscalar and vector mesons is@35#

L5
F2

16
Tr~¹mU¹mU†!1

1

4
m0

2Tr~VmVm!, ~A2!

where the vector meson fields are

Vm5laVm
a 5A2S rm

0

A2
1

vm

A2
rm

1 Km*
1

rm
2

2
rm

0

A2
1

vm

A2
Km*

0

Km*
2 K̄m*

0 fm

D
~A3!

with la(a51, . . . ,8) the SU~3! generators. The SU~3! dif-
ferentiation forms are

¹mU5]mU2 ir mU1 iUl m ,

¹mU†5]mU†2 i l mU†1 iU †r m , ~A4!

wherel m5vm1am andr m5vm2am are linear combinations
of the external vectorvm and axial vectoram fields. Also

U5exp~ ilaFa!, ~A5!

with Fa the fields of the pseudoscalar meson octet.
From recent studies, thes meson may be an independe
5-8
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field, so that we retain the interaction in Eq.~A1!. In our final
expression, we keep the leadings-related terms and the
leading terms in the pseudoscalar-vector interactions, w
we ignore all axial vectors because they are much hea
We also extend the Lagrangian to include the isosca
h(1295) and h(1440). The much simplified Lagrangia
reads
a

on

09600
le
r.

rs

Le f f5gsPP1gi jk8 vm
i Pj]mPk1•••, ~A6!

wherei , j ,k guarantees a proper SU~2! combination, and the
ellipsis denotes the smaller contributions which are neglec
in our calculations. We note that the symmetry reduces fr
SU~3! to SU~2!.
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