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A very general model and an analysis of data on the lightest011 meson nonet shows that thef0s980d
and f0s1300d resonance poles are two manifestations of the samess state. On the other hand, th
uu 1 dd state, when unitarized and strongly distorted by hadronic mass shifts, becomes an ext
broad (880 MeV) and light (860 MeV) resonance, with its pole ats ­ 0.158 2 i0.235 GeV2. This is
the s meson required by models for spontaneous breaking of chiral symmetry. It has been n
the Higgs meson of QCD, because it generates most of the light hadron masses. It dominatpp

scattering below 900 MeV and it is also the resonance required by nuclear physics.

PACS numbers: 14.40.Cs, 12.39.Ki, 13.75.Lb
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The understanding of thepp S wave has been contro-
versial for a long time. Before 1974 (see [1]) one believe
in the existence of a broad and light isoscalar resona
(then calleds, e, or h01). After the two heavier reso-
nancesf0s980d andf0s1300d were established one gener
ally discarded thes, assuming it could be replaced by th
two heavier ones, which could complete a lightqq nonet.

The lightest scalar-isoscalar meson coupling strong
to pp is of importance in most models for spontaneo
breaking of chiral symmetry, like the linears model
or the Nambu–Jona-Lasinio model [2], which requir
a scalar meson of twice the constituent quark mass
ø700 MeV, and a very largepp width of ø850 MeV.
This meson is crucial for our understanding of all hadro
masses and is the Higgs boson of QCD. Thus most of
nucleon mass is believed to be generated by its coupl
to thes. However, the lightest well-established meso
with the quantum numbers of thes, the f0s980d, and
f0s1300d do not have the right properties. They are bo
too narrow,f0s980d couples mainly toKK, andf0s1300d
is too heavy.

Recently one of us [3] showed that one can understa
the data on the lightest scalars in a model which includ
most well-established theoretical constraints: Adler zer
as required by chiral symmetry, all light two-pseudosca
(PP) thresholds with flavor symmetric couplings, phys
cally acceptable analyticity, and unitarity. A unique fea
ture of this model is that it simultaneously describes t
whole scalar nonet, and one obtains a good represe
tion of a large set of relevant data. Only six param
ters, which all have a clear physical interpretation, we
needed: an overall coupling constantsg ­ 1.14d, the bare
mass of theuu or dd state sm0 ­ 1.42 GeVd, the ex-
tra mass for a strange quarksms ­ 100 MeVd, a cutoff
parametersk0 ­ 0.56 GeVycd, an Adler zero parameter
for Kp ssAKp

­ 20.42 GeV2d, and a phenomenologica
parameter enhancing thehh0 couplingssb ­ 1.6d. We
0031-9007y96y76(10)y1575(4)$10.00
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have now realized that one could discard theb parameter
if one also included the next group of important thres
olds or pseudoscalars021d-axial s112d thresholds, since
then theKK1B 1 c.c. thresholds give a very similar con
tribution to the mass matrix ashh0.

As expected, the coupling to PP turns out [3]
be very large, causing the inverse propagators to h
very large imaginary parts. Normally, this is expecte
to result in large widths, but it was shown [3] tha
because of the many nonlinear effects thea0s980d and
the f0s980d naturally come out narrow. Furthermore, th
large flavor symmetry breaking in the positions of th
PP thresholds induce large flavor symmetry breaking
the mass shifts. This makes the physical spectrum q
distorted compared to the simple bare spectrum, wh
obeys the equal spacing rule and the Okubo-Zweig-Iizu
rule with flavor symmetric couplings.

The analysis [3] yielded resonance parameters and p
positions for the four statesa0s980d, f0s980d, f0s1300d,
and Kp

0 s1430d, close to their conventional values [4]
In addition, however, one also expects “image” pol
(sometimes called “shadow” or “companion” poles), whic
normally lie far away and do not play a significant rol
Recently Morgan and Pennington [5] showed that for ea
qq state one expects at least one such image pole, wh
in principle can be used to distinguish aqq state from a
meson-meson bound state.

In this Letter we report a more detailed search f
all relevant poles in the amplitudes of the model
[3]. This reveals interesting and surprising new featur
which simultaneously resolve two long-standing puzz
in meson spectroscopy: (i) What is the nature of t
f0s980d andf0s1300d? (ii) Where is the long sought for
s meson?

These new, important features can appear when
coupling toS-wave thresholds becomes very strong.
particular, two true resonance poles can emerge near
© 1996 The American Physical Society 1575
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physical region, although only oneqq state is present. If
the coupling is reduced one of these poles disappears
distant image pole far from the physical region.

In order to explain this phenomenon in the simple
possible terms we use two theoretical demonstratio
The first is based on the actual model amplitude in [
which fits theKp S-wave data and theKp

0 s1430d. We
chose the channel with strangeness, because there on
only onesd quark model state, whereas in the flavorle
case one has the more complicated situation of at l
two resonances, theuu 1 dd and ss, which mix in an
energy dependent and complex way. By increasing
overall couplingg, we show how a second pole appea
In the second demonstration we chose a simple mo
for the threshold behavior, which still has the desir
analytic properties, and from which the poles can be fou
analytically. This can also be used to demonstrate
phenomenon for theKK channel.

FIG. 1. (a) The running mass and2ImPssd which fits the
Kp S-wave data. In (b) and (c) the overall couplingg is
increased, whereby first a virtual bound state (b) and the
bound state (c) appears below theKp threshold in addition to
the Kp

0 resonance whose 90± mass gets shifted to 1100 MeV
The second crossing point of the two curves between the bo
state and the 90± point does not correspond to a resonance si
it does not satisfy the Wigner condition of anticlockwise moti
in the Argand diagram.
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In Fig. 1(a) we show the running mass,m2
0 1 RePssd

and the widthlike function2ImPssd for the Kp !

Kp S wave as was found in [3]. TheKp partial
wave amplitude (PWA) is obtained from these functio
through

Assd ­ 2ImPKp ssdyfm2
0 1 RePssd 2 s 1 iImPssdg .

(1)

This fits theKp data well and one finds theKp
0 resonance

parameters listed in Table I. As one increasesg there
appears, in addition to the resonance, first a virtu
bound state and then a true bound state just below
Kp threshold [see Figs. 1(b) and 1(c)]. Both pole
the original Kp

0 s1430d (now shifted such thatmBW ­
1100 MeV and mpole ­ 1496 MeV) and the new bound
state at theKp threshold are then two manifestations
the samesu state, whose bare mass is kept at 1520 Me

For our second way to demonstrate this phenomen
we chose the form factor such thatPssd takes a simple
analytic form

Pssd ­ g2sthhfssth 2 sdsthg1y2 2 sthjys . (2)

See Fig. 2. This still has the desired analytic for
and satisfies the dispersion relation (see discussion
Sec. 2.7 of [3]). The condition for the poles,m2

0 ­
Pssd 2 s ­ 0, now gives an equation of third degree.
m2

0 ­ sths1 1 g2d one has one bound state at thresho
s ­ sth and (for g . 1y2) a complex conjugate pair a
s ­ sthfg2 1 1y2 6 isg2 2 1y4d1y2g. For g2 * 1 one
has a running mass (cf. Fig. 2) quite similar to the o
in Fig. 1(c) for theKp threshold and to the actual on
fitting the data at theKK threshold [Figs. 2(b) and 9(a) o
Ref. [3]]. If g . 1 the phase shift passes through 90± at
s ­ g2sth ­ m2

BW . This simplified model is also similar
to the actual situation in [3] for thess channel and theKK
threshold. Theg of the simplified model is comparable in
magnitude to theg used in [3], such that withg ­ g both
models give similar ImPKK ssd near theKK threshold
for ss. Thus the fact thatg ­ 1.14 . 1 actually shows
that the real world is not too far from our simplified
model. Usingg ­ 1.14 one would predictsRespoled1y2 ­
2mK sg2 1 1y2d1y2 ­ 1329 MeV and mBW ­ 2mKg ­
1129 MeV, which is not far from what was actually
obtained for thef0s1300d: 1202 and 1186, respectively
In reality, of course, other thresholds and mixing wi
uu 1 dd complicate the picture.

The situation is also similar for thea0s980d and
a0s1450d in theI ­ 1 channel, although now the Clebsch
Gordan coefficient reduces the effectiveg by 1y

p
2.

However, the fact that theph channel is already open
at theKK threshold helps in creating a similar situatio
of a running mass rising fast enough after thresho
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FIG. 2. The running mass and2ImPssd for the simple model
function (2) and theKK threshold usingg ­ 1.14. Choosing
m0 such that there is a bound state at the threshold, ther
another resonance as seen from the second crossing ofs with
the running mass. This crossing point gives the 90± or Breit-
Wigner mass of the second state.

Therefore, one can expect a repetition of the phenomen
such that there could exist a second manifestation of
I ­ 1 state, somewhere in the 1.5 GeV region, in additi
to a0s980d. This could be thea0s1450d seen by the crysta
barrel [6]. And as we shall see below, the model of [
actually has an image pole near this mass, which in
improved model and fit could emerge as thea0s1450d.
On the other hand, in the strange channel, there is o
one important channel open, theKp with a Clebsch-
Gordan coefficient reducing the coupling compared
ss-KK by s3y4d1y2. This, together with the fact that th
Kp threshold involves two unequal mass mesons, imp
that the resonance doubling phenomenon does not ap
in the strange sector.

We now look for the actual pole positions in th
model of [3], and list the significant ones in Table
Four of these, which are near the physical region, w
already given in [3]: thef0s980d, f0s1300d, a0s980d, and
Kp

0 s1430d. However, we now find two new poles. (Ther
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are of course more image poles, which we do not l
since these are very far from the physical region.) N
that all the poles in Table I are manifestations ofthe
same nonet. In [3] the Breit-Wigner parameters of th
s meson were also given, but it was not specified wh
pole should be associated with it. We list in Table
the pole positions both in the usual variable

p
spole and

in s ­ m2
pole 2 iImspole, which is more natural in a

relativistic theory.
We now unambiguously find that thef0s980d and

f0s1300d are two manifestations of the samess state.
The only important pole inuu 1 dd is the first pole
in Table I which is the long sought fors. Its pole
is at s ­ 0.158 2 i0.235 GeV2, and it gives rise to a
very broad, 880 MeV, Breit-Wigner-like background wi
mBW ­ 860 MeV. One can convince oneself that th
is the right conclusion by decoupling the two chann
ss and uu 1 dd. This can be done within the mode
maintaining unitarity, etc., by sendingm0 or m0 1 2ms

(gradually) to infinity. (One may if one wishes als
increase together withms the K, h, and h0 masses in
the thresholds.) Thes pole remains always almost a
the same position as in Table I even whenms ! `, while
there is no trace off0s980d nor f0s1300d in uu 1 dd.
The two latter poles remain, however, in thess channel
even when this is completely decoupled fromuu 1 dd.
The f0s980d remains near theKK threshold whereas
f0s1300d is shifted to somewhat higher values.

A posteriori,this result is natural also in light of the mix
ing anglesdS found for the physical states (see Table
At the s pole, as well as for energies&900 MeV, dS is
small along the realsaxis. Thus thepp amplitudes below
this energy are dominated by thes and only slightly per-
turbed by thess andKK channels. Thef0s980d and the
near octetf0s1300d owe their existence to thess ! KK
channel dynamics and have a comparatively small mix
with thes, also evident from the rather small mixing ang
dS of these states. The near octet nature of thef0s1300d
is supported by the small branching ratio of 0.02 tohh

found by GAMS2000 [7], since the 8-hh coupling nearly
vanishes for the conventional pseudoscalar mixing ang
.

TABLE I. The 3P0 resonance parameters in units of MeV. The first resonance is thes. The two following are both
manifestations of the samess state. Thef0s980d anda0s980d have no Breit-Wigner-like description, and theGBW for the latter is
rather the peak width. The last entry is an image pole to thea0s980d, which in an improved fit could represent thea0s1450d. The
f0s1300d andKp

0 s1430d poles appear simultaneously on two sheets since thehh and theKh couplings, respectively, nearly vanish
The mixing angledS for thes is with respect touu 1 dd, while for the two heavierf0’s it is with respect toss. Pure SU3f states
havedS ­ 235.3±.

Resonance mBW GBW dS,BW fRespoleg1y2 2Imspole

mpole
s

1y2
pole dS,pole Sheet Comment

f0s400 2 900d 860 880 s29 1 i8.5d± 397 590 470 2 i250 s23.4 1 i1.5d± II The s meson; nearuu 1 dd state
f0s980d · · · · · · · · · 1006 34 1006 2 i17 s0.4 1 i39d± II First nearss state
f0s1300d 1186 350 s232 1 i1d± 1202 338 1214 2 i168 s236 1 i2d± III,V Second nearss state
Kp

0 s1430d 1349 498 · · · 1441 320 1450 2 i160 · · · II,III The sd state
a0s980d 987 ø100 · · · 1084 270 1094 2 i145 · · · II First ud state
a0s1450d · · · · · · · · · 1566 578 1592 2 i284 · · · III Secondud state?
1577
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Also, the large ratio of squared couplings for8 !
ppyKK ­ 3 explains why thef0s1300d has the small
inelasticity required by the data.

In conclusion, thes meson definitely exists in theuu 1

dd channel, and we tentatively name itf0s400 2 900d,
which emphasizes its broad structure. This is the sca
meson required by models for dynamical breaking of chi
symmetry and by nuclear physics. It has the right mass a
width. This is the meson which dominatespp scattering
below 900 MeV.

The very large width of thes explains why it has been
difficult to find in the data. There are, however, sever
published analyses [8], which with less sophisticat
models and many parameters have claimed a light a
broads pole. But, because alternative fits without th
broad and lights were also possible, these analyses d
not convince the community of the necessary existence
the lights. Also, from the theoretical point of view chira
perturbation theory and the nonlinear version of the sigm
model do not necessarily need thes resonance.

The f0s980d and f0s1300d are both manifestations of
the samess quark model state. Similarly, we believe tha
the a0s980d and a0s1450d are two manifestations of the
ud quark model state. In thesu and uu 1 dd systems
the image poles of theKp

0 s1430d ands, respectively, are
sufficiently far from the physical region and therefore d
not give rise to additional resonances. We emphas
again that all the states discussed in this paper
manifestations of the same quark model nonet, whi
naturally can be assumed to be the3P0 nonet. When
unitarized, the3P0 naive quark model nonet spectrum
is strongly distorted, and results not in four, but in s
different physical resonances of different isospin.

One could argue that the two statesf0s980d anda0s980d
are kinds of KK molecules, since these have a larg
component ofKK in their wave function. However,
the dynamics of these states is quite different from th
of normal two-hadron bound states. In particular, it
very different from the hyperfine interaction suggeste
by Weinstein and Isgur [9]. If one wants to conside
them as molecules, it is theKK ! ss ! KK interaction
which creates their binding energy. Although they ma
spend most of their time asKK , they owe their existence
to the ss state. And in general, it is not obvious
which of the two states,f0s980d or f0s1300d, would
be the extra state and which isqq, since one can
well imagine situations (with differentm0 and g) where
either one of these is removed to being a distant ima
1578
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pole. Therefore, one should rather consider both as
different manifestations of the sameqq state.

It would be of great interest to apply ou
coupled channel model to data onpp !
ppp , phh, pKK, phh0, hhh, etc., which would
provide ample tests of the model. Also, one shou
extend the model to higher energies, where there may
gluonium states. Then it would be necessary to inclu
ss, rr, pb1, etc., channels, and all thresholds relat
to these by flavor symmetry. Such generalizatio
although straightforward, would complicate the numeric
calculations, but would certainly be rewarding in terms
a better understanding of the hadron spectrum.
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